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Acute myeloid leukemia (AML) refers to a heterogeneous group of hematopoietic malignancies. The well-known European Leukemia Network (ELN) stratifies AML patients into three risk groups, based primarily on the detection of cytogenetic abnormalities. However, the prognosis of cytogenetically normal AML (CN-AML), which is the largest AML subset, can be hard to define. Moreover, the clinical outcomes associated with this subgroup are diverse. In this study, using transcriptome profiles collected from CN-AML patients in the BeatAML cohort, we constructed a robust prognostic Cox model named NEST (Nine-gEne SignaTure). The validity of NEST was confirmed in four external independent cohorts. Moreover, the risk score predicted by the NEST model remained an independent prognostic factor in multivariate analyses. Further analysis revealed that the NEST model was suitable for bone marrow mononuclear cell (BMMC) samples but not peripheral blood mononuclear cell (PBMC) samples, which indirectly indicated subtle differences between BMMCs and PBMCs. Our data demonstrated the robustness and accuracy of the NEST model and implied the importance of the immune dysfunction in the leukemogenesis that occurs in CN-AML, which shed new light on the further exploration of molecular mechanisms and treatment guidance for CN-AML.
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Introduction

Acute myeloid leukemia (AML) is a heterogeneous group of hematopoietic disorders with diverse clinical outcomes (1). The initial recognition of this heterogeneity depends primarily on morphology (2). The French-American-British (FAB) Cooperative Group developed a classification system based on morphologic and cytochemical characteristics, which classified AML into eight subgroups (M0-M7) (3, 4). However, this classification provides limited prognostic guidance for AML patients (5).

Advances in sequencing technologies have contributed to an increased understanding of AML biology. Based on genetic abnormalities, the European Leukemia Network (ELN) risk stratification system classifies AML patients into three risk groups: favorable, intermediate, and adverse (Table S1) (6). The cytogenetic abnormalities associated with AML are recognized as being the most valuable prognostic factors (7). However, cytogenetically normal AML (CN-AML) represents the largest AML subset, comprising 45%–60% of all cases (8, 9). The prognosis of CN-AML must be assessed basing on genetic mutations alone due to the presentation of normal cytogenetic features (Table S1). In addition, the clinical outcomes of patients in this subgroup are also diverse and challenging to define (10).

According to the ELN recommendations, six genetic mutations have been demonstrated to be of prognostic significance among all AML patients, including mutations in FLT3, NPM1, CEBPA, RUNX1, TP53, and ASXL1 (11). NPM1 mutations occur at a high frequency, ranging from 25% to 35% of all AML patients and from 45.7% to 63.8% of all CN-AML patients (9). FLT3 mutations were identified in approximately 20% of AML and 28%–34% of CN-AML patients (12). Aside from mutations in NPM1 and FLT3, the mutation frequency of other genes in CN-AML is relatively low (6). Therefore, genetic mutations alone appear to be insufficient to provide a comprehensive prognostic assessment of CN-AML.

Genetic mutations can result in either the loss or gain of function and can subsequently influence the expression profiles of downstream genes. Given the diversity and uncertainty of prognoses among CN-AML patients, novel molecular markers may be discovered through the performance of transcriptome analyses that can be used to refine the risk stratification strategy for CN-AML patients. In recent decades, studies have identified that the expression of certain genes was correlated with poor prognosis in CN-AML (13–16). However, these studies have been associated with various limitations. For example, the identified prognostic factors have lacked consistency among different cohorts. And sample origins have been ignored when PBMCs and BMMCs were always mixed for analyses, whereas some studies have indicated that the proportions and properties differ between PBMCs and BMMCs (17, 18).

In this study, we integrated multiple transcriptome datasets [BeatAML (19), GSE71014 (20), GSE12417 (21), GSE6891 (22), TARGET-AML (23), and TCGA-LAML (11)] and identified nine prognostic markers in CN-AML BMMCs. We fitted a multivariate Cox proportional hazards model and developed a 9-gene model, named NEST (Nine-gEne SignaTure). The NEST model was able to provide a personalized prognostic value for risk assessment in CN-AML patients. Notably, our study suggested that the NEST model was applicable to BMMCs but not to PBMCs, which implied subtle differences between PBMCs and BMMCs in CN-AML patients. Our results pave the way for further explorations of the molecular mechanisms and prognostic markers associated with CN-AML.



Materials and Methods


Data Source and Preprocessing

We downloaded gene expression profiles (raw count) and clinical information of de novo CN-AML patients from the BeatAML cohort (http://www.vizome.org/aml) as a training dataset. The cohort includes samples from both bone marrow and peripheral blood. On the one hand, bone marrow samples were derived from 105 patients with de novo CN-AML and 21 healthy donors. There were 33 samples in total derived from healthy donors. Among them, 19 samples were BMMCs, and the remaining 14 samples were CD34+ bone marrow (CD34+) cells. Notably, all CD34+ cells were collected from three patients. CD34+ sample from one patient was included in each sequencing batch (for a total of 12 times sequencing this control RNA). On the other hand, peripheral blood samples included 43 patients with de novo CN-AML in BeatAML. Moreover, to validate our model, we selected bone marrow data from four external validation datasets of CN-AML. Of these, GSE71014 (n = 104) (20), GSE12417 (n = 73) (21) and GSE6891 (n = 88) (22) were microarray datasets downloaded from the GEO database (http://www.ncbi.nlm.nih.gov/geo/), and TARGET-AML (23) were gene expression profiles (https://ocg.cancer.gov/programs/target). Apart from these datasets, we also download the TCGA-LAML (11) dataset obtained from the TCGA data portal (https://gdc-portal.nci.nih.gov/). The sample origin of the TCGA-LAML was PBMCs. Due to the different treatment regimens and favorable outcomes of AML-M3 patients, we excluded them from all cohorts. Ensemble IDs from the BeatAML dataset were converted to gene symbol with a GTF file (Homo_sapiens.GRCh37.75.gtf) downloaded from GENCODE (https://www.gencodegenes.org/). For microarray datasets, the median value was regarded as the gene’s expression value for multiple probe sets corresponding to the same gene. The overall survival time and genetic mutation information were obtained from publications and the GEO database. No specific ethical approval is required for this study, as all datasets used were publicly available.



Identification of Differentially Expressed Genes

The raw gene expression of the BeatAML dataset was normalized by the trimmed mean of M values (TMM) method with the “edgeR” package in the R platform (24). The voom method estimated the mean-variance relationship of the normalized data, generated a precision weight for each observation and entered the “limma” empirical Bayes analysis (25). Differences in gene expression with an adjusted P-value < 0.01 and absolute log2 fold change (log2FC) >= 2 were considered significant differences.



Functional Enrichment Analysis

We used the “clusterProfiler” R package to perform Gene Ontology (GO) enrichment analysis (26). Moreover, DEGs were uploaded into the Ingenuity Pathway Analysis (IPA) system for core analysis (27). The ingenuity knowledge base (genes only) was selected as the reference set. IPA was performed to identify the canonical pathways associated with common DEGs. P-value < 0.01 was set as the threshold value.



Establishment of the Prognostic Cox Model

The gene expression data (raw count) were normalized with the TMM method. We got the normalized counts per million mapped reads (CPM) value. A log-based transformation (log(cpm+1)) value was used for subsequent survival analysis. Firstly, we used univariate Cox regression analysis and the log-rank test to detect prognosis-related DEGs. The cutoff value for univariate Cox analysis was 0.20, and the cutoff P-value for the log-rank test was 0.10. To ensure the biological significance of the identified DEGs, filtered genes whose highest expression value (log(cpm+1)) among CN-AML and healthy donors less than 1.0 were removed. Then, the BeatAML dataset was used as the training cohort to construct the prognostic Cox model. Least absolute shrinkage and selection operator (LASSO) analysis and stepwise algorithm were applied simultaneously to select the most significant prognostic gene from the identified prognosis−related DEGs. The optimal values of the penalty parameter λ were determined through ten folds cross-validation. The optimal tuning parameter λ was identified via the min criterion. A prognostic Cox model was established based on a linear combination of the gene expression level multiplied by a regression coefficient (β). The risk score of the model was calculated as follows: risk score = expression of gene1 × β1 + expression of gene2 × β2 + … expression of genen × βn. We tested the proportional hazards assumption based on the scaled Schoenfeld residuals using the “survival” packages in the R platform.



Validation of the Model

The risk score for each patient was calculated with constructed Cox model. Using the median of the risk score as the cutoff value, patients in each cohort were divided into high- and low-risk group. We applied a log-rank test to compare the overall survival difference between the high and low-risk group. Meanwhile, the time-dependent receiver operating characteristic (ROC) analysis was applied to calculate the area under the ROC curve (AUC) value at 1-, 2-, 3-years of the model. The AUC value of more than 0.5 indicates a non-random effect, and 1 indicating a perfect model (28). The GSE6891 included detailed genetic mutation information but no follow-up information. Therefore, these patients were classified into a favorable and adverse group assessed by ELN recommendations (6). The patient was defined to be favorable when FLT3-ITD is negative, and NPM1 is positive, or CEBPA double mutant is available. The patient was defined to be adverse if a sample has at least one of the following: (a) FLT3-ITD is positive and NPM1 is negative as well as CEBPA double mutant is not available. (b) EVI1 expression is positive. Risk scores were compared between two groups, and a Wilcoxon test P < 0.05 was considered statistically significant.



Optimization of the Model With Three Independent Cohorts

Firstly, we enumerated all possible combinations of 12 genes included in the model. Specifically, we selected from 3 to 12 out of 12 genes to construct a new multivariate Cox model. We got 4017 combinations in total. Next, for each combination we constructed a new multivariate Cox model with selected genes in BeatAML. Then, for each combination, the new model was applied to predict risk scores for CN-AML patients in GSE12417, TARGET and BeatAML, respectively. We calculated the 1-, 2-, 3-years AUC value and the log-rank test’s P-value in these cohorts. Combinations filtering was executed based on the following criteria: 1) the minimum value of 1-, 2-, 3-years AUC value should more than 0.60 (28); 2) the maximum AUC of 1-, 2-, 3-years AUC value should more than 0.70; 3) the P-values from a log-rank test should less than 0.05 (The cutoff for TARGET was 0.10). Subsequently, we got the combinations that passed our filtering criteria. Then, we used a min-max normalization to scale the original ROC. Each ROC value was replaced according to the following formula.

	

We summed up all normalized AUC values in three independent cohorts in each combination and selected the combination with the largest AUC value. Finally, we constructed a new Cox model with the genes included in the combination with the largest AUC value.



Comparison With Other Published Predictive Models for Prognostic Assessment

We screened publications from 2014 to 2020 on PubMed using the following keyword terms: (“CN-AML” OR “cytogenetical” OR “normal karyotype”) AND (“TCGA” OR “GEO” OR “biomarker” OR “prognosis” OR “prognostic”). We got three published models in total. The detailed model formulas were as follow: 1) MPG6 score = (0.0492 * CD52) - (0.0018 * CD96) + (0.0131 * EMP1) + (0.2058 * TSPAN2) + (0.0234 * STAB1) - (0.3658 * MBTPS1) (13); 2) 3-genes model = (0.2016 * ROBO2) + (0.1274 * IL1R2) - (0.5365 * SCNN1B) (14); 3) 7-genes model = (0.71900 * CD34) + (0.61927 * MIR155HG) + (0.67258 * RHOC) + (0.66929 * SCRN1) + (0.65925 * F2RL1) + (0.65777 * FAM92A1) + (0.61491 * VWA8) (29). We applied these models to four BMMCs datasets, which included BeatAML, TARGET, GSE12417 and GSE71014, to compare the performance of these models comprehensively.



Statistical Analysis

In our study, overall survival (OS) was defined as the time interval between the date of diagnosis and the date of death or lost to follow-up. We conducted univariate Cox analysis, and factors with P-value <0.10 were incorporated into a multivariate Cox analysis, which was used to construct a prognostic Cox model and to identify independent prognostic factors. All statistical analyses were performed with the R 3.6.1 software (http://www.r-project.org/).




Results


Clinical Information and Dataset Quality Control

We downloaded RNA-sequencing data and clinical information for de novo CN-AML patients from BeatAML (19), which included 105 BMMCs samples obtained from CN-AML patients (Figure 1A) and 33 samples from healthy donors (see Methods). The ages of the CN-AML patients ranged from 2 to 84 years, a large proportion of which were older than 40 years (88.57%). No significant difference in the sex composition was observed. According to the ELN recommendations, 30% of the patients in the BeatAML cohort had a good prognosis, 26% had an intermediate prognosis, and 31% had an adverse prognosis, which implied prognostic heterogeneity among the CN-AML population. The spectrum of genetic mutations in the BeatAML cohort was broad (Figure 1B), with 34.38% of the CN-AML patients harboring an NPM1 mutation, which formed the largest subgroup, consistent with previous studies (6, 9, 30). Other common mutations included DNMT3A mutations (32.29%), FLT3-TKD mutations (28.12%), and NRAS mutations (15.62%). Among the 33 samples from healthy donors, 19 samples were BMMCs samples and 14 samples were bone marrow CD34+ cells. All of CD34+ cells were collected from three healthy donors. Notably, CD34+ sample from a single donor was included in each sequencing batch, and this sample (Control_CD34) was sequenced 12 times in total. Control_CD34 served as a quality check against intergroup batch effects. Few batch effects were observed for the BeatAML dataset (Figure 1C). We chose the 105 BMMC samples from CN-AML patients and the 19 BMMC samples from healthy donors in the BeatAML cohort for use in further downstream analyses. The overall flowchart used for the bioinformatics analysis is shown in Figure 1D.




Figure 1 | Clinical characteristics of CN-AML in the BeatAML cohort and analysis strategy. (A) The age distribution (left panel) and the clinical characteristics (right panel) of CN-AML patients in the BeatAML cohort. (B) Genetic mutation pattern in BeatAML CN-AML patients. (C) Multidimensional scaling (MDS) plot of all samples in the BeatAML dataset. (D) The overall flow chart of the bioinformatic analyses applied to this study.





Association Between CN-AML Pathogenesis and Immune Dysfunction

To identify differences in the BMMC transcriptomic profiles between CN-AML patients and healthy donors, we performed a differential gene expression analysis with edgeR, which resulted in the identification of 2,170 differential expressed genes (DEGs; Table S2), including 1,956 downregulated and 214 upregulated genes in CN-AML patients compared with healthy donors (Figure 2A). The identified DEGs included several known disease-linked genes, including cell cycle-related genes, HOX family genes (31), and WT1 (32) (Figure 2D). To further explore the biological functions of the identified DEGs, we performed enrichment analyses. The IPA results suggested that the canonical Wnt/β-catenin pathway was activated in CN-AML, which agrees with previous reports (Figure 2B) (33, 34). Particularly, these identified DEGs were enriched in immune-related pathways, including primary immunodeficiency signaling, communications between innate and adaptive immune cells, and T cell receptor signaling. Furthermore, GO enrichment analysis revealed that the downregulated DEGs were primarily associated with the activation of immune cells, including neutrophils, leukocytes, and T cell (Figure 2C). We then examined the expression of several classical T cell and neutrophil activation-related genes in CN-AML (Figure 2D), which included RAG2, IRF4 and CD8. The results revealed that these genes were significantly downregulated in CN-AML patients compared with healthy donors. These observations indicated that immune dysfunction was associated with CN-AML pathology.




Figure 2 | Immune dysfunction plays a vital role in CN-AML pathogenesis. (A) Volcano plot showing differentially expressed genes (DEGs) in bone marrow mononuclear cells (BMMCs) between CN-AML patients and healthy control. Upregulated genes in CN-AML are highlighted in red, and downregulated genes are highlighted in blue. (B) Canonical pathways enriched by Ingenuity Pathway Analysis (IPA) analysis. The orange bar indicates that the pathway in CN-AML is activated with a positive z-score. The blue bar indicates that the pathway is suppressed with a negative z-score. The gray bars indicate pathways for which no predictions can be made. (C) Enriched gene ontology (GO) terms for the upregulated and downregulated genes in CN-AML patients compared with healthy controls. (D) The expression of T cell and neutrophil activation-related genes and several well-known leukemia-related genes in CN-AML patients and healthy controls.





Prognostic Cox Model Construction

To identify DEGs related to CN-AML prognosis, we performed univariate Cox and Kaplan-Meier (KM) analyses (see Materials and Methods). After the initial screening from all DEGs, we identified 110 DEGs significantly associated with the clinical outcome (Table S3). The prognostic impacts on AML of several of the genes we identified have previously been validated in previous studies, such as CD72 (35), ALOX12 (36), CD7 (37), and BMP2 (38). Using these 110 prognosis-related DEGs, we performed LASSO regression and stepwise regression analysis to confirm whether any combination of these DEGs could be used to accurately predict prognosis (Figures 3A, B). We identified 12 genes, which we used to construct a prognostic multivariate Cox model (Figure 3C). Because the proportional hazards assumption is critical to the Cox regression (39), we tested this assumption for our model. The proportional hazard assumption is supported by the finding of a non-significant relationship between residuals and time (40). And our results suggested that the test was not significant for all 12 genes, and the global test was also not statistically significant (Figure S1). Therefore, we could assume that the model met the proportional hazards assumption.




Figure 3 | Construction of the 12-gene model and internal cohort validation. (A) LASSO coefficient profiles for the 110 prognosis-related differentially expressed genes. (B) Tenfold cross-validation for tuning parameter selection in the LASSO model. The solid vertical lines represent partial likelihood deviance ± standard error (SE) values. The dotted vertical lines are drawn at the optimal values according to the minimum criteria (left) and 1-SE criteria (right). (C) A forest plot showing the risk associated with gene expression for the genes included in the Cox model. Hazard ratio (HR) < 1 indicates that the gene is protective. Otherwise, it is a risk gene. P < 0.05 indicates that this gene is an independent prognostic factor (P-value significant codes: 0≤***<0.001≤**<0.01≤*<0.05). (D) Kaplan-Meier curves for overall survival based on the predicted risk score. The P-value for Kaplan-Meier curves is calculated by the log-rank test. (E) Time-dependent ROC curves for overall survival at 1, 2, and 3 years based on the 12-gene model. (F) The distribution of predicted risk scores in patients with favorable and adverse clinical outcomes, as assessed by European Leukemia Net (ELN) recommendations in the BeatAML cohort (n = 95).



To confirm the association between these 12 genes and the clinical outcomes of CN-AML, we performed KM analyses for all 12 genes using the BeatAML cohort. We noticed that 10 of the 12 genes were significantly associated with prognosis (log-rank test P < 0.05, Figure S2). We then assessed the performance of the model, primarily focusing on two indicators: the P-value of the KM analysis (log-rank test) was used to evaluate a model’s ability to distinguish between patients with favorable and adverse prognoses, and the AUC value was used to evaluate the accuracy of the model. An AUC value above 0.5 indicates a non-random effect, with a value of 1 indicating a perfect model (28). In the KM analysis, low-risk patients had significantly improved overall survival (OS) compared with those in the high-risk group (log-rank test, P < 0.05, Figure 3D). The 1, 2, and 3-year AUC values for this model were 0.918, 0.973, and 0.915, respectively (Figure 3E). When we divided the CN-AML patients from the BeatAML cohort into favorable and adverse groups, based on ELN recommendations (6), the predicted risk score was able to clearly distinguish between the favorable and adverse groups (Wilcoxon test, P < 0.01, Figure 3F), which suggested that our model was generally consistent with clinical guidelines. All of these results implied that the 12-gene model could reliably predict the prognosis of CN-AML patients.



External Validation of the 12-Gene Model in Four Independent Cohorts

To further examine the performance of the 12-gene model, we applied the model to four external independent cohorts, including GSE12417 (n = 73), GSE71014 (n = 104), GSE6891 (n = 88), and TARGET (n = 26). The detailed demographic data for these cohorts are listed in Table 1. Similar to the outcome for the BeatAML cohort, the low-risk group had a significantly longer OS than the high-risk group for both the GSE12417 and GSE71014 cohorts (log-rank test, P < 0.05, Figures 4A, B). The AUC values at 1, 2, and 3 years for GSE12417 were 0.686, 0.709, and 0.685 (Figure 4D), and AUC values for GSE71014 were 0.599, 0.652, and 0.690 (Figure 4E). The AUC values for both the GSE12417 and GSE71014 cohorts approached 0.70, which suggested that the 12-gene model performed well in these two external independent cohorts. The survival analysis in the TARGET cohort indicated no significant difference between low- and high-risk groups (log-rank test, P > 0.05, Figure 4C). We speculated that the small cohort size and younger patients of the TARGET cohort contributed to this observation. Nevertheless, AUC values for the TARGET cohort at 1, 2, and 3 years were 0.521, 0.733, and 0.715, respectively (Figure 4F), which indicated that the model could be acceptable for the prediction of short-term clinical outcomes for pediatric patients. Moreover, we divided CN-AML patients from the GSE6891 cohort into favorable and adverse groups according to the ELN recommendations (see Methods). The predicted risk score was able to significantly distinguish favorable and adverse groups (Wilcoxon test P < 0.01, Figure 4G). The above results further validated the performance of the 12-genes model.


Table 1 | Clinical characteristics of patients from multiple cohorts.






Figure 4 | Validation of the 12-gene model in external cohorts. Kaplan-Meier curves for overall survival in different external independent cohorts, (A) GSE12417 (n = 73); (B) GSE71014 (n = 104); (C) TARGET (n = 26). The P-value for Kaplan-Meier curves is calculated by the log-rank test. Time-dependent ROC curves for overall survival at 1, 2 and 3 years in different external independent cohorts based on the 12-gene model, (D) GSE12417 (n = 73); (E) GSE71014 (n = 104); (F) TARGET (n = 26). (G) The distribution of predicted risk scores in patients with favorable and adverse clinical outcomes, assessed by European Leukemia Net (ELN) recommendations in GSE6891 (n = 88).





Enhancing the Robustness of the 12-Gene Model

The 12 genes used in our model were determined by machine learning algorithms based only on the BeatAML cohort. Because we noted differences between the various cohorts, such as the age and sex distributions, we decided to optimize the model based on multiple cohorts simultaneously to improve the robustness of the model. The median age of the TARGET cohort was 13 years, which was quite different from those of the other examined cohorts. The distribution of FAB subtypes in the TARGET cohort also differed significantly from those in the BeatAML and GSE12417 cohorts. Moreover, the detailed demographic information for the GSE71014 cohort was unknown (Table 1). Therefore, we selected the GSE12417, TARGET, and BeatAML datasets to optimize the model, whereas GSE71014 functioned as an external validation dataset (Figure 5A). Specifically, we enumerated all possible combinations of the 12 identified genes, resulting in 4,017 total combinations (Figure 5B). We set strict criteria to filter the candidate combinations (see Methods). After filtering, we obtained 20 candidate combinations. We then calculated a normalized AUC value to determine the optimal combination (see Methods), and we selected the combination highlighted by the red box, which presented with the largest normalized AUC value (Figure 5C). Finally, based on nine selected genes, we developed a new Cox model (Figure 5D). The nine-gene model met the global assumptions of proportional hazards (Figure S3). We termed this nine-gene model NEST (Nine-gEne SignaTure).




Figure 5 | The strategy for enhancing the robustness of the model. (A) The overall flow chart for enhancing the robustness of the model. * indicates the cohort was used as a training dataset. The cutoff P-value for the log-rank test in the TARGET cohort was 0.10 (#). (B) The heatmap represents all combinations of 12 genes. Each column represents a gene, and each row represents a gene combination. In the heatmap, red rectangles denote selected genes, and blue rectangles denote unselected genes. The dot plot represents the area under the ROC curve (AUC) value for overall survival at 1 (red), 2 (green), and 3 years (blue) in various external independent cohorts based on the new model. (C) Combinations that passed the filtering criteria. The formula used to normalize the AUC can be found in Methods. The combinations highlighted with a red rectangle represent the combinate with the highest normalized AUC value. (D) A forest plot of the risk associated with the expression of each gene is included in the Cox model (P-value significant codes: 0≤***<0.001≤**<0.01≤*<0.05).



As shown in Figures 6A, B, the survival analysis inferred significant differences between the low- and high-risk group in the GSE12417 and BeatAML cohorts (log-rank test, P < 0.05). Although the log-rank test for the TARGET cohort was not significant, the performance of the NEST model was enhanced compared with that of the 12-gene model (Figure 6C). In addition, the AUC value for the BeatAML cohort slightly declined (Figure 6D), indicating no overfitting in the training data. The AUC value for NEST, when applied to GSE12417, appeared to be comparable to those obtained using the 12-gene model (Figure 6E). Notably, the AUC values for TARGET increased clearly (Figure 6F). According to the ELN recommendations, we divided the BeatAML cohort into favorable and adverse groups, and the predicted risk scores were able to significantly distinguish between these two groups (Wilcoxon test, P < 0.01, Figure 7A). These results indicated that the NEST model was more robust than the 12-gene model and performed well in both pediatric and adult CN-AML patients.




Figure 6 | The enhanced performance of the NEST model in various cohorts. Kaplan-Meier curves for overall survival in different external independent cohorts, (A) BeatAML (n = 95); (B) GSE12417 (n = 73); (C) TARGET (n = 26). The P-value for the Kaplan-Meier curves was calculated by the log-rank test. Time-dependent ROC curves for overall survival at 1, 2, and 3 years in different external independent cohorts based on the 12-gene model, (D) BeatAML (n = 95); (E) GSE12417 (n = 73); (F) TARGET (n = 26).






Figure 7 | The excellent performance of the NEST model among external cohorts. The distribution of predicted risk scores among patients with favorable and adverse clinical outcomes as assessed by European Leukemia Net (ELN) recommendations in the (A) BeatAML and (D) GSE6891 cohorts. Kaplan-Meier curves for overall survival based on the predicted risk scores for individuals in the (B) GSE71014 (n = 104) and (E) BeatAML (n = 25) cohorts who were unable to be assessed by ELN. The P-value for Kaplan-Meier curves was calculated by the log-rank test. Time-dependent ROC curves for overall survival at 1, 2 and 3 years in (C) GSE71014 (n = 104) and (F) BeatAML (n = 25) patients who were unable to be assessed by ELN.



To further validate the generality of the NEST model, we used two additional external independent datasets, GSE71014 and GSE6891 (Table 1), to validate the model. The survival analysis showed significant differences between the low- and high-risk groups in the GSE71014 cohort (log-rank test, P < 0.05, Figure 7B). The AUC values for GSE71014 at 1, 2, and 3 years were 0.631, 0.697, and 0.744, respectively (Figure 7C), which was significantly enhanced compared with the 12-gene model. Additionally, the results in GSE6891 showed a high level of agreement with the ELN recommendations (Wilcoxon test, P < 0.01, Figure 7D). Because not every CN-AML patient harbors genetic mutations with prognostic significance (Figure 1), these CN-AML patients cannot be assessed by ELN guidance. Importantly, we were able to apply our model to these patients using nine gene expression levels to evaluate their prognosis. The performance of the NEST model for CN-AML patients who could not be assessed by ELN guidance was outstanding. The survival analysis inferred significant differences between the low- and high-risk groups (log-rank test, P < 0.05, Figure 7E), and the AUC values at 1 and 2 years were 0.863 and 1.000, respectively (Figure 7F). Even using fewer genes, these results indicated that the NEST model was more robust and performed better than the 12-gene model and worked well for patients who could not be assessed by ELN clinical guidance.



Comparison of the NEST Model With Published Predictive Models for Prognostic Assessment

To further evaluate the performance of the NEST model, we compared our NEST model with other CN-AML prognostic models that were published from 2014 to 2020. These models included the MPG6 model (13), the 3-gene model (14), and the 7-gene model (29). We obtained each model’s formula from the corresponding literature (see Methods) and compared the performance using the BMMC datasets, including GSE12417, GSE71014, TARGET, and BeatAML. For these comparisons, we focused on two indicators: the P-value of the KM analysis (log-rank test), to evaluate each model’s ability to distinguish between patients with favorable and adverse prognoses, and the AUC value of each model, to reflect the accuracy. The AUC value of more than 0.5 indicates a non-random effect, and 1 indicating a perfect model.

The survival analysis showed that the risk score predicted by our model was significantly correlated with the survival of the patients in three out of four cohorts (log-rank test, P < 0.05, Figure S4). Although the P-value was higher than 0.05 for the TARGET cohort (log-rank test, P = 0.068), the difference between the high- and the low-risk group was clear. In contrast, other published predictive models could only distinguish between the low- and high-risk groups in at most two of the four cohorts (log-rank test, P > 0.05, Figure S4). The performance of the NEST model was stable in multiple cohorts, as reflected by the consistent high AUC values (Table 2). The MPG6 model exhibited excellent performance only for the TARGET cohort, which might suggest that this model is better suited for pediatric patients. The small size of the TARGET cohort may also account for this result. In the BeatAML and GSE12417 cohorts, the AUC values of the NEST model were consistently higher than those for the previously published models. At 1 year, although the AUC of the NEST model was lower than those for the MPG6 and 7-gene models for the GSE71014 cohort, the AUC values were higher than all models for the 2- and 3-year survival assessments. These results indicated that the performance of the NEST model was better and more robust than the performance of the other models across various cohorts.


Table 2 | The AUC values of the ROC analyses in various cohorts using different predictive models.





Independence of the Predicted Risk Score

Certain clinical characteristics and known genetic mutations could affect the prognosis of CN-AML patients; therefore, we next examined whether the risk score predicted by the NEST model could function as an independent prognostic factor that was not affected by other factors. First, we applied a univariate Cox analysis to common clinical factors and genetic mutations identified in the BeatAML cohort (Table S4). We found the NEST predicted risk score, age, TP53 mutation, ZRSR2 mutation, TET2 mutation, FLT3-ITD, and U2AF1 mutations were risk factors for a poor prognosis (Figure 8A), as reported by previous studies (6, 19, 41–44). In addition, the result suggested that PTPN11 mutation was a protective factor for CN-AML, which appeared to contrast with previous reports (45). We believe that the low PTPN11 mutation frequency among the BeatAML cohort could explain this discrepancy. Secondly, we selected those factors with P-values less than 0.1 in the univariate Cox analysis for inclusion in the multivariate Cox analysis. The result indicated that ZRSR2 mutation was an independent risk factor (Figure 8B), which agreed with previous reports (42–44). Notably, the NEST predicted risk score was also an independent risk factor for poor clinical outcomes, which was not affected by age or the presence of other gene mutations. These results suggested that the NEST predicted risk score could serve as an independent prognostic factor in CN-AML.




Figure 8 | The risk score predicted based on bone marrow mononuclear cells is an independent risk factor. (A) Univariable Cox regression analysis of the relationship between the predicted risk score and common clinical outcomes. (B) Multivariable Cox regression analysis of the relationship between the significant factors in univariable Cox regression analysis (P < 0.10) and clinical outcomes. Kaplan-Meier curves for overall survival based on the predicted risk scores in the (C) BeatAML and (E) TCGA cohorts. The P-value for Kaplan-Meier curves was calculated by the log-rank test. Time-dependent ROC curves for overall survival at 1, 2, and 3 years in the (D) BeatAML and (F) TCGA cohorts.





Applicability of the Model

Our reported results demonstrated the good results of the model among BMMC datasets. For clinical convenience, we next examined whether our model could apply to PBMC datasets. We selected the PBMC data (n = 43) from the BeatAML dataset. Meanwhile, we downloaded the TCGA-LAML (n = 151) from the TCGA data portal (https://gdc-portal.nci.nih.gov/), which is also a PBMC dataset. We selected CN-AML (n = 60) from the TCGA-LAML. Time-dependent ROC and KM analyses were applied to both datasets. No difference between the low- and high-risk groups was observed for either cohort (log-rank test, P > 0.05, Figures 8C, D). The AUC values were also not acceptable for these cohorts (Figures 8E, F). The above results illustrated that our model was only suitable for BMMCs, not for PBMCs, which implied subtle differences between PBMCs and BMMCs.

To further verify the differences between BMMCs and PBMCs in CN-AML patients, we first adjusted for confounding variables, including the percentage of blasts and tissue sources in the multivariate Cox analysis. We obtained the percentage of blasts in BMMCs and PBMCs from clinical records to perform the test. Moreover, we calculated risk scores for patients with the BMMC and PBMC samples. To correct for the effects of blast percentages and tissue sources, we included the risk scores and the percentages of blasts in the multivariate Cox analysis. The results suggested that the risk score predicted by our model was independent of the percentages of blasts and tissue sources (Figure S5A, P<0.01), indicating our previous results were driven primarily by the model rather than differences in the percentages of blasts and tissue sources. Furthermore, we found that the PBMC samples were more likely to cluster separately from the BMMC samples during unsupervised clustering when including all genes. As shown in Figure S5B, we divided all samples into three groups, named A, B, and C. To test the statistical significance of PBMC sample enrichment in these three groups, we performed a hypergeometric test. The results indicated that PBMC samples were not significantly enriched in group A (P = 0.907) and group B (P = 0.987). Notably, PBMC samples were significantly enriched in group C (P = 0.004). The unsupervised clustering results implied that PBMC samples were more likely to cluster separately from BMMC samples, which might account for the differences in the model application between these two populations.




Discussion

Although specific genetic mutations have been associated with prognosis in CN-AML patients (6, 11, 46), the specific relationships between aberrant gene expression and clinical outcomes in CN-AML remain largely unknown. Novel biomarkers uncovered from transcriptome analysis that can provide prognosis assessment and potential targets for precision therapy strategies in CN-AML are urgently necessary. In this study, we integrated multiple cohorts to construct a multivariate Cox model, which we named the NEST model, to refine the risk stratification strategy in CN-AML patients.

The NEST model exhibited excellent robustness in five independent cohorts. The predictive capability of the NEST model for survival outcomes was validated by examining AUC values, which were greater than 0.70 in all cohorts (Table 2). Moreover, we also discovered that among CN-AML patients who could not be assessed by ELN recommendations, the performance of the NEST model remained outstanding (Figures 7E, F). However, the survival analysis of the NEST model in the TARGET cohort indicated no significant difference between the low- and high-risk group (log-rank test, P > 0.05, Figure 6). We believe that the small size of the TARGET cohort (n = 26) may explain this lack of significance. However, compared with the 12-gene model, the significance of the survival analysis and the AUC values were enhanced obviously by NEST for the TARGET cohort, which suggested that the NEST model was not only suitable for adult CN-AML patients but was also suitable for pediatric patients. Furthermore, the risk score predicted by the NEST model could function as an independent risk factor for CN-AML survival that was not affected by common clinical factors and genetic mutations (Figure 8B). Some limitations remain in this study that should be considered. In addition to the limited sizes of the CN-AML cohorts used to establish the NEST model, we only validated the NEST model on two external cohorts. Thus, the performance of the NEST model should be validated in further prospective studies to guide clinicians in the assessment of prognostic outcomes among CN-AML patients.

Despite these limitations, our NEST model showed more robust performance than three other models, which were published from 2014 to 2020, when tested in four independent cohorts (Figure S5 and Table 2), which showed stable performance for both the survival and ROC analyses. In addition, our results revealed that the NEST model was only suitable for BMMCs, and could not be applied to PBMCs in CN-AML, indicating the existence of variability between BMMCs and PBMCs, which were not due to differences in the percentages of blasts (Figure S5A). The results of the unsupervised clustering further supported our conclusion (Figure S5B). Previous studies have provided insufficient evidence to support a lack of significant differences between BM and PB samples (21, 47, 48). Metzeler et al. (21) cited two pieces of literature (47, 48) to support the applicability of their model to both PB and BM samples. In the first cited study, Bullinger et al. (48) found that the expression profiles of three paired samples of PB and BM obtained from three patients were positively correlated according to unsupervised hierarchical cluster analysis. However, this result was not significant (n = 3), and this result could be interpreted as the patient heterogeneity was more significant than tissue source heterogeneity. In the second cited study, Sakhinia et al. (47) reported no significant differences in expression between BM and PB for 15 AML indicator genes. However, not only was the number of tested genes limited (n = 15) but also 5 of the 15 tested genes, representing one-third of the tested pool, showed significant differences. These findings argue against the interpretations represented by their conclusion. Moreover, differences have been found in the cell cycle phases between blasts from BM and PB (49–51), and recent studies have also indicated an increase in CD3+CD56+ T cells in the PB but not the BM of AML patients (52). Therefore, we believe that subtle differences do exist between PBMCs and BMMCs in CN-AML, and future studies should consider the sample origins more strictly.

Except for ALOX15B and SLC44A4, all of the genes included in our NEST model have previously been associated with leukemia [FGF13 (53) and DNTT (54)] or other cancer types [C1orf116 (55), FRMD6 (56), TFCP2L1 (57), ITPR3 (58), and PCOLCE2 (59)]. Princy et al. (55) found that C1orf116 was associated with the epithelial to mesenchymal transition (EMT), which could represent a critical early event that occurs during tumor metastasis in multiple cancers. Furthermore, they demonstrated that the decreased expression of C1orf116 was associated with poor prognosis in lung and prostate cancer patients, which is consistent with our results in CN-AML. DNTT has been reported to play important functional roles in VDJ recombination and T cell receptor (TCR) (60) and B cell receptor (BCR) (61) signaling, which might indicate an association between immune dysfunction and CN-AML pathogenesis. FRMD6 has been associated with clinical outcomes in prostate cancer (56). Interestingly, FRMD6 also plays a vital role in the Hippo pathway, which was originally identified as an evolutionarily conserved signaling pathway that controls organ size. An increasing amount of recent evidence has connected this pathway to the regulation of innate and adaptive immune responses (62–64). In addition, TFCP2L1 has been reported to serve as a protective factor in clear cell renal cell carcinoma (57). However, our study suggested that TFCP2L1 serves as a risk factor in CN-AML patients (Figure 5D), which could be explained by differences between tissue types. Notably, TFCP2L1 has also been found to play an important role in stem cells as a component of a complicated transcriptional network that includes other key transcription factors, such as Nanog, Oct4, and Sox2, and maintains the pluripotency of mouse embryonic stem cells (mESCs) (65). Moreover, TFCP2L1 is a downstream target of the leukemia inhibitory factor (LIF)/signal transducer and activator of transcription (STAT3) pathway, which mediates self-renewal (66). As a result, TFCP2L1 might represent a potential target for anti-leukemogenic drug design.

Current dogma holds a “2-hit” model for leukemogenesis, which suggests that the development of AML is associated with dual dysfunction in cell proliferation and hematopoietic differentiation. Class I mutations, such as FLT3-ITD and N- or K-RAS mutations, confer a proliferative advantage to cells. Class II mutations serve primarily to block hematopoietic differentiation. As a result, aberrations in several canonical pathways associated with cell proliferation and differentiation, such as the STAT5, RAS/MAPK, PI3K/AKT, Notch, and Wnt pathways, have been associated with leukemogenesis (67). Given the particularity of cytogenetics in CN-AML, the specific leukemogenesis for CN-AML remains unclear. The current “2-hit” model only interprets the observed alterations that occur in blast cells. According to the NEST model, several immune cell-related genes may also be associated with CN-AML pathogenesis. In addition to DNTT and FRMD6, ALOX15B is constitutively expressed in human monocyte-derived macrophages. Although the function of ALOX15B in macrophages remains unclear (68), these immune-related genes suggest that immune dysfunction might also play a vital role in the pathogenesis of CN-AML. To summarize, we speculate that the development of CN-AML might be related to the dysfunction of immune cells in the BM microenvironment, which broadens our understand of the “2-hit” leukemogenesis model. However, more evidence remains necessary to confirm this idea in future studies.

In conclusion, this study identified nine prognosis-related genes in CN-AML and constructed an accurate and robust predictive Cox regression model that is suitable for BMMCs. The predicted risk score could serve as a powerful prognostic indicator, independent of other risk factors. Furthermore, our results shed new light on the pathogenesis of CN-AML and a new potential therapeutic target.
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Background

Peripheral T‐cell lymphomas (PTCLs) are a heterogeneous group of neoplasms characterized by a poor prognosis. Histone deacetylase (HDAC) inhibitors have emerged as novel therapeutic agents for PTCLs. In this study, we aimed to explore the immunomodulatory effect of the HDAC inhibitor chidamide on circulating PD-1(+) cells from patients with PTCL, as well as its correlation with treatment response.



Methods

We enrolled newly diagnosed patients with PTCLs treated with a combination of chidamide and chemotherapy. Gene expression profile analysis was performed on peripheral blood PD-1(+) cells, both at baseline and at the end of treatment. A list of differentially expressed genes (DEGs) was identified. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were performed to annotate the biological implications of the DEGs. A gene concept network was constructed to identify the key DEGs for further PCR verification.



Results

A total of 302 DEGs were identified in the complete remission (CR) group, including 162 upregulated and 140 downregulated genes. In contrast, only 12 DEGs were identified in the non-CR group. GO analysis revealed that these upregulated DEGs were mainly involved in chemokine activity, cell chemotaxis, and cellular response to interleukin-1 and interferon-γ. Furthermore, KEGG pathway analysis showed that these DEGs were enriched in cytokine-cytokine receptor interaction and chemokine signaling pathways. The innate immune signaling pathways, including the Toll-like and NOD-like receptor signaling pathways, were also influenced. The gene concept network revealed that the key upregulated genes belonged to the C-C chemokine family.



Conclusion

Our results showed that chidamide treatment notably enhanced the expression of genes associated with chemokine activity and chemotaxis function of circulating PD-1(+) cells. By recruiting immune cells and improving the innate immune function of PD-1(+) cells, chidamide may reshape the tumor microenvironment to an anti-tumor phenotype and synergize with checkpoint inhibitors.
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Introduction

Peripheral T-cell lymphomas (PTCLs) are a heterogeneous group of mature T-cell and natural killer (NK) - cell neoplasms, characterized by aggressive clinical behavior and poor prognosis (1, 2). Given the unsatisfactory outcomes of patients with PTCLs upon receiving conventional anthracycline-based chemotherapies, there is a need for novel targeted therapies and immunotherapies. In recent years, histone deacetylase (HDAC) inhibitors have emerged as novel therapeutic agents against PTCLs. The anti-tumor effects of HDAC inhibitors are commonly known as inducing apoptosis and cell cycle arrest (3). Beyond the direct anti-tumor effect, recent advances show that HDAC inhibitors are also involved in the immune-mediated anti-tumor effect (4–6). However, the mechanism is still not clear.

Programmed cell death protein 1 (PD-1), expressed on immune cells, and its ligand PD ligand 1 (PD-L1), expressed on tumor cells, are crucial regulators of the tumor immunosurveillance system (7). The binding of PD-1 to PD-L1 results in suppression of the host immune response and escape of tumor cells from immune surveillance. Previously, we found that the innate immunity of circulating PD-1(+) cells from patients with PTCLs was compromised compared with healthy controls (8). Furthermore, our in vitro study revealed that the class I HDAC inhibitor chidamide enhances IFN-γ production and restores the cytotoxic activity of PD-1(+) cells from patients with PTCL, indicating that chidamide may exert its immunomodulatory effect by regulating the function of PD-1(+) cells (8).

Here, we explored the impact of chidamide as an immune regulator on circulating PD-1(+) cells and its correlation with treatment response. Gene expression profile (GEP) analysis was performed on peripheral blood PD-1(+) cells from patients with PTCL, both at baseline and end of first-line treatment. Differentially expressed genes (DEGs) were identified and their biological implications were investigated. The findings described in this study demonstrate a novel mechanism by which HDAC inhibitors regulate PD-1(+) cells and highlight the potential of HDAC inhibitors to synergize with immunotherapies.



Materials and Methods


Patients and Treatment

Nine patients who were newly diagnosed with PTCL and treated in Peking Union Medical College Hospital (PUMCH) were enrolled in this study. Histological findings were consistent with PTCLs, according to the World Health Organization (WHO) classification. Histologic subtypes included peripheral T-cell lymphoma, not otherwise specified (PTCL, NOS), anaplastic large cell lymphoma, ALK-negative (ALCL, ALK-), and angioimmunoblastic T-cell lymphoma (AITL).

All patients received a combination of chidamide with cyclophosphamide, epirubicin, vindesine, prednisone, and etoposide (CHOEP) regimen as first-line chemotherapy. The regimen of CHOEP chemotherapy were as follows: cyclophosphamide (750 mg/m2 intravenously on day 1), epirubicin (70 mg/m2 intravenously on day 1), vindesine (4 mg intravenously on day 1), prednisone (100 mg/d orally on days 1–5), and etoposide (100 mg intravenously on days 1-3). Chidamide 20mg twice weekly was started on day 1 of the first cycle of CHOEP therapy and administered continuously.

Treatment responses were assessed according to the 2014 Lugano classification criteria and classified as complete remission (CR), partial remission (PR), stable disease (SD), and progressive disease (PD) (9). Patients were divided according to the treatment response into CR and non-CR groups (including patients with PR, SD, and PD response). The study was approved by the institutional review board of PUMCH. All participants provided written informed consent.



Isolation of PD-1(+) Cells

Blood samples were collected both at baseline and at the end of first-line treatment. Flow cytometry analysis was performed to ensure that there were no tumor cells in the peripheral blood. Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples using the Ficoll-Hypaque density centrifugation method. Approximately 106–108 PBMCs were harvested from 25 mL of peripheral blood. Flow cytometry analysis was performed on PBMCs to evaluate the components of PD-1(+) cells. The cells were labelled with anti-PD-1-PE, anti-CD4-APC, anti-CD8-FITC, anti-CD56-PE, and anti-CD14-APC antibodies.

PD-1(+) cells were isolated from PBMCs using the magnetic-activated cell sorting (MACS) method according to the manufacturer’s instructions (Miltenyi Biotech, Germany). Briefly, PBMCs were first incubated with 20 µL anti-CD279-PE antibodies (Miltenyi Biotech, Germany; 130-117-384) at 4°C for 20 min. After washing and centrifugation, the cells were incubated with anti-PE microbeads (Miltenyi Biotech, Germany; 130‐048‐801). The labeled cell suspension was then filled into the reservoir of a large-volume separation column (Miltenyi Biotech, Germany) placed in a magnetic field. After removing the column from the magnetic field, PD-1(+) cells were eluted by flushing the column with PBS buffer. The collected PD-1(+) cell suspension was counted and prepared for mRNA extraction.



Construction of mRNA Library and Sequencing

Total RNA was extracted from the collected PD-1(+) cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA, 15596018). A NanoDrop 2000 (Thermo Scientific, USA) was used to verify the purity of the RNA. The quality of RNA was measured using the Qubit RNA Assay Kit in Qubit 2.0 Fluorometer (Life Technologies, USA). The sequencing library of each RNA sample was prepared using an Ion Total RNA-Seq Kit v2 (Life Technologies, USA) according to the manufacturer’s instructions. Emulsion PCR was performed using the cDNA library as template. RNA-sequencing (RNA-Seq) was conducted by NovelBio Bio-Pharm Technology Co. Ltd (Shanghai, China) using an ABI Ion Proton (Life Technologies, USA) instrument.



Gene Expression Data Analysis

Differentially expressed genes (DEGs), between pre-treatment and post-treatment conditions and between CR and non-CR group at baseline, were filtered using the EBseq algorithm. Genes with an absolute fold change (FC) of > 1.5, or < 0.667, and false discovery rate (FDR) < 0.05, were considered significant DEGs. Average linkage hierarchical clustering was performed, and heatmaps were generated.



Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analyses

GO analysis was performed to annotate the biological functions of the DEGs, including three GO categories: biological process (BP), cellular component (CC), and molecular function (MF). GO annotations were downloaded from the NCBI (http://www.ncbi.nlm.nih.gov), Gene Ontology (http://www.geneontology.org), and UniProt (http://www.uniprot.org). Pathway annotation of DEGs was performed using the KEGG database. Fisher’s exact test was used to identify the significantly influenced GO categories and KEGG pathways. Statistical significance was set at P < 0.05. The gene concept network was constructed using cluster Profiler for enriched GO biological pathways with statistical significance (P < 0.05) (10).




Results


Patient Characteristics

Nine newly diagnosed patients with PTCL, administered chidamide combined with CHOEP regimen as first-line chemotherapy, were included in this study. The CR group included 5 patients and the non-CR group included 4 patients (3 PR and 1 PD). The baseline characteristics of patients in the 2 groups are listed in Table 1. The median age at diagnosis was 45 (range, 27–71) years, and the male: female ratio was 4:5. Histologic subtypes included peripheral PTCL, NOS (n = 2), ALK-ALCL (n = 3), and AITL (n = 4). Most patients were in clinical stages III–IV (6/9, 66.7%). The proportion of high-intermediate or high-risk patients, based on the International Prognostic Index (IPI) score, was 2/9 (22.2%).


Table 1 | Clinical characteristics of the patients in the 2 groups.





Components of PD-1(+) Cells

Flow cytometry analysis was performed on PBMCs to evaluate the components of PD-1(+) cells in 3 patients. Figure 1 shows the flow cytometry result of one patient. The average proportion of PD-1 (+) cells in PBMCs was 18.8%. The average proportion of CD4+, CD8+, CD56+, and CD14+ cells in the PD-1(+) cell subset were 13.3%, 80.9%, 3.2%, and 3.1%, which indicated the proportion of CD4+ T-cells, CD8+ T-cells, NK cells, and monocytes, respectively.




Figure 1 | Flow cytometry data of peripheral blood mononuclear cells (PBMCs). (A) In the cytogram of side scatter (SSC) versus PD-1, the population P2 refers to the PD-1(+) cells which were colored red. (B) The PD-1(+) cells mainly fall in the cluster of lymphocytes in the cytogram of SSC versus CD45. A gate was set to show only the cells in P2 population on the cytogram of CD4 versus CD3 (C), CD8 versus CD3 (D), CD56 versus CD3 (E), and CD14 versus PD-1 (F).





DEGs Between the Pre-Treatment and Post-Treatment Conditions

The gene expression profiles of peripheral blood PD-1(+) cells were compared between the pre-treatment and post-treatment conditions. With a criterion of FDR < 0.05 and |log2 FC| ≥ 0.58, a total of 302 DEGs were identified in the CR group, including 162 up-regulated and 140 down-regulated genes (Figure 2A). Contrastingly, only 12 DEGs were identified in the non-CR group, including 9 up-regulated and 3 down-regulated genes.




Figure 2 | Differentially expressed genes (DEGs) between pre-treatment and post-treatment conditions. (A) Volcano plot of DEGs between pre-and post-treatment conditions in the CR group. Significantly up-regulated genes are marked in light red and downregulated ones are marked in blue. (B) Hierarchical clustering heatmap. Heatmaps were generated using the expression levels of the 302 DEGs identified in the CR group. The abscissa indicates different samples, and the ordinate indicates different gene probes. These genes were only differentially expressed in the CR group (left), but not in the non-CR group (right).



To test whether these DEGs, identified in the CR group, were consistently expressed between the CR and non-CR groups, hierarchical clustering heat maps were generated using the expression levels of the 302 DEGs. These genes were only differentially expressed between pre-treatment and post-treatment conditions in the CR group (Figure 2B).



GO and KEGG Pathway Analyses of DEGs Between the Pre-Treatment and Post-Treatment Conditions

To further investigate the potential functional mechanisms, the 302 DEGs identified in the CR group were subjected to GO analysis. The top 15 significant GO terms for the 162 upregulated DEGs in the BP and MF categories are shown in Figures 3A, B. GO annotation and significance analysis revealed that these DEGs were mainly involved in chemokine activity, cell chemotaxis (including monocyte, neutrophil, and lymphocyte chemotaxis), cellular response to interleukin-1 (IL-1) and interferon-gamma (IFN-γ).




Figure 3 | The top 15 significant GO terms for the 162 up-regulated DEGs in the categories of biological process (A), molecular function (B). (C) The bubble chart of the top 15 significant KEGG pathways. The number of genes related to each pathway is indicated by different sizes and fold change by different colors. (D) Gene concept network of the top 15 GO terms. The number of genes related to each term is indicated by different sizes and fold change by different colors.



Pathway annotation of the DEGs was performed using the KEGG database. The top 15 significant KEGG pathways for the 162 upregulated DEGs are shown in Figure 3C. Furthermore, pathway analyses also revealed that these DEGs were mainly involved in cytokine-cytokine receptor interactions and chemokine signaling pathways. The innate immune signaling pathways, including Toll-like receptor and NOD-like receptor signaling pathways, were also influenced.

To further explore the interaction of these DEGs and identify key DEGs for further PCR verification, a gene concept network was established based on the top 15 significant GO terms in the BP category. The key up-regulated genes located in the center of the network belonged to the C-C chemokine family, including CCL2, CCL3L1, CCL4, CCL7, CCL8, and CCL20 (Figure 3D). The products of these genes recruit monocytes, neutrophils, memory T cells, and dendritic cells (11, 12).



GO and KEGG Pathway Analyses of DEGs Between CR and Non-CR Group at Baseline

The gene expression profiles of peripheral blood PD-1(+) cells were also compared between the CR and non-CR group at baseline level. A total of 470 DEGs were identified, including 115 up-regulated and 355 down-regulated genes (Figure 4A). The 470 DEGs were further subjected to GO analysis. The top 15 significant GO terms in the BP and MF categories are shown in Figures 4B, C. GO annotation revealed that these DEGs were mainly involved in humoral immune response, including complement activation and immunoglobulin mediated immune response, which were all down-regulated in the CR group.




Figure 4 | (A) Hierarchical clustering heatmap of DEGs between the CR and non-CR group at baseline level. The top 15 significant GO terms for the 470 DEGs in the categories of biological process (B), molecular function (C).






Discussion

PTCLs account for 25–30% of non-Hodgkin’s lymphomas (NHLs) in China, significantly higher than that of western countries (13). Contrasting the progress made in the treatment of B-cell NHLs, the management of patients with PTCL is disappointing, with no major progress made over the past decade. Conventional anthracycline-based regimens remain the frontline regimen for patients newly diagnosed with PTCL. However, except for ALK-positive ALCL, most types of PTCLs exhibit a poor long-term survival of 30–40% (2).

In recent years, new agents, including HDAC and checkpoint inhibitors, have shown some promise for the treatment of PTCLs. At present, the available HDAC inhibitors worldwide include vorinostat, romidepsin, belinostat, and chidamide, an innovative class I HDAC inhibitor, independently developed in China (14). The overall response rates (ORRs) of HDAC inhibitors for patients with relapsed or refractory PTCLs were around 25–39% (15–17). The clinical benefit of PD-1 inhibitors for patients with PTCLs is also being investigated in several clinical trials, with an ORR of approximately 33–40% for patients with relapsed or refractory PTCL (18, 19). A significant limitation of these new agents is the relatively low response rate as monotherapy. Therefore, the combination of such new agents with conventional chemotherapies can potentially be an effective approach, in response to the search for improved treatments for patients with PTCL.

HDAC inhibitors prevent the removal of acetyl groups by HDAC and maintain accessible conformation of chromatin, resulting in increased transcriptional activity of anti-tumor genes (20). In recent studies, HDAC inhibitors have also been shown to have an immune-mediated anti-tumor effect. Both in vitro and in vivo studies have evaluated the novel role of HDAC inhibitors in manipulating the immune landscape and the potential ability to augment the response to immunotherapy. Guerriero et al. found that the HDAC inhibitor TMP195 promotes macrophage differentiation toward an anti-tumor phenotype in mouse models of breast cancer (4). Zheng et al. found that the HDAC inhibitor romidepsin enhances T cell chemokine expression and promoted T cell infiltration in mouse models of lung cancer, resulting in a strongly augmented response to PD-1 inhibitor (5). Kim et al. found that HDAC inhibitor CG-745 induces prolonged cytotoxic T cell activation and suppresses M2 macrophage polarization, promoting the effect of PD-1 blockade in mouse models of hepatocellular cancer (6).

Despite the relatively widespread use of HDAC inhibitors in PTCLs, their exact role in the immune system of patients with PTCL remains poorly understood. Our results showed that chidamide treatment notably enhanced the expression of genes associated with chemokine activity and chemotaxis function of circulating PD-1(+) cells, which might promote the recruitment of lymphocytes, monocytes, neutrophils, and dendritic cells. These innate immune cells are major components of the tumor microenvironment. In addition, KEGG pathway analysis revealed that the expression of genes involved in the innate immune signaling pathways of PD-1(+) cells was up-regulated after chidamide treatment. By regulating the innate immune cell trafficking and improving the innate immune function of circulating PD-1(+) cells, chidamide may reshape the tumor microenvironment to an anti-tumor phenotype. This may be an attractive approach to anti-tumor immunotherapy.

As suggested by previous studies, insufficient tumor-infiltrating CD8+ T cells and T-cell exhaustion are recognized as major resistance mechanisms to checkpoint inhibitors (21, 22). During the exhausting state of T-cells, cytokine expression is impaired, including interleukin-2, TNF-α, and IFN-γ. Our study found that genes associated with lymphocyte chemotaxis, TNF signaling pathway, and cellular response to IFN-γ were up-regulated after chidamide treatment. By recruiting lymphocytes to the tumor microenvironment and enhancing reinvigoration of exhausted CD8+ T-cells, chidamide treatment may “prime” the host immune response and synergize with checkpoint inhibitors. Pairing chidamide with PD-1 blockade may offer potential benefits in the treatment of patients with PTCLs. Notably, several clinical trials employing this combination approach are now underway. In a multicenter phase Ib/II trial conducted in China, the ORR of chidamide combined with PD-1 inhibitor (sintilimab) for relapsed/refractory extranodal NK/T - cell lymphoma was 58.3%, which was better than either single drug (23).

The up-regulated expression of genes associated with chemotaxis and innate immunity of PD-1(+) cells was only observed in patients in the CR group. Contrastingly, no significant changes were observed in the gene expression of PD-1(+) cells of patients in the non-CR group. This indicated that treatment failure may be partially due to failure of immune reconstitution in patients with PTCLs. When comparing the gene expression of PD-1(+) cells between the CR and non-CR group at baseline level, we found that genes associated with humoral immune response, including complement activation and immunoglobulin mediated immune response, were up-regulated in the non-CR group. The differences of baseline gene expression may be part of the reason for the differences of treatment response. However, based on the current research, it is difficult to explain how these differences of gene expression are related to the efficacy of HDAC inhibitor treatment.

The limitations of this study need to be acknowledged. First, the set of PD-1(+) cells is complex and comprises the following: CD8+ T-cells, CD4+ T-cells, NK cells, and monocytes. Additional studies are required to determine the specific roles of each of these cell types. In future studies, we will perform flow cytometry sorting and single-cell sequencing. Second, our results require verification via PCR analysis. In vitro cell experiments using transwell assays can also be performed to evaluate the chemotactic function of PD-1(+) cells. Additionally, the synergistic effect of chidamide and PD-1 inhibitors could be further assessed via animal experiments. expression pattern may not be related to the type of disease.

In conclusion, we report here for the first time that chidamide treatment enhanced the expression of genes associated with chemokine activity and chemotaxis function of circulating PD-1(+) cells from patients with PTCLs. This novel mechanism of action of chidamide may provide a rationale for therapeutic strategies that combine chidamide with PD-1 inhibitors for patients with PTCLs.
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Introduction

Chimeric antigen receptor T (CAR-T) cells are effective in treating hematological malignancies. However, in patients receiving CAR-T therapy, data characterizing cardiac disorders are limited.



Methods

126 patients with hematologic malignancies receiving CAR-T cell therapy were analyzed to determine the impact of CAR-T therapy on occurrence of cardiac disorders, including heart failure, arrhythmias, myocardial infarction, which were defined by the Common Terminology Criteria for Adverse Events (CTCAE). Parameters related to cardiac disorders were detected including myocardial enzyme, NT-proBNP and ejection fraction (EF). Cardiovascular (CV) events included decompensated heart failure (HF), clinically significant arrhythmias and CV death.



Results

The median age of patients was 56 years (6 to 72 years). 58% patients were male, 62% had multiple myeloma, 20% had lymphoma and 18% had ALL. 33 (26%) patients had cardiac disorders, most of which were grade 1-2. 13 patients (10%) were observed with cardiac disorders grade 3-5, which comprised 5(4%) patients with new-onset HF, 2 (2%) patients with new-onset arrhythmias, 4 (3%) patients with the acute coronary syndrome, 1(1%) patient with myocardial infarction and 1(1%) patient with left ventricular systolic dysfunction. There were 9 CV events (7%) including 6 decompensated heart failure, 1 clinically significant arrhythmias and 2 CV deaths. Among the 33 patients with cardiac disorders, the patients with cardiac disorders CTCAE grade 3-5 had higher grade CRS (grade ≥ 3) than those with cardiac disorders CTCAE grade ≤ 2 (P <0.001). More patients with cardiac disorders CTCAE grade 3-5 were observed in the cohort who did not receive corticosteroids and/or tocilizumab therapy timely comparing with those who received corticosteroids and/or tocilizumab therapy timely (P =0.0004).



Conclusions

Cardiac disorders CAR-T cell therapy were common and associated with occurrence of CRS. However, most cases were mild. For patients with CRS grade 3-5, timely administration of corticosteroids and/or tocilizumab can effectively prevent the occurrence and progression of cardiac disorders.





Keywords: CAR-T cell therapy, cardiac disorders, CRS, corticosteroids, tocilizumab



Introduction

Chimeric antigen receptor (CAR)-T cell therapy has sparked a wave of optimism in relapsed/refractory hematologic malignancies. CAR-T cells targeting new tumor antigens would emerge in the near future. Some side effects were observed after CAR-T cell therapies with cytokine releasing syndrome (CRS) as the most common one, presenting as fever, hypotension, hypoxia, and capillary leakage. Neurotoxicity and coagulation dysfunction have also been reported (1–4). These side effects were intensively studied, however, other side effects such as cardiac disorders might be underestimated. Case report has shown some cases of cardiac disorders (5). Thus, a comprehensive study is needed to evaluate occurrence of cardiac disorders after CAR-T cell therapy.

Here, we performed a comprehensive analysis of the incidence, dynamic changes and outcomes of cardiac disorders defined by CTCAE in 126 patients with relapsed/refractory (R/R) hematologic malignancies after receiving CAR-T cell therapy. The correlation between cardiac disorders and CRS was also analyzed.



Subject and Methods


Study Design and Patient Selection

The study cohort was derived from the patients receiving CAR-T at Affiliated Hospital of Xuzhou Medical University between January 1, 2019, and November 20, 2020; 126 patients were included. (China) (Clinical Trials: NCT02782351, NCT03207178, ChiCTR-OIC-17011272). All patients were followed-up until a fixed calendar date (i.e., January 31, 2021). Clinical events were extracted by detailed chart review. For the patients who died during the follow-up, the last follow-up date was the date of death. This was a retrospective study conducted according to the Declaration of Helsinki’s principles with approval by the Ethics Committee of the Affiliated Hospital of Xuzhou Medical University. Informed consents were obtained from all patients.



CAR-T Cell Manufacturing and Infusion

The humanized single-chain variable fragment (scFv) sequence specific for CD19 was derived from clone FMC63 as previously described (6) and the anti-CD20, anti-CD22 and anti-BCMA scFv was derived from a murine anti-human CD20, CD22 and BCMA monoclonal antibody. The scFv sequence for CD19, CD20 and BCMA were inserted in tandem with the human CD8 transmembrane, CD8 hinge, 4-1BB costimulatory domain, CD3z intracellular regions, and T2A-EGFRt sequence. The scFv sequence for CD22 was inserted in tandem with the human CD8 transmembrane, CD8 hinge, CD28 costimulatory domain, CD3z intracellular regions, and T2A-EGFRt sequence. CARs targeting CD19, CD20, CD22 and BCMA were synthesized and subcloned into lentivirus expression vector Lenti-EF1a-puro and stably expressed in CD3-positive T cells after transfection of lentiviral vector.

Peripheral blood mononuclear cells were obtained from patients by leukapheresis as previously described (3). Most patients received lymphodepletion chemotherapy with the FC regimens included both fludarabine (750 mg/m2, day-5) and cyclophosphamide (30 mg/m2/d, days -5~2). On day 0, patients with MM received CD19 CAR-T cell and BCMA CAR-T cell infusion at the median dose 2 × 106 cells/kg (1.4 - 4 × 106 cells/kg), patients with B-NHL received CD19 CAR-T cell and CD22 CAR-T cell infusion at the median dose 2 × 106 cells/kg (0.8-6 × 106 cells/kg) and patients with ALL received a single dose of CD19 CAR-T cell infusion at the median dose 1 × 106 cells/kg (0.8-2 × 106 cells/kg) respectively.



Collection of Clinical and Laboratory Data

Peripheral blood was collected before lymphodepletion, on day -3 or day -1, and at approximately 1~3, 4~6, 7~10, 11~13, 14~16, 17~20, 21-24, 25~30, 31-40, 41-50 days after CAR-T cell infusion for analysis of complete blood counts, hepatic function, renal function, hs-cTnT, NT-proBNP, cytokine including IL-6, Ferritin, CRP, IL-8, IFN-γ and IL-10. The morphological characteristics of bone marrow were evaluated on day 0, 14 and 28 respectively. Minimal residual disease was detected by flow cytometry. If the patient did not die, the CAR-T cells were followed up for at least 90 days.



Cardiac Disorders Diagnosis and CRS Grading

Cardiac disorders was defined according to Common Terminology Criteria for Adverse Events (CTCAE; version 4.03) (7). According to the hs-cTnT assay, the lower limit of detection is 3 ng/L for the 99th percentile is 14 ng/L according to the manufacturer. The diagnosis of myocardial infarction required a rise and/or fall of hs-cTnT with at least one value above the 99th percentile upper reference limit, with the symptoms of ischaemia or development electrocardiogram (8). NT-proBNP elevation of patients ≤ 50 years old, patients > 50 years old and patients with baseline glomerular filtration rate (GFR) < 60ml/min were defined > 450 pg/ml, > 900 pg/ml and >1200 pg/ml respectively. A reduction in left ventricular ejection fraction (LVEF) was defined as a reducing at least ten percentage points, less than 50%. Cardiovascular events included decompensated HF, clinically significant arrhythmias and CV death (9). CRS was graded according to consensus criteria proposed by Lee et al. (10). All results were reviewed and confirmed by the research team without considering other variables. The onset of CRS was defined as the first appearance of a fever after CAR-T therapy, excluding other factors for fever. The time to corticosteroid or tocilizumab administration was defined as the time from the onset of CRS to the administration of corticosteroid or tocilizumab. This article reports cardiac disorders presenting within 50 days after the first CAR-T cell infusion.



Statistical Analysis

Descriptive statistics (median/interquartile range [IQR], count, and percentage) are reported for key variables. Continuous data were compared using unpaired Student’s t-tests and categorical data were compared using the chi-square or the Fisher exact test. The factors associated with cardiac disorders were explored using ordinal regression with cardiac disorders CTCAE frequency as the dependent variable and baseline glomerular filtration rate, sex, age, diagnosis, underlying disease (including diabetes, hypertension, etc) and CRS as independent variables. The Wilcoxon test was adopted for continuous variables between 2 groups, and the Kruskal-Wallis test was for multiple groups. The Spearman correlation test was used for correlation analysis. Statistical significance was defined using a 2-tailed p-value < 0.05. Statistical analyses were performed using IBM SPSS for Windows 25.0 software (SPSS, Inc., Chicago, IL).




Results


Patients’ Baseline Characteristics

Baseline demographics and clinical characteristics of the 126 patients with R/R hematologic malignancies receiving lymphodepletion chemotherapy and CAR-T cell therapy, are shown in Table 1. In the entire cohort, the median age was 56 years (range, 6 to 72 years), including 73(58%) males and 53(42%) females. The most of patients were multiple myeloma (MM) (n = 78, 62%), followed by non-Hodgkin’s lymphoma (NHL) (n = 25, 20%) and acute lymphoblastic leukemia (ALL) (n=23, 18%). In the MM cohort, 13 patients (86%) had low baseline glomerular filtration rate (< 60ml/min) and 44(57%) patients bone marrow plasma cells were ≥10%. In the NHL cohort, 21 patients (84%) were Ann Arbor stage III~IV. The percentage of bone marrow blasts was ≥20% in 13 (57%) patients with ALL. Before the CAR-T cell therapy, 120 (95%) patients received lymphodepletion chemotherapy of FC regimen, and 6 (5%) received non-FC regimen, including 2 with fludarabine alone, 1 with cyclophosphamide alone and 3 without regimen (Table 1).


Table 1 | Baseline characteristics and factors associated with cardiac disorders.





Factors Associated With Subsequent Cardiac Disorders

Within 50 days of CAR-T cell infusion, cardiac disorders of any grade were more frequent in female patients (P = 0.012), the patients with low baseline glomerular filtration rate (< 60ml/min) (P < 0.0001) and the patients with CRS (P < 0.0001) by univariate analyses (Table 1). The patient’s age, diagnosis, ECOG, the number of plasma cells in bone marrow of MM patients, Charlson Comorbidity Index and hypertension were not associated with cardiac disorders by univariate analyses. The baseline of hs-cTnT, NT-proBNP, Ann Arbor stage of NHL, ALL patients with a high tumor burden (blasts ≥20% in bone marrow), lymphodepletion regimens and underlying diseases (including diabetes, coronary artery disease, chronic heart failure and atrial fibrillation) were no statistical significance. Multivariable analysis showed that after CAR-T cell therapy, the patients with low baseline glomerular filtration rate (< 60ml/min) and CRS were associated with an increased risk of cardiac disorders (P  = 0.031, P  < 0.0001 perspective) (Table 1).



Cardiac Disorders and CRS After CAR-T Cell Immunotherapy

Of 126 patients treated with lymphodepletion chemotherapy and CAR-T cell infusion, 33(26%) patients (25 MM patients, 3 NHL patients, 5 ALL patients) had cardiac disorders as defined by the Common Terminology Criteria for Adverse Events (CTCAE). There were 10 patients (8%) with CTCAE grade 1, 10 patients (8%) with CTCAE grade 2, 8 patients (6%) with CTCAE grade 3, 2 patients (2%) with CTCAE grade 4 and 3 patients (2%) with CTCAE grade 5. In MM cohort, cardiac disorders CTCAE 1, CTCAE 2, CTCAE 3, CTCAE 4 and CTCAE 5 were 9, 7, 6, 2 and 1 patients. In NHL cohort, cardiac disorders CTCAE 1, CTCAE 2, CTCAE 3, CTCAE 4 and CTCAE 5 were 1, 1, 1, 0 and 0 patients respectively. In ALL cohort, cardiac disorders CTCAE 1, CTCAE 2, CTCAE 3, CTCAE 4 and CTCAE 5 were 0, 2, 1, 1, 1 patients respectively (Figure 1).




Figure 1 | The changes of CRS, cardiac disorders CTCAE before and after CAR-T cell infusion. (A) Numbers of patients with each CRS. (B) Numbers of patients with each cardiac disorders grade. (C) Numbers of patients with each grade of cardiac disorders and CRS. The numbers of patients with each CRS grade are shown for each disease of (D) MM, (E) NHL and (F) ALL. Cardiac disorders CTCAE for each disease of (G) MM, (H) NHL and (I) ALL. Percentage is shown in parentheses.



CRS was found in all 33 patients (26%) with cardiac disorders. Among 20 (16%) patients with cardiac disorders CTCAE grade 1-2, there were 12 patients with CRS grade 1-2 and 8 patients with CRS grade 3-5. Among 13 (10%) patients with cardiac disorders CTCAE grade 3-5, all patients had severe CRS (grade 3-5) (Figure 1).

Of 13 patients (10%) with cardiac disorders grade 3-5, 5(4%) patients had new-onset HF, 2 (2%) patients had new-onset arrhythmias, 4 (3%) patients had the acute coronary syndrome, 1(1%) patient had myocardial infarction and 1(1%) patient had left ventricular systolic dysfunction. There were 9 CV events (7%) with a median onset time of 5 days (IQR: 3 to 9 days) among all cardiac disorder patients. The CV events included 6 decompensated heart failures, 1 clinically significant arrhythmias and 2 CV deaths (Table 2).


Table 2 | 33 (26%) patients in the entire cohort of 126 had cardiac disorders.





Severe Cardiac disorders Are More Frequent in Patients With Severe CRS

The patients who developed CTCAE grade ≥3 cardiac disorders had more severe CRS (p < 0.001, Tables  1, 3). The occurrence time of CRS grade 3-5 was earlier than that of cardiac disorders CTCAE grade 1-2 and 3-5. The median onset time of CRS grade 3-5 and cardiac disorders CTCAE grade 3-5 was 3 days (IQR: 1 to 7 days) and 8 days (IQR: 4 to 9 days) (P = 0.0054) (Table 4). Earlier onset of CRS after CAR-T therapy was associated with a higher risk of subsequent developing severe cardiac disorders. The severity of cardiac disorders was related to the higher peak concentrations of hs-cTnT, NT-proBNP, ferritin, C-reactive protein (CRP) and multiple cytokines, including IL-6, IL-8, IFN-γ and IL-10 (Figure 2).


Table 3 | Cardiac disorders CTCAE grade and CRS grade.




Table 4 | The temporal relation between cardiac disorders CTCAE and severe CRS.






Figure 2 | The maximum values of myocardial enzyme parameters, NT-proBNP and cytokines in patients with cardiac disorders CTCAE grade 0, 1-2 and 3-5 after CAR-T cell infusion. The maximum hs-cTnT (A), maximum NT-proBNP (B), maximum CK (C), maximum IL-6 (D), maximum Ferritin (E), maximum CRP (F), maximum IL-8 (G), maximum IFN-γ (H) and maximum IL-10 (I) in the first 30 days after CAR-T cell infusion are shown in patients who had cardiac disorders CTCAE grade 0 (n = 80), cardiac disorders CTCAE grade 1-2 (n = 20) and cardiac disorders CTCAE grade 3-5 (n =13). Each point represents data from a single patient. The median and IQR are shown. Two-sided P values were determined using the Kruskal-Wallis test.



After further analysis of the correlation between the levels of hs-cTnT, NT-proBNP and cytokines in patients with the grade 3-5 cardiac disorders CTCAE (n =13), we found that the values of hs-cTnT were positively correlated with the levels of serum IL-6, Ferritin, IFN-γ (Figures 3A, B, E). The values of NT-proBNP were positively correlated with the levels of serum IL-6, Ferritin, IFN-γ and IL-10 (Figures 3G, H, K, L).




Figure 3 | hs-cTnT and NT-proBNP were closely correlated to cytokine levels in patients with CTCAE grade 3-5 (n = 13). The correlation of hs-cTnT concentration with serum (A) IL-6, (B) Ferritin, (C) CRP, (D) IL-8, (E) IFN-γ and (F) IL-10. The correlation of NT-proBNP concentration with serum (G) IL-6, (H) Ferritin, (I) CRP, (J) IL-8, (K) IFN-γ and (L) IL-10. Each point represents data from a single patient; r values were determined using the spearman correlation test.





Treatment of Cardiac Disorders and CRS

In 10 patients with cardiac disorders CTCAE grade 1, which were asymptomatic or mild, no intervention was needed. In 10 patients with CTCAE grade 2, 3 patients with HF were given torasemide and the other patients were only given symptomatic treatment. In cardiac disorders CTCAE grade≥3 cohort, all patients required an intervention that included the administration of diuretic, amiodarone, cedilanid and/or IV metoprolol and/or vasopressors and oxygen supplementation. Some patients were typically transferred to the intensive care unit for further management. After treatment, 2 (2%) patients died, among which one patient died of malignant arrhythmia and another died of myocardial infarction. However, 31 of 33 patients (94%) recovered. The arrhythmia and HF disappeared quickly after treatment. NT proBNP and hs TnT returned to normal baseline levels within one month after treatment.

Tables 5 and 6 shows the treatments in patients with CRS (n = 103) and cardiac disorders. In cohort 1, patients were given corticosteroids and/or tocilizumab therapy within 24 hours after the onset of CRS and in cohort 2 patients were not given corticosteroids and/or tocilizumab therapy within 24 hours or received corticosteroids and/or tocilizumab therapy more than 24 hours after the onset of CRS. Among the 51 patients with CRS grade 1 and 30 patients with CRS grade 2, there was no difference in the incidence of cardiac disorders between cohort 1 and cohort 2 (P = 0.1336, 0.3742). While among the 22 patients with grade 3-5, 2 of 8 patients (25%) in cohort 1 developed cardiac disorders, which was lower than 11 of 14 patients (79%) in cohort 2 (P = 0.0260). In 33 patients with cardiac disorders, compared with 11 of 15 patients (73%) developed cardiac disorders (CTCAE Grade 3-5) in cohort 2, there were fewer patients in cohort 1, with only 2 of 18 patients (11%) progressed to cardiac disorders (CTCAE grade 3-5) (P = 0.0004) (Tables 5, 6).


Table 5 | The relationship between CRS grade 1-2, cardiac disorders and intervention therapy.




Table 6 | The relationship between CRS grade 3-5, cardiac disorders and intervention therapy.






Discussion


Early Detection of Severe Cardiac Disorders Is Necessary

CRS is one of the most common side effects in CAR-T cell therapy (12–14). Other toxicities including neurotoxicity and coagulation dysfunction were also reported (2–4). However, there have been very few reports of cardiac disorders after CAR-T. Cardiac disorders had different manifestations, of which the most common was HF (12%), followed by acute coronary syndrome (7%) and arrhythmia (6%), and the least was myocardial infarction (1%). The diagnosis of CAR-T cell-related cardiac disorders required the appearance of new symptoms or signs of HF, arrhythmia or myocardial infarction. Although most cardiac disorders are mild and temporary, some patients developed severe cardiac disorders, which may be life-threatening in the form of malignant arrhythmias, myocardial infarction, and decompensated HF. Early diagnosis and treatment of CAR-T-related cardiac disorders is an important step to reduce the mortality after CAR-T cell therapy. Serial testing of myocardial enzymes, especially hs-cTnT and NT-proBNP, is very necessary for early detection of cardiac disorders. Alvi RM (9) reported that an elevated troponin occurred in 29 of 53 tested patients (54%) and was associated with an increased risk for a CV event. In our study, 9 and 12 of 13 patients with cardiac disorders (CTCAE grade 3-5) had elevated hs-cTnT and NT-proBNP, with the median peak value 23.60 ng/L (IQR: 14.00 to 37.52 ng/L) and 3657 pg/ml (IQR: 1724 to 18186 pg/ml) respectively, suggesting that continuous testing of hs-cTnT and NT-proBNP may be of use for identifying high-risk patients with cardiac disorders after CAR-T. Shalabi H also found out troponin and proBNP may help to earlier identify those patients at highest risk of severe cardiac systolic dysfunction (15).



Risk Factors Associated With Cardiac Disorders CTCAE

Some study had demonstrate that ≈10% of patients develop cardiomyopathy in the context of high-grade CRS after CAR-T cell therapy (16). In our study, baseline factors, including patients with CRS and low baseline GFR levels were associated with an increased risk of subsequent cardiac disorders by multivariable analysis. According to univariate and multivariable analysis, patients with baseline GFR < 60ml/min were more likely to have cardiac disorders than that with baseline GFR ≥ 60ml/min. Lefebvre B also found that baseline creatinine and CRS grade 3 or 4 were independently associated with major adverse cardiovascular events (17). However, after CAR-T treatment, if the treatment were effective, many patients’ renal function would be improved with creatinine and glomerular filtration rate (GFR) returning to normal, which is consistent with our previous published paper (18). Alvi RM showed that troponin elevation was associated with CRS, but not with CAR-T type, cancer type, therapies before CAR-T, race or age (9). The Baseline of NT-proBNP was higher in patients with renal dysfunction, which was prone to heart failure (19). In our study, the baseline of hs-cTnT and NT-proBNP were no statistical significance.



CRS Was Closely Related to Cardiac Disorders, or Cardiac Disorders Was a Part of CRS

There was a graded relationship between CRS and cardiac disorders. After CAR-T treatment, fever is the most common sign of CRS (2). In our study, 100% of patients with CAR-T-related cardiac disorders had CRS. Patients who developed cardiac disorders CTCAE grade ≥3 were more frequently observed in the severe CRS (grade ≥3) cohort (Tables 1, 3) and no severe CRS (grade ≥3) was found in patients without cardiac disorders, which indicated that there was a close and graded relationship between the development of CRS and cardiac disorders. We found the occurrence time of CRS grade 3-5 was earlier than that of cardiac disorders grade 3-5, and the median onset time of CRS grade 3-5 and cardiac disorders CTCAE grade 3-5 was 3 days (IQR: 1 to 7 days) and 8 days (IQR: 4 to 9 days) (Table 4), suggesting that CRS may cause cardiac disorders. Some studies have found that CRS after CAR-T therapy was related to hepatic dysfunction, coagulation abnormality and neurotoxicity (20–22). Our study indicated that CRS was closely related to cardiac disorders, or cardiac disorders was a part of CRS.



The Pathogenesis of Cardiac Disorders May Be Related to the Injury of Endothelial by a Large Number of Cytokines

Endothelial dysfunction and hypercoagulability are considered to be the main factors of CAR-T toxicity. Indeed, the biomarkers of endothelial cell activation, such as angiopoietin 2, the angiopoietin-2 to angiopetin-1 ratio and von Willebrand Factor (VWF) were higher in patients with neurotoxicity (grade ≥4) (2). Similarly, it should be noted that endothelial dysfunction is considered an early event in the pathophysiology of cardiovascular disease (23). In our study, after CAR-T therapy, cytokines such as IL-6, IFN-γ which can cause endothelial injury, were significantly increased in patients with severe cardiac disorders. We also observed that patients with earlier peak concentrations of IL-6, IFN-γ had a higher grade of cardiac disorders, suggesting that the rising rate of serum cytokine concentration as well as the peak concentration, may be determinants of the severity of cardiac disorders. IL-6, Ferritin and CRP are the most frequently detected cytokines in CRS (24, 25). After further analysis of the correlation between the levels of myocardial enzyme parameters and cytokines in patients with cardiac disorders (grade ≥3), we found the values of both hs-cTnT and NT-proBNP were positively correlated with the levels of serum IL-6, Ferritin and IFN-γ (Figure 3). Like IL-6, IFN-γ is a proinflammatory cytokine involved in the biological process of inducing macrophages to secrete tumor necrosis factor (TNF-α) and stimulating macrophages to release reactive oxygen species (26, 27). Thus, we speculate that besides targeting IL-6, targeting IFN-γ may be a novel strategy for managing CRS or cardiac disorders that are caused by CAR-T, although this theory requires further investigation.



The Onset Time of CRS and Administration Time of Corticosteroids/Tocilizumab Were Associated With Severity of CRS and Cardiac Disorders

Among the 103 patients with CRS administered different treatments, we found that there was no difference in the incidence of cardiac disorders of patients with CRS grade 1-2 between cohort 1 and cohort 2. However, patients with CRS grade 3-5 in cohort 2 were more likely to develop cardiac disorders than those in cohort 1. In other words, when severe CRS (grade 3-5) occurs, prompt treatment (given corticosteroids and/or tocilizumab therapy within 24 hours) could reduce the incidence of cardiac disorders (Tables 5, 6).

Tocilizumab, an antagonistic IL-6R mAb, effectively ameliorates fever and hypotension in most patients developed severe CRS after CAR-T cell (28). Our study found that in addition to IL-6, other cytokines such as IFN-γ, CRP, ferritin, IL-8 and IL-10 were significantly increased in the occurrence of cardiac disorders. Corticosteroids may be a double-edged sword in the management of immunomodulation and inflammatory response. Its pharmacological mechanisms involve reducing inflammatory cytokines production, leukocyte infiltration and phagocytosis at the onset of inflammation (29, 30). Besides, the corticosteroid can interfere with the interaction between proinflammatory factors (31, 32). Although corticosteroids may cause injury to the infused CAR-T cell and reduce the curative effect, previous studies and our results show that corticosteroids are still very important for the treatment of cytokine storm-related diseases as hemophagocytic syndrome and CRS (33–35). Our study suggested that timely administration of corticosteroids and/or tocilizumab at the early stage of CRS grade 3-5 may relieve syndromes and delay cardiac disorders progression.



Study Limitations

These data are obtained retrospectively. As with all retrospective studies, there may be missing data at some points after CAR-T infusion. For example, some patients with CRS grade 1-2 had mild symptoms, and sometimes may miss cytokine assay. Meanwhile, because the hs-cTnT and NT-proBNP assay in our study was often based on clinical suspicion of cardiac injury (not a protocol driven study as expected), with no symptoms of heart failure, acute coronary syndrome, some patients were not given hs-cTnT or NT-proBNP assay and color doppler echocardiography examination. Therefore, the value of hs-cTnT or NT-proBNP at some time points were missed. In addition, some patients undergo cardiac MRI or ECT examinations at designated locations after developing severe cardiac disorders. This part of the data was also unavailable and without a cardiac biopsy, the exact mechanism of cardiac disorders cannot be determined.




Conclusion

In summary, cardiac disorders were common events after CAR-T cell therapy closelyassociated with CRS. However, the most cardiac disorders were mild. Patients who developed cardiac disorders CTCAE grade ≥3 had more severe CRS (≥3 grade). The values of hs-cTnT were positively correlated with the levels of serum IL-6, Ferritin, IFN-γ. The values of NT-proBNP were positively correlated with the levels of serum IL-6, Ferritin, IFN-γ and IL-10. The onset time of CRS and administration time of corticosteroids/tocilizumab were associated with severity of CRS and cardiac disorders.
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To define the fusion genes in T/myeloid mixed-phenotype acute leukemia (T/M MPAL), we performed transcriptome sequencing of diagnostic bone marrow samples from 20 adult patients. Our analysis identified a second instance of a recurrent MED14-HOXA9 chimeric gene resulting from the in-frame fusion of exon 23 of MED14 and exon 1 of HOXA9, the first in an adult patient. The MED14-HOXA9 fusion gene was detected in both the diagnostic and relapsed blasts with reverse transcription-polymerase chain reaction and Sanger sequencing. The patient received combined conventional chemotherapy but suffered relapse at 11 months and died of disease progression one year after the initial diagnosis. Our data suggest that MED14-HOXA9 is a cryptic recurrent aberration in T/M MPAL, which might indicate an aggressive clinical course and inferior outcome after conventional chemotherapy. Further studies will be carried out to reveal the effects of the MED14-HOXA9 fusion on the differentiation and proliferation of leukemia stem cells, as well as suitable treatment strategies for this emerging entity.




Keywords: mixed-phenotype acute leukemia, MED14-HOXA9, fusion gene, PTPN11, NOTCH1



Introduction

T/myeloid mixed-phenotype acute leukemia (T/M MPAL) is a rare malignancy responsible for approximately 1% of all leukemia cases and is characterized by leukemic blasts presenting both T lineage and myeloid markers (1). Only a few patients with T/M MPAL have been identified with recurrent genetic aberrations, such as the t(9;22)(q34.1;q11.2)/BCR-ABL1 and t(v;11q23.3)/KMT2A rearrangements (2). Most T/M MPAL cases carry nonspecific clonal chromosomal abnormalities, lack uniform treatment strategies and carry unfavorable prognoses (3, 4). Using next-generation and transcriptome sequencing, Takahashi and Alexander et al. elucidated the genetic and epigenetic heterogeneity of MPAL in a case series (5, 6), but only a few of the patients had T/M MPAL. For a better understanding of the genomic landscape of T/M MPAL, we performed transcriptome sequencing of diagnostic blasts from 20 adult patients with normal karyotype or karyotype failure and, thereby, detected a cryptic cytogenetic aberration involving chromosomes X and 7 effecting the novel occurrence of a chimeric fusion MED14-HOXA9 in an adult patient.



Materials and Methods


Patient Characteristics

From March 2008 to November 2019, a total of 37 T/M MPAL patients were enrolled. Their median age was 45 years-old (range 17-84 years), comprising 22 males and 15 females. The study was approved by the Ethics Committee of the First Affiliated Hospital of Soochow University in accordance with the Declaration of Helsinki. Written informed consents were obtained from all patients.



R-Banding Karyotype Analysis

Bone marrow (BM) samples were taken at diagnosis. Mononuclear cells were harvested, R-banded according to the routine institutional protocols and 20 metaphases were analyzed for each sample if possible. Chromosomal abnormalities were described according to the International System for Human Cytogenomic Nomenclature (ISCN, 2016) (7).



RNA Sequencing and RT-PCR

Total RNA from BM samples taken at diagnosis was extracted using a RNeasy Mini Kit (QIAgen, Hilden, Germany). RNA sequencing libraries were prepared using 20-100 ng total RNA of BM samples with the TruSeq RNA library preparation kit v2 (Illumina, CA, USA). Paired-end sequencing with a read length of 150bp was performed on Illumina NovaSeq platforms to at least 12G raw data per sample according to the manufacturer’s protocol. Read pairs were aligned to human reference genome (hg38) using the Spliced Transcripts Alignment to a Reference (STAR, version 2.5) (8). The FusionCatcher software was used to find fusion genes. SNVs/indels were analyzed by following the GATK best practices for variant calling on RNA sequencing. The forward and reverse primer sequences used for detection of the MED14-HOXA9 fusion by reverse transcription-polymerase chain reaction (RT-PCR) were 5’-AAGGTCTGTAAATGAGGACG-3’ and 5’-TCGTCTTTTGCTCGGTCTT-3’, respectively.




Results

After R-banding, 17 patients (17/37, 45.9%) evidenced abnormal karyotypes, 17 tested normal (17/37, 45.9%), and 3 failed analysis. RNA sequencing was performed on the 20 patients with normal karyotypes or who failed karyotype analysis. In 19 patients, RNA sequencing failed to detect any clinically relevant fusion genes. In one patient with a normal karyotype, however, the MED14-HOXA9 fusion transcript was detected using RNA sequencing: accordingly, exon 23 of MED14 was fused in frame with exon 1 of HOXA9 (Figure 1A and Supplementary Table 1), which was further confirmed with RT-PCR and Sanger sequencing (Figures 1B, C). Moreover, the MED14-HOXA9 fusion was also detected in the blasts at relapse with RT-PCR (Figure 1D). The 1153 amino acids encoded by the MED14-HOXA9 fusion transcript cover the entire Med14 and homeobox domains of MED14 and HOXA9, respectively (Figure 1E). Though fusion genes are frequently resulted from balanced chromosome translocations, results of RNA sequencing and RT-PCR revealed no reciprocal HOXA9-MED14 fusion transcripts in this patient (data not shown).




Figure 1 | Identification of recurrent MED14-HOXA9 fusion transcripts. (A) RNA sequencing analysis revealed one breakpoint in exon 23 of the MED14 gene and one breakpoint in exon 1 of the HOXA9 gene. (B) A product of 534 bp was detected by RT-PCR in samples taken at diagnosis and relapse. Marker: GeneRuler 100 bp DNA ladder; negative control (with cDNA sample with the JIH-5 cell line); blank control (without cDNA template). (C, D) Sequence alignment of the amplified product revealed breakpoints between exon 23 of MED14 and exon 1 of HOXA9 at diagnosis (C) and relapse (D). (E) Schematic diagram of the MED14 and HOXA9 proteins and the MED14-HOXA9 fusion protein. The breakpoint is indicated by a red arrow. Med14, Mediator complex subunit MED14; BLLF1, Herpes virus major outer envelope glycoprotein (BLLF1); HoxA9, HoxA9 activation region; H, Homeobox domain.



The affected patient was a 37-year-old male referred to our hospital in June 2016 because of mild fever. Physical examination revealed enlarged lymph nodes of the right neck, without hepatomegaly or splenomegaly. Complete blood cell counts showed a white blood cell count of 11.09×109/L, hemoglobin of 10.9 g/dL and a platelet count of 84×109/L (Supplementary Table 2). Differentiation analysis of white blood cells showed 59% blasts. BM aspirates revealed 71% blasts, which were variable in cell and nucleolus size and negative for peroxidase staining (Figure 2A). The blasts were positive for myeloid markers, including CD13 (97.8%), CD15 (68.9%), CD117 (63.2%) and weak expression of MPO (36.1%), as well as the T lineage markers cCD3 (46.1%) and TdT (23.0%) by flow cytometry (Figure 2B and Supplementary Figure 1A). No fusion genes were detected using a multiplex RT-PCR panel covering 43 fusion genes commonly seen in acute leukemia (Supplementary Table 3). Cytogenetic analysis of the BM indicated a normal karyotype. Next generation sequencing (NGS) was not feasible due to sample non-availability. CREBBP-p.Pro583Ser, EED-p.Arg216Ter, NOTCH1-p.Val1578_Leu1579del and PTPN11-p.Ser506Leu were detected by RNA sequencing (Supplementary Table 4). Accordingly, a diagnosis of T/M MPAL, NOS was made according to revised WHO 2016 criteria (2).




Figure 2 | Laboratory characteristics of the adult patient with T/M MPAL with the MED14-HOXA9 fusion. (A) Bone marrow aspirate at diagnosis. Morphological analysis showed hypercellular marrow with increased blasts variable in both cell and nucleolus sizes and negative for POX staining. (Wright’s staining ×1,000). (B) Immunophenotyping of bone marrow cells at diagnosis. Flow cytometric analyses of leukemic cells revealed that the blast cells were positive for TDT, cCD3 and weak positive for myeloperoxidase (MPO), but negative for cCD79a. (C) Immunophenotyping of bone marrow cells at relapse. The blast cells were positive for CD34 and CD7 and weakly positive for MPO and cCD3. (D) Bone marrow aspirate at relapse. Morphological analysis showed 72.5% blasts in the bone marrow smear. (Wright’s staining ×1,000). (E) Karyotype analysis at relapse. R-banding analysis using the bone marrow sample revealed a karyotype of 46,XY,add(1)(p36),del(9)(q12q31),del(12)(q23q24)[16]/46,idem,add(8)(q24)[2]/46,XY[2].



After induction chemotherapy, consisting of idarubicin, vinorelbine and prednisone, the patient achieved complete remission, which was maintained during the subsequent 5 cycles of consolidation chemotherapy. He refused allogenic stem cell transplantation due to concerns regarding transplantation-related mortality. Unfortunately, relapse occurred 11 months after diagnosis when he presented with high fever and general soreness. At relapse, the complete blood cell count showed a white blood cell count of 16.04×109/L, a hemoglobin level of 12.5 g/dL, and a platelet count of 61×109/L, with 26% blasts in the peripheral blood. Morphology analysis revealed 72.5% blasts in the BM (Figure 2D). Flow cytometry showed that the blasts were positive for CD7 (99.7%), CD13 (67.0%), CD33 (99.9%) and CD34 (93.9%), had weak expression of both MPO (35.7%) and cCD3 (4.2%) (Figure 2C and Supplementary Figure 1B), confirming the diagnosis of relapse. Cytogenetic analysis of the BM at relapse showed a karyotype of 46,XY,add(1)(p36),del(9)(q12q31),del (12)(q23q24)[16]/46,idem,add (8)(q24)[2]/46,XY[2] (Figure 2E). NGS of the relapse BM samples using a targeted 222-gene panel revealed mutations, including CREBBP-p.Pro583Ser, EED-p.Arg216Ter, NOTCH1-p.Val1578Glu, PTPN11-p.Ser506Leu, ZNF292-p.Asp829fs and ZNF292-p.Met1243fs (Supplementary Tables 4, 5). The patient failed to respond to the initial induction chemotherapy regimen (idarubicin, vinorelbine, prednisone) combined with cyclophosphamide. He was also refractory to another chemotherapy regimen comprising homoharringtonine and cytarabine. The patient died of pulmonary infection at 34 days after relapse. Timeline is shown in Supplementary Figure 2.



Discussion

T/M MPAL has both of myeloid and T lineage features immunophenotypically. Some studies applied NGS on the sorted blasts by flowcytometry to unravel the driver molecular lesions of T/M MPAL in the literature. The study of Xiao et al. showed that PHF6 mutations were present in all blast compartments regardless of lineage differentiation, implicating that PHF6 was an early mutation in T/M MPAL pathogenesis (9). Alexander et al. reported that biallelic WT1 alterations were common in T/M MPAL (5). Because of the low incidence of T/M MPAL, these findings should be confirmed in larger scale studies using flowcytometry, NGS and single cell RNA sequencing. In this study, we performed RNA sequencing on diagnostic BM samples from 20 adult patients in order to explore the genomic landscape of T/M MPAL.

Here, we present the first case of MED14-HOXA9 fusion to be reported in an adult T/M MPAL patient, confirming this fusion to be a rare but recurrent abnormality in T/M MPAL. MED14 and HOXA9 locate in chromosomes X and 7, respectively. Because there were no visible signs of abnormality in chromosomes X and 7 both at diagnosis and at relapse, we suggest that the MED14-HOXA9 fusion resulted from a cryptic chromosomal rearrangement involving Xp11.4 and 7p15. MED14-HOXA9 was detected in both the diagnostic and relapsed BM samples, therefore we believe that it might be one of the driver mutations responsible for leukemogenesis in this case. Because the patient presented with a normal karyotype at diagnosis but had acquired additional abnormalities at relapse, we reason that the structural aberrations involving chromosomes 1, 8, 9 and 12 observed at relapse were secondary to MED14-HOXA9, whether randomly occurring or contributory to disease progression.

HOXA9, located on chromosome 7p15, encodes a homeobox domain-containing and DNA-binding transcription factor, which plays an important role in regulating morphogenesis, differentiation and expansion of hematopoietic stem cells (10, 11). HOXA9 is overexpressed in more than 50% of acute myeloid leukemia (AML) cases and is associated with poor prognoses (12, 13). A variety of upstream genetic alterations, such as MLL translocations, NUP98 fusions, NPM1 mutations and translocations involving HOXA9 itself, have been demonstrated to cause overexpression of HOXA9 (14). HOXA9 reportedly forms translocations with 5 partner genes in myeloid malignancies: ANGPT1, GATA2 and NIPBL in pediatric acute megakaryoblastic leukemia (15, 16); NUP98 mostly in patients with AML and occasionally in patients with chronic myelogenous leukemia (CML) in blast crisis (17–19); and MSI2 in a patient with CML in the accelerated phase (20). Other rearrangement partners of HOXA9 have been reported in lymphoid malignancies, such as TRB in T cell acute lymphoblastic leukemia (T-ALL) patients (21) and MED12 in a pediatric patient with B cell acute lymphoblastic leukemia (B-ALL) (22) (Supplementary Table 6). This report adds a new case, with a novel HOXA9 rearrangement in T/M MPAL.

In previously reported HOXA9-related fusions, all HOXA9 homeodomains were retained. HOXA9-ANGPT1 apart, all other reported fusions comprise the N-terminus of the partner gene and exon 1 of HOXA9 (located in the C-terminus). In this MED14-HOXA9 case, the breakpoint also occurred in exon 1 of HOXA9, and the HOXA9 segment was identical to that reported in other fusions, which indicates that the homeodomain of HOXA9 is essential for leukemogenesis. HOXA9 was shown to be upregulated by upstream fusions such as NUP98-HOXA9, which inhibits the differentiation of hematopoietic stem cells and increases the self-renewal of hematopoietic stem or progenitor cells (23). Collectively, these findings support the view that HOXA9 is also aberrantly activated by the MED14-HOXA9 fusion, which may play critical roles in the leukemogenesis of T/M MPAL.

MED14, mediator (MED) complex 14, plays an important role in coactivating RNA polymerase II (Pol II)-mediated transcription (24). In the MED14-HOXA9 fusion gene, the main transcriptional domain of MED14 was retained, which suggests an important role in MED14-mediated transactivation of HOXA9 in this fusion. MSI2, another fusion partner of HOXA9, is also a putative RNA-binding protein. Thus, the MED14-HOXA9 fusion adds another fusion gene in human leukemia encoding proteins with RNA-binding properties. A further MED-family gene, MED12, forms a fusion gene with HOXA9 in B-ALL (22, 25). Mechanisms underlying the diversity of cellular settings with different HOXA9 translocations might be attributable to the functions of the various translocation partners.

MED14-HOXA9 fusion has been previously reported in a pediatric patient with T/M MPAL (5). Both the previously reported pediatric patient and the patient in this case were males diagnosed with T/M MPAL, had PTPN11 mutations, relapsed with complex karyotypes, failed ALL chemotherapy and had short overall survivals (Supplementary Table 7). These shared characteristics indicate that patients with MED14-HOXA9 fusion may: 1) be accompanied by PTPN11 mutation serving as a critical alteration; and 2) follow an aggressive clinical course and confer an inferior outcome after conventional chemotherapy. Different NOTCH1 mutations were detected in both diagnostic (p.Val1578_Leu1579del) and relapsed (p.Val1578Glu) BM samples, which both locate in the same hotspot in the heterodimerization domain of NOTCH1 (Supplementary Table 4 and Supplementary Figure 3). The different NOTCH1 mutations at different disease timepoints suggest outgrowth of an alternate leukaemic clone carrying the missense mutation potentially due to some selective growth advantage or in response to therapy. Taken together, we speculated that in addition to the MED14-HOXA9 fusion gene, mutations in PTPN11 and NOTCH1 co-operate and could be important for disease pathogenesis and potentially targeted treatments.

In summary, we report the first case of MED14-HOXA9 in an adult T/M MPAL patient accompanied by precise clinical data, and confirm the presence of MED14-HOXA9 fusion gene in both diagnostic and relapsed BM samples. Further studies will be carried out to reveal the mechanisms underlying the effects of the MED14-HOXA9 fusion on the differentiation and proliferation of leukemia stem cells, as well as suitable treatment strategies for this rare disease.
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Objective

The objective of this study was to evaluate the safety and efficacy of sirolimus (SRL) in the prevention of graft-versus-host disease (GVHD) in recipients following allogeneic hematopoietic stem cell transplantation (allo-HSCT).



Methods

Randomized controlled trials (RCTs) evaluating the safety and efficacy of SRL-based prophylaxis regimens in patients receiving allo-HSCT were obtained from PubMed, Embase, and the Cochrane database. Following specific inclusion and exclusion criteria, studies were selected and screened by two independent reviewers who subsequently extracted the study data. The Cochrane risk bias evaluation tool was used for quality evaluation, and RevMan 5.3 software was used for statistical analysis comparing the effects of SRL-based and non–SRL-based regimens on acute GVHD, chronic GVHD, overall survival (OS), relapse rate, non-relapse mortality (NRM), thrombotic microangiopathy (TMA), and veno-occlusive disease (VOD).



Results

Seven studies were included in this meta-analysis, with a total sample size of 1,673 cases, including 778 cases of patients receiving SRL-based regimens and 895 cases in which patients received non-SRL-based regimens. Our data revealed that SRL containing prophylaxis can effectively reduce the incidence of grade II–IV acute GVHD (RR = 0.75, 95% CI: 0.68∼0.82, p < 0.0001). SRL-based prophylaxis was not associated with an improvement of grade III–IV acute GVHD (RR = 0.78, 95% CI: 0.59∼1.03, p = 0.08), chronic GVHD (p = 0.89), OS (p = 0.98), and relapse rate (p = 0.16). Despite its immunosuppressant effects, SRL-based regimens did not increase bacterial (p = 0.68), fungal (p = 0.70), or CMV (p = 0.10) infections. However, patients receiving SRL-based regimens had increased TMA (p < 0.00001) and VOD (p < 0.00001).



Conclusions

This meta-analysis indicates that addition of sirolimus is an effective alternative prophylaxis strategy for II–IV aGVHD but may cause endothelial cell injury and result in secondary TMA or VOD events.





Keywords: sirolimus, GVHD, HSCT, prophylaxis, TMA



Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is currently one of the most effective means to cure hematological malignancies. However, high incidence of graft versus host disease (GVHD) after transplantation results in high non-recurrence of transplantation-related death. The incidence of acute GVHD (aGVHD) is about 40%–75% and is an important factor affecting the overall efficacy of HSCT (1). In addition, chronic GVHD (cGVHD) has become the main cause of late non-relapse mortality (NRM) after HSCT, which also seriously affects the efficacy of transplantation and the quality of patient life. Currently, GVHD prophylaxis regimens among transplant centers are not uniform and mainly include calcineurin inhibitor (CNI), sirolimus (SRL), and posttransplantation cyclophosphamide (PT-Cy)-based regimens.

Our study focuses on the role of SRL in GVHD. SRL is an mTOR inhibitor, possessing antifungal, immunosuppressive, and antitumor properties (2). SRL can inhibit the proliferation and activation of T cells, reduce the release of pro-inflammatory cytokines, and modulate CD4+CD25+ regulatory T (Treg) cells, making it a widely used therapeutic candidate in benign and malignant hematological diseases (3). Accumulating evidence suggests that SRL may play a role in the prevention and treatment of GVHD after HSCT (4). However, some studies have reported that SRL-based regimens did not decrease the incidence of aGVHD (5, 6). Moreover, some have reported that SRL-based prophylaxis was associated with high incidence of thrombotic microangiopathy (TMA) (7). On the other hand, another group reported that the combination of tacrolimus (TAC)/SRL did not pose a higher risk of TMA (8). Therefore, to better understand the efficacy and safety of SRL-based regimens and their impact on GVHD, we performed a meta-analysis of SRL-based GVHD prophylaxis in patients after allo-HSCT.



Materials and Methods


Search Strategy

A literature search was conducted to identify randomized controlled trials (RCTs) evaluating the efficacy of SRL-based prophylaxis in patients after allo-HSCT. The search was conducted through August 2020 in PubMed, Cochrane Library, Embase, and Web of Science. The search terms included “sirolimus,” “rapamycin,” “graft versus host disease” and “GVHD.” The search language was restricted to English.



Inclusion and Exclusion Criteria

Inclusion criteria: the RCT study must include an SRL-based group and a non-SRL-based prophylaxis group. RCTs included patients with hematological malignancies that have received allo-HSCT. The meta-analysis did not exclude studies or patients based on age, gender, source of donor, and level of radiotherapy and chemotherapy before transplantation. Primary outcomes included the incidence of aGVHD and cGVHD. The secondary outcomes included TMA, VOD, and overall survival (OS).

Exclusion criteria are non-RCTs, such as retrospective studies, conference articles, animal experiments, and review articles.



Data Extraction

All data, including the first author of the studies, published year, country of origin, period of enrollment, sample size, median follow-up duration, SRL-based regimens, non-SRL-based regimens, and trial outcomes, were extracted by two independent researchers. Any discrepancies were resolved by discussion and/or consultations with a third independent researcher.



Methodologic Quality Evaluation


Statistical Analysis

The risk ratio (RR) and 95% confidence interval (CI) were used to analyze extracted dichotomous outcomes. Heterogeneity was assessed using the I2 statistic. An I2 value of greater than 50% and a p value less than 0.10 indicated significant heterogeneity (9). Sensitivity and subgroup analyses were performed to identify and reduce heterogeneity. Meta-analyses were conducted using random effects, regardless of the existence or non-existence of heterogeneity.





Results


Study Selection and Characteristics

In total, 644 potentially relevant records were identified in database records using the selected search terms (Figure 1). After a thorough screening of the remaining 569 titles and abstracts, 535 non-relevant studies were excluded. The full texts of the remaining 34 studies were assessed, leading to the elimination of 27 studies that did not meet the eligibility criteria. Subsequently, the remaining seven studies were included in our meta-analysis. Characteristics of the studies included in this analysis are listed in Tables 1, 2. Totally, seven studies were included ranging from 74 to 707 patients. In five of these studies, the prophylactic regimen was CNI + methotrexate (MTX) vs. CNI + MTX + SRL (10–14). In two studies, CNI + mycophenolate mofetil (MMF) was compared with CNI + MMF + SRL (15, 16) for GVHD prophylaxis.




Figure 1 | Flow diagram of this study.




Table 1 | Characteristics of the included RCTs, comparing the SRL-based and non–SRL-based groups.




Table 2 | Characteristics of the included RCTs, comparing the SRL-based and non–SRL-based groups.





Risk-of-Bias Assessment

The quality evaluation of the included studies was performed according to the Cochrane handbook. The risk-of-bias assessment was performed to address six aspects: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, and selective reporting. In the selection bias assessment, three papers described the use of computer-generated random sequences, one paper randomized according to age and donor type, and the other three papers did not mention their grouping method. Seven studies did not mention their method for allocation concealment, while one mentioned the method of blinding data extraction. Seven studies were all low risk on other bias assessment (Figure 2).




Figure 2 | Risk of bias of included randomized controlled trials.





Study Outcome Analysis


Primary Outcomes: GVHD, Including aGVHD and cGVHD

All seven studies reported the incidence of Grade II–IV aGVHD. Interstudy heterogeneity was observed to be significant, and the random-effect model was used (I2 = 76%, p < 0.0001). By Stata analysis, Begg’s test showed that p = 0.548 > 0.5, which suggests that there is no publication bias. Based on the results of modeling, SRL-based regimens significantly decreased the incidence of Grade II–IV aGVHD (RR, 0.75; 95% CI, 0.68–0.82; Figure 3). Interestingly, six studies reported the incidence of Grade III–IV aGVHD and the results did not support that addition of SRL can also reduce Grade III–IV aGVHD (RR, 0.78; 95% CI, 0.59–1.03, p = 0.08; Figure 4).




Figure 3 | The effect of addition of SRL to prophylaxis on Grade II to IV aGVHD.






Figure 4 | The effect of addition of SRL to prophylaxis on Grade III to IV aGVHD.



Additionally, SRL-based prophylaxis also cannot reduce the incidence of cGVHD. All seven studies reported that the incidence of cGVHD was not impacted by SRL-based prophylaxis regimens. There was no statistical difference in cGVHD prevention between SRL-based and non-SRL groups (RR, 1.01; 95% CI, 0.91-1.12, P=0.89; Figure 5).




Figure 5 | The effect of addition of SRL to prophylaxis on chronic GVHD.





Secondary Outcomes: TMA, VOD, and OS

Regarding TMA, five studies included in this meta-analysis analyzed the risk of developing TMA. Pooled analysis suggested that all the SRL-based regimens led to an increased TMA incidence (RR, 2.69; 95% CI, 1.85–3.92, p < 0.00001; Figure 6). Regarding VOD risk, four studies mentioned that SRL-based prophylaxis increased the incidence of VOD, and only one reported that there was no VOD on either arm. Pooled analysis also hinted that SRL-based regimens increase VOD risk (RR, 3.00; 95% CI, 1.96–4.57, p < 0.00001; Figure 7). It is hypothesized that rapamycin can cause endothelial cell damage through macrophage activation (17) and calcium overload (18).




Figure 6 | The effect of SRL-based and non-SRL-based prophylaxis on TMA.






Figure 7 | Impact of SRL-based prophylaxis versus non-SRL-based prophylaxis on VOD.



Our analysis includes seven RCTs to analyze OS. The pooled meta-analysis showed that there are no differences in OS (RR, 1.00; 95% CI, 0.92–1.09, p = 0.98; Figure 8). Moreover, SRL-based interventions had no statistical effect on PFS, relapse, NRM, bacterial and fungal infection, and CMV reactivation (Supplementary File 1).




Figure 8 | Impact of SRL-based prophylaxis versus non-SRL-based prophylaxis on OS.






Publication Bias Assessment and Sensitivity Analysis

Stata 15.0 software was used to test the publication bias. The results showed that there was no significant publication bias (p > 0.05). The heterogeneity of two indexes (II–IV aGVHD and bacterial infection) displayed that the I2 value was greater than 50%. We used sensitivity analysis with Stata software to determine the stability of the results. The sensitivity analysis showed that the research results were stable and reliable (Supplementary File 2).




Discussion

Effective prophylaxis of GVHD is the key to successful allo-HSCT. Sirolimus, in combination with a calcineurin inhibitor or post-transplantation cyclophosphamide, is a common regimen for GVHD prophylaxis. This meta-analysis specifically focuses on sirolimus-based GVHD prophylaxis, but there are indeed many other prophylaxis regimens, each with their own advantages and disadvantages depending on the transplant setting and GVHD risk factors.

In this study, we systematically evaluated the effect of SRL on GVHD as a prophylactic drug and included seven RCTs. Statistical results show that SRL prophylaxis regimens can significantly reduce the incidence of Grade II–IV aGVHD. There was no significant difference between the SRL group and the non-SRL group in reducing the incidence of III–IV aGVHD and cGVHD, which indicated that the sirolimus-containing regimen may not prevent all forms of GVHD. This suggests that additional steps may be necessary to prevent cGVHD in the clinic in patients treated with SRL-based regimens.

Meta-analysis showed that the prophylactic regimen containing SRL could reduce acute GVHD but had no effect on OS and PFS. It is known that factors affecting OS and PFS in patients with HSCT are complex, and SRL prophylaxis is not the only factor. Khimani et al. (13) divided the patients into four subgroups according to the hematopoietic cell transplantation–comorbidity index (HCT-CI: creatinine, ejection fraction, FEV1, aspartate aminotransferase, ALT, and bilirubin) (19). Patients with HCT-CI ≥ 4 had significantly worse OS with MTX/TAC than the SRL/TAC group. Thus, it is possible that SRL may improve outcomes in high-risk populations. In addition, SRL combined with post-transplant cyclophosphamide can also provide better survival outcomes in patients after allo-HSCT (20–23). Additional RCTs are required to carefully assess the role of SRL in transplant patient outcomes.

TMA and VOD are both thrombotic diseases that commonly develop post-transplant, and, at present, the pathogenesis of these diseases is unknown. It has been reported that the occurrence of TMA and VOD is related to different regimens, aGVHD, bacterial or fungal infection, HLA mismatch, and combination of drugs (tacrolimus and sirolimus), which caused endothelial injury, thrombosis, and microcirculatory fibrin deposition. Meta-analysis showed that the SRL-based prophylaxes increased the risk of TMA and VOD, suggesting that administration of SRL should be stopped in time when a toxic reaction arises caused by thrombogenesis. However, it should be noted that the occurrence of TMA is not necessarily caused by SRL. Pidala et al. (14) reported that the occurrence of TMA in their study was related to use of tacrolimus, which indicates that TMA may also be a result of the combined effect of SRL and TAC. SRL-induced TMA may be attributable to enhanced platelet activation and aggregation, leading to endothelial damage. Another theory involves the pharmacokinetic interaction between sirolimus and calcineurin inhibitors, which may potentially lead to increased serum and kidney levels of these agents (24). TMA is a multifactorial complication, which may be caused by pathogenic microorganism infection (CMV, BK virus, etc.), calcineurin inhibitor and mTOR inhibitor, GVHD, cytokines (IL-6, INF-a, etc), and neutrophil extracellular traps (NET). TMA might primarily be an effect of high-dose Bu treatment, especially in combination with tacrolimus-based GVHD prophylaxis (25).

The addition of SRL on the basis of the prevention of the two drugs may aggravate the immunosuppression and increase the chance of infection in the later stage. However, there were contrary opinions that sirolimus-based GVHD prophylaxis significantly reduced CMV reactivation (26). Additionally, SRL also exerts anti-EB viral (27) and antifungal (28) actions. Our meta-analysis showed that the SRL-containing regimen neither increased nor decreased bacterial, fungal, and CMV infection. Therefore, more RCTs are needed to confirm this conclusion.

In the seven articles, almost all recipients received identical transplants, including HLA-matched sibling or unrelated donors, with no more than a single allele disparity. Only one paper mentioned mismatched unrelated donor (MMUD); in this report, in the SRL/TAC group, 15% of the patients received MMUD, and in the TAC/MTX group, 22% patients received MMUD (13). Although donor source mismatch unrelated and matched sibling have no difference in OS rate according to the GVHD prophylaxis group, it is worth noting that SRL/TAC has been associated with improved OS among patients at high risk for GVHD based on subgroup analysis (13). There are many factors affecting the clinical outcomes of allo-HSCT, including disease status, conditioning regimen, and GVHD prophylaxis. Whether SRL-based prophylaxis is suitable for haploid transplantation requires additional clinical studies.

Due to different classifications of HSCT, such as HLA-matched or mismatched, sibling, or unrelated donors, the prophylaxis schemes of GVHD are different. To minimize heterogeneity, we strictly chose seven papers for this meta-analysis; from the results, addition of sirolimus could be an effective and safe prophylaxis option for GVHD, although the association of SRL with increased thrombotic complications must be carefully monitored and effectively managed. While SRL has some advantages, it is not a first choice for GVHD prophylaxis; however, subgroup analysis may identify additional advantages in high-risk (≥HCT-CI) groups. More adequately powered RCTs are required to better understand the impact of SRL-based GVHD prophylactic regimens.
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Introduction

Reducing toxicities while preserving efficacy in allogeneic stem cell transplant (allo-HCT) remains a particularly challenging problem. Different strategies to enhance the antitumor activity without increasing early and late adverse toxicities of the conditioning regimens have been investigated.



Methods

The aim of “AlloTreo” prospective phase 2 clinical trial was to evaluate the efficacy and safety of a conditioning regimen based on Treosulfan (42 g/m2) and fludarabine (https://clinicaltrials.gov/ct2/show/NCT00598624). We enrolled 108 patients with hematological diseases who received a first allo-HCT between June 2005 and January 2011, inside the frame of this trial at our center. Median age at allo-HCT was 49 (21–69) years. Disease Risk Index was low in 14 (13%) patients, intermediate in 73 (67.7%), high in 17 (15.7%), and very high in 4 (3.7%). Donors were human leukocyte antigen (HLA)-matched related in 50 cases, 10/10-matched unrelated in 36, and 9/10-mismatched unrelated in 22. Graft-versus-host disease (GvHD) prophylaxis consisted of cyclosporine-A and methotrexate. Anti-T-lymphocyte globulin (ATLG) was administered in patients receiving unrelated allo-HCT. Stem cell source was mainly peripheral blood stem cells (95%).



Results

Conditioning regimen was well tolerated. Full donor chimerism was documented for most patients (88%) at day +30. At 12 years, overall survival (OS) was 41.7% (32.2%–50.9%), progression-free survival (PFS) was 31.7% (23%–40.7%), GvHD-free/relapse-free survival was 20.9% (13.7%–29.1%), cumulative incidence (CI) of relapse was 44.5% (34.9%–53.6%), and transplant-related mortality (TRM) was 22.5% (15.1%–30.9%). CI of acute GvHD grades II–IV was 27.8% (19.7%–36.5%) at 100 days; 12-year CI of chronic GvHD was 40.7% (31.3%–49.9%). Relevant long-term adverse effects were 10 secondary malignancy, 3 fatal cardiovascular events, and 1 late-onset transplant-associated thrombotic microangiopathy. Ten successful pregnancies were reported after allo-HCT. In multivariate analysis, older age (≥60 years) at transplant [hazard ratio (HR), 2.157; p = 0.004] and a high/very high disease risk index (HR, 1.913; p = 0.026) were significantly associated with a lower OS.



Conclusions

Overall, our data confirmed the myeloablative potential and safe toxicity profile of full dose Treo (42 g/m2) especially for the younger population.
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Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HCT) is an increasingly offered treatment option for the management of hematological malignancies (1). Transplant-related mortality (TRM) has fallen in the past 40 years; however, the major causes of treatment failure remain disease relapse and treatment toxicities (2). The use of reduced intensity conditioning regimens (RICs) coupled with expansion of alternative donor stem cell sources has dramatically increased the number of patients who can benefit from allo-HCT. The introduction into clinical practice of less toxic chemotherapeutic agents, new antimicrobials, and more effective graft-versus-host disease (GvHD) treatments has significantly reduced TRM over the last decades (3). In this context, optimization of both patient selection and conditioning regimen is critical to improve outcomes.

The conditioning regimen given prior to allo-HCT has the aim of suppressing host immunity, allowing donor cell engraftment, and ablating the underlying malignancy. Bacigalupo et al. (4) have classified the intensity of conditioning regimens into myeloablative (MAC), RIC, and non-myeloablative based on the expected duration and reversibility of cytopenias. Even if more effective against disease relapse, MAC regimens also enhance toxicities, further limiting the overall outcome of allo-HCT. Reduced-toxicity conditioning (RTC) regimens, based on the use of fludarabine and an alkylating agent, have been designed to allow a safer administration of dose-intensive myeloablative therapy (5, 6). This area of investigation will likely continue to be of interest in terms of optimizing transplant results.

Treosulfan (Treo), a water-soluble bifunctional alkylating drug, demonstrated an advantageous toxicity profile over standard conditioning regimens in preliminary experiences (7, 8). It has been increasingly applied to pediatric and adult patients with hematological malignancies, showing low risk of organ toxicity and treatment-related mortality combined with effective immunosuppressive and cytotoxic properties (9–14). In a recent multicenter randomized phase 3 trial, Treo demonstrated non-inferiority over busulfan (Bu) when used in combination with fludarabine in patients with advanced age or comorbidities, suggesting a potential to become a standard preparative regimen in this population (15).

The aim of the “AlloTreo” study—a prospective, multicenter, non-randomized, open-label, phase 2 clinical trial—was to evaluate the efficacy and safety of Treo in combination with fludarabine as a preparative regimen for allo-HCT. Herein, we report the long-term outcomes for this study population.



Materials and Methods

This is a long-term, single-center, retrospective analysis of prospectively collected data from the clinical phase 2 multicentric trial “AlloTreo.” Primary endpoint of this trial was neutrophil engraftment and the incidence of CTC-AE grade 3 and 4 adverse events. Secondary endpoints were the evaluation of overall survival (OS), progression-free survival (PFS), TRM, cumulative incidence (CI) of relapse/progression, CI of acute GvHD (aGvHD) and chronic GvHD (cGvHD), bone marrow donor chimerism at +28 and +100, and the incidence of Epstein–Barr virus (EBV) reactivations. The study protocol was approved by the institutional review board of San Raffaele Scientific Institute and complied with our country-specific regulatory requirements. The study was conducted in accordance with the Declaration of Helsinki and good clinical practice guidelines. Written informed consent was provided by all patients. Inclusion and exclusion criteria of the trial are provided in Table S1.

We included in this long-term analysis those patients who received an allo-HCT at our center from a matched-related or unrelated donor using peripheral blood stem cell (PBSC) or bone marrow (BM) as a source. Overall, we included in this study 108 patients with hematological diseases—99 enrolled in the “AlloTreo” study and 9 inside a pilot project performed before starting with the trial—who received a first allo-HCT at San Raffaele Scientific Institute in Milan between June 2005 and January 2011. The last follow-up was January 1, 2021.

The RTC regimen consisted of Treo 14 g/m2 daily for 3 days (from day −6 to −4) and fludarabine 30 mg/m2 for 5 days (from day −6 to −2) (Figure S1). GvHD prophylaxis consisted of cyclosporine-A (CSA) from day −1 and methotrexate 15 mg/m2 on day +1, with consecutive doses of 10 mg/m2 given on days +3 and +6. Anti T-lymphocyte globulin (ATLG, Neovii) was given as part of the conditioning regimen (10 mg/kg from day −4 to −2) to patients receiving grafts from an unrelated donor. A single dose of Rituximab 500 mg was added in these cases considering the high risk of posttransplant lymphoproliferative disorders related to the in vivo T-cell depletion. Supportive care and antimicrobial prophylaxis followed institutional guidelines.


Study Definitions

Complete remission was defined in case of absence of disease activity by BM evaluation or imaging, according to the underlying disease. All patients not falling within this definition were categorized as having active disease. Additionally, patients were stratified by status at the time of transplantation according to the disease risk index (DRI) defined by Armand et al. (16). Comorbidities at time of transplantation were evaluated according to the hematopoietic cell transplantation-specific comorbidity index (HCT-CI) (17). Human leukocyte antigen (HLA) compatibility among donor–recipient pairs was assessed by 10 loci molecular typing (HLA-A, HLA-B, HLA-C, HLA-DRB1, and HLA-DQB1) at the allelic level.

Neutrophil engraftment was defined as the first of 3 consecutive days with neutrophil counts ≥0.5 ×109/L after transplantation, and platelet engraftment was defined as platelet counts ≥20 ×109/L in the absence of growth factors or transfusions during the preceding 7 days. Disease follow-up during posttransplant period consisted of BM evaluations carried out monthly for the first 3 months and then two times a year for the first 5 years. Donor-recipient chimerism was assessed on unfractionated BM aspirate samples with a commercial assay based on short-tandem repeats analysis (AmpFISTR Profiler Plus PCR Kit; Applied Biosystem, Carlsbad, CA). Patients were considered fully chimeric if their unfractionated BM samples were ≥95% donor.

Clinical diagnosis and grading of aGvHD were made according the Glucksberg criteria (18), while cGvHD diagnosis and grading were based on the National Institutes of Health consensus criteria (19). GvHD was treated per institutional protocols considering the European Society for Blood and Marrow Transplantation recommendations. Tapering of GvHD prophylaxis occurred as per protocol, in the absence of GvHD signs, starting from day +90 after allo-HCT, and definitively withdrawn at day +180. Cytomegalovirus (CMV) and EBV were monitored at least weekly until day +100 in peripheral blood plasma samples.



Statistical Analysis

Primary endpoint of our retrospective analysis was OS. Secondary endpoints were PFS, TRM, incidence of neutrophils and platelets engraftment, CI of relapse/progression (RI), and CI of acute and chronic GvHD. OS was defined as the time from transplant to death from all causes. PFS was defined as the time to death or relapse/progression, whichever came first. TRM was defined as death without evidence of relapse. Competing risks were as follows: death without engraftment for engraftment, death without relapse for RI, relapse for TRM, and death without GvHD for aGvHD and cGvHD.

Main clinical characteristics were studied for associations with outcomes by univariate analysis using the log-rank test for PFS, OS, and GvHD-free/relapse-free survival (GRFS), while Grey’s test was employed for CI of aGvHD, cGvHD, RI, and TRM. A 95% confidence interval (95% CI) was considered. A p-value lower than 0.05 was interpreted as significant.

Multivariate analysis was performed using the Cox proportional-hazard model. All factors known to influence outcome and factors associated with a univariate analysis p < 0.10 were first included in the model. Subsequently, a stepwise backward procedure was used with a cutoff significance level of 0.10 for deleting factors from the model. The type I error rate was fixed at 0.05 for determination of factors associated with time to event.

Analyses were performed using SPSS version 25.0 (IBM Corporation, Armonk, NY) and R statistical software version 4.0.4 (R Development Core Team, Vienna, Austria).




Results

Patients’ and transplant characteristics are provided in Table 1. Acute myeloid leukemia (AML) was the most common disease with 36 cases (33.3%), followed by non-Hodgkin’s lymphoma (NHL; n = 21, 19.5%) and myelodysplastic syndrome (MDS; n = 15, 13.9%). Donor types were as follows: matched related donor (MRD) in 50 cases, 10/10-matched unrelated donor (MUD) in 36, and 9/10-mismatched unrelated donor (MMUD) in 22 patients. The source of stem cells mainly consisted in unmanipulated PBSC (95%); only five patients underwent a BM allo-HCT. Almost half of the patients (45%) were transplanted in complete remission: 37 in first complete remission (CR1) and 12 in second or subsequent complete remission (CR ≥ 2). Disease status at the time of allo-HCT for the remaining 55 patients was partial remission (PR) in 18 (16.7%) cases and active/advanced disease (AD) in 37 (34.3%), 19 (17.6%) of which, mainly suffering from myelodysplastic syndrome or primary myelofibrosis, received an upfront allo-HCT. DRI was low/intermediate in 87 (80.6%) patients and high/very high in 21 (19.4%). Median HCT-CI was 1 (range, 0–7): 0–1 in 57 (52.8%) patients, 2–3 in 35 (32.4%), and ≥4 in 16 (14.8%) cases. Median follow-up was 148 (range, 58–189) months.


Table 1 | Patients’ and transplant characteristics.




OS, PSF, and GRFS

At 12 years, OS was 41.7% (95% CI, 32.2%–50.9%), PFS was 31.7% (95% CI, 23%–40.7%), and GRFS was 20.9% (95% CI, 13.7%–29.1%) (Figure 1).




Figure 1 | Kaplan–Meier estimates of overall survival (OS, A), progression-free survival (PFS, B), and graft-versus-host-free/relapse-free survival (GRFS, C), and cumulative incidence of relapse/progression (RI, D) and transplant-related mortality (TRM, E).



Results of the univariate analysis are reported in Table 2. In multivariate analysis, risk factors for a lower OS were age ≥60 years and having a high/very high DRI. Transplantation using a MUD and a high/very high DRI were independently associated with lower PFS (Table 3).


Table 2 | Univariate analysis for significant transplant outcomes at 12 years.




Table 3 | Multivariate analysis for main outcomes.





Toxicity, Viral Infections, and Fertility

Conditioning regimen was well tolerated: non-hematological adverse events mainly consisted of low grade (CTC-AE grades 1 and 2) gastrointestinal mucositis and skin rash. Two patients died due to infectious complications before neutrophil engraftment. No other CTC-AE grade 3 or 4 conditioning-related adverse events occurred. Hepatic sinusoidal obstruction syndrome (SOS) cases were not documented.

CMV reactivations occurred in 63 (58.3%) patients. Five cases developed a CMV disease and were treated according to institutional guidelines. EBV reactivation occurred in three (2.8%) patients, prompting the need for Rituximab treatment in two of them according to institutional guidelines. No cases of post-transplant lymphoproliferative disease were documented.

Ten (22%) of our 45 long-term survivors were diagnosed with a second cancer during follow-up. Median time from allo-HCT to diagnosis of the secondary solid tumor was 7.9 (1.3–11) years. Second cancer types were as follows: three non-melanoma skin cancer (one basal and two squamous cell carcinomas), one renal neoplasia, one metastatic colon cancer, four pulmonary neoplasms, and one gastric tumor. Four of these patients were previously diagnosed with cGvHD and received an immunosuppressive treatment before the development of the second malignancy. Three of these patients died due to cancer-related complications. Two women were diagnosed with a human papillomavirus-related cervical intraepithelial neoplasia after allo-HCT. No secondary hematological malignancies were observed during the follow-up.

Other toxicities diagnosed during long-term follow-up in long-term survivors were hypothyroidism (five cases), acute myocardial infarction (two cases), ischemic stroke (two cases), heart failure associated with chronic atrial fibrillation (one case), cutaneous herpes zoster (five cases), postherpetic neuralgia (two cases), secondary hemosiderosis treated with deferasirox or phlebotomy (six cases), and avascular necrosis of the femoral head (four cases).

At last follow-up, 10 successful pregnancies were reported after allo-HCT by 6 patients (5 men and 1 woman). Median age at transplant of this group was 31 (range, 25–41) years. The pregnancies resulted in successful deliveries of 10 live-born singletons (3 boys and 7 girls). Pregnancy outcome was uncomplicated in all cases, and there was no delivery-related complication in the mothers. Seven pregnancies were achieved with spontaneous conception, while two men reported use of cryopreserved sperm (one case unknown). The only woman that successfully carried a pregnancy to term was transplanted from her HLA-identical sister at the age of 28 for an intermediate risk AML in CR1. During the posttransplant period, she was diagnosed with moderate cGvHD at day +192 managed with topical therapy and immunosuppression adjustments; CSA was definitively suspended after 9 months from diagnosis. Pregnancy was reported after 7 years from the date of allo-HCT. No sign of disease recurrence or GvHD flare-up was documented at last follow-up.



Engraftment and GvHD

The CI of engraftment was 96% at day +28 for neutrophils and 95% at day +100 for platelets. Median time to neutrophil and platelet engraftment was 16 (range, 11–39) days and 14 (range, 8–47) days, respectively. No primary or secondary graft failure was observed. Day +28 chimerism was evaluable in 101 patients, 95 of which displayed a ≥95% donor chimerism. Three more patients converted to full donor chimerism at the evaluation of day +100.

The 100-day CI of aGvHD grade II–IV and grade III–IV was 27.8% (95% CI, 19.7%–36.5%) and 14.8% (95% CI, 8.9%–22.2%), respectively (Figure 2). Median time to development of aGvHD was 68 days. Skin was the most frequent organ affected by aGvHD: 30 cases displayed an isolated cutaneous form, while other 16 cases developed a skin involvement in association with a visceral one (6 with lower gastrointestinal and 10 with liver disease). Acute GvHD with isolated visceral organ involvement was diagnosed in 10 cases (2 lower gastrointestinal and 8 liver disease). In univariate analysis, the administration of ATLG did not show a significant difference in the CI of aGvHD grade II–IV [32.8% (95% CI, 21%–45%) for the ATLG group versus 22% (95% CI, 11.7%–34.4%); p = 0.432] and grade III–IV [15.5% (95% CI, 7.6%–26%) for the ATLG group versus 14% (95% CI, 6.1%–25.1%); p = 0.61] (Figure 3). Similarly, disease status at transplant and donor type had no impact for these two outcomes.




Figure 2 | Cumulative incidence (CI) of acute graft-versus-host disease (GvHD) grade II–IV (A) and III-IV (B), and CI of chronic GvHD all grades (C) and moderate-to-severe (D).






Figure 3 | Cumulative incidence (CI) of acute graft-versus-host disease (GvHD) grade II–IV (A) and III–IV (B) and CI of chronic GvHD all grades (C) and moderate-to-severe (D) according to anti T-lymphocyte globulin administration.



At 6 years, the CI of cGvHD and moderate-to-severe cGvHD was 40.7% (95% CI, 31.3%–49.9%) and 21.3% (95% CI, 14.1%–29.5%), respectively (Figure 2). Median time to cGvHD occurrence was 267 days. In univariate analysis, ATLG administration was associated with a significant reduction in the 6-year CI of moderate-to-severe cGvHD [13.8% (95% CI, 6.4%–24.1%) for the ATLG group versus 30% (95% CI, 17.9%–43.1%); p = 0.0475], while there was no difference in the CI of cGvHD all grades [34.5% (95% CI, 22.4%–46.9%) for the ATLG group versus 48% (95% CI, 33.4%–61.2%); p = 0.178] (Figure 3). Median length of CSA administration was 220 (range, 25–1,966) days. Overall, 25 (15 MRD, 6 MUD, and 4 MMUD) patients developed a moderate-to-severe cGvHD requiring a prolonged systemic immunosuppressive therapy. Organ involvements of patients diagnosed with cGvHD are displayed in Figure 4 and Figure S2. At the time of last follow-up, 41 of 47 patients were alive and off their assigned immunosuppression.




Figure 4 | Graphic representation of the distribution of organs involved by chronic graft-versus-host disease (cGvHD) in the overall population. *Renal cGvHD.





Relapse and TRM

RI was 44.5% (95% CI, 34.9%–53.6%) at 12 years (Figure 1). Median time for relapse occurrence was 8 (range, 0.4–131.5) months. Overall, forty-nine (45%) patients died from disease relapse/progression. There was no difference in the 12-year RI between the four more frequent disease types in our cohort [44% (95% CI, 27.6%–60%) for AML, 36.4% (95% CI, 10%–64.2%) for acute lymphoblastic leukemia, 35% (95% CI, 11.1%–60.6%) for MDS, and 42.9% (95% CI, 21.1%–63.1%) for NHL; p = 0.865].

Twenty patients received a second allo-HCT for disease relapse after a median of 256 (range, 28–1,870) days from the first allo-HCT. In 11 cases a different donor was chosen: 10 patients underwent a haploidentical family donor allo-HCT and 1 patient a cord blood transplant. As for the other nine patients, we made use of the cryopreserved PBSC from the first donor. Treo in association with a purine nucleoside analog (fludarabine or clofarabine) was the most frequent conditioning regimen used (10 cases), while an intensification with 4 Gy of total-body irradiation was used in 4 cases. At last follow-up, 3 out of these 20 patients are alive and in complete remission; 11 died from disease progression and 6 for causes related to the second allogeneic procedure. One patient underwent a third allo-HCT using a haploidentical family donor and a MAC regimen to treat a further disease relapse diagnosed 2 years after the second transplant: she is alive and in complete remission 6 years after the third allo-HCT.

CI of TRM was 10.2% at 100 days (95% CI, 5.4%–16.8%) and 22.5% (95% CI, 15.1%–30.9%) at 12 years (Figure 1). Twenty-five patients died from transplant-related causes: six from infections (three sepsis and three pneumonias), three from GvHD, three from multiorgan failure, one from arrhythmia, one from stroke, one from acute myocardial infarction, one from late-onset transplant-associated thrombotic microangiopathy, three from secondary malignancies, and six for unknown causes.

Results of the univariate analysis are reported in Table 2. In multivariate analysis, age ≥60 years was independently associated with a higher risk of TRM. High/very high DRI was a risk factor for higher RI (Table 3).




Discussion

Allo-HCT conditioning regimen has rapidly changed from a one regimen that fits all to multiple potential regimens tailored on disease characteristics and patient comorbidities. In this setting, even in advanced disease stages, Treo has increasingly been employed owing to its low risk of organ toxicity and TRM (7, 15, 20–24).

At the time of this phase 2 clinical trial accrual, Treo was approved only for the treatment of advanced ovarian carcinoma. Treo exhibited low inter- and intrapatient variability in pharmacokinetic studies; gastrointestinal mucositis, skin toxicity, and metabolic acidosis were reported as dose-limiting adverse effects (25, 26). Preliminary clinical trials in the allo-HCT setting demonstrated an advantageous toxicity profile of Treo up to a dose of 42 g/m2 when compared with other standard conditioning regimens (7, 8). Thereafter, Treo was approved by the European Medicines Agency (EMA) at a total dose of 30 g/m2 according to the results of a multicenter randomized phase 3 trial in older and comorbid patients.15

Although potentially limited by the presence of single-center data, our long-term analysis confirms that a full-dose Treo-based conditioning regimen displays a strong myeloablative and immunosuppressive potential coupled with a good safety profile, in line with other recent studies (9, 15, 20–23, 27–29). A fast and stable full donor engraftment was achieved by most of our patients, toxicities were limited, and no case of SOS was reported. Importantly, in our series, 20 patients were able to proceed to a second allo-HCT for the treatment of disease relapse, a further proof of the low cumulative toxicity of this conditioning combination. We were able to report detailed long-term adverse events in our population: 10 patients were diagnosed with a secondary malignancy, 3 patients died from cardiovascular diseases, 1 patient died from a late-onset transplant-associated thrombotic microangiopathy. Six long-term survivors from our study were able to achieve a successful pregnancy or fatherhood after allo-HCT, underlining the lower gonadal toxicity of Treo as compared with other alkylating agents such as Bu (30, 31).

The results of our study are in line with those regarding Bu-based conditioning regimens (15, 20, 21, 23, 32, 33). The immunosuppressive activity of Treo facilitates stem cell engraftment, making it an attractive candidate for this clinical context (21, 27, 34).

In our study, older age at transplant was associated with a lower OS and an increased TRM. Age is a known factor associated with TRM due to the burden of comorbidities and frailty. Indeed, in our series, the use of Treo at a daily dose of 14 g/m2 may in part explain this finding. Considering that RI was similar between the two age groups, reducing the Treo dose could possibly improve allo-HCT outcomes in the older population, as also confirmed in other trials (5, 15, 23).

Disease recurrence was a major issue in our study, especially for patients with a high/very high DRI. Intensification of the conditioning regimen with the addition of a second alkylating agent or total body irradiation based on the underlying disease type could be implemented in this group of patients to counteract posttransplant disease relapse. Furthermore, owing to the fast and stable recovery provided with this conditioning protocol, the use of preemptive maintenance therapies in the early posttransplant period may be explored in these high-risk patients (35). Moreover, an additional limitation to our study, mainly related to its long-standing enrollment phase, is the absence of detailed data on measurable residual disease, a rich field of research where many advances have been made in recent years (36).

The use of in vivo T-cell depletion with ATLG for patients undergoing unrelated donor allo-HCT was able to significantly reduce the incidence of moderate-to-severe cGvHD at the expense of a higher risk of TRM and worse PFS, with a trend towards a lower OS in univariate analysis. At the time of this trial, T-cell depletion with ATLG was not considered a standard practice in matched-related transplants but rather widely recommended. Switching to a different T-cell depletion approach in this setting, mainly using posttransplant cyclophosphamide (PTCy), could possibly improve both GvHD incidence and transplant outcomes, as also suggested by recent experiences (13, 37, 38).

Overall, our data confirmed that full-dose Treo (42 g/m2) displays a myeloablative potential associated with a prompt achievement of full donor chimerism and a safe toxicity profile, mostly in the younger population. A lower Treo dose should be adopted for older patients, according to the EMA schedule (30 g/m2). This conditioning regimen can be safely adopted as a backbone for newly transplant strategies implementing different GvHD prophylaxis or posttransplant maintenance therapies.
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Background

A high ecotropic viral integration site 1 (EVI1) expression (EVI1high) is an independent prognostic factor in adult acute myeloid leukemia (AML). However, little is known of the prognostic value of EVI1high in pediatric AML. This study aimed to examine the biological and prognostic significance of EVI1high in uniformly treated pediatric patients with AML from a large cohort of seven centers in China.



Methods

A diagnostic assay was developed to determine the relative EVI1 expression using a single real-time quantitative polymerase chain reaction in 421 newly diagnosed pediatric AML patients younger than 14 years from seven centers in southern China. All patients were treated with a uniform protocol, but only 383 patients were evaluated for their treatment response. The survival data were included in the subsequent analysis (n = 35 for EVI1high, n = 348 for EVI1low).



Results

EVI1high was found in 9.0% of all 421 pediatric patients with de novo AML. EVI1high was predominantly found in acute megakaryoblastic leukemia (FAB M7), MLL rearrangements, and unfavorable cytogenetic aberrance, whereas it was mutually exclusive with t (8; 21), inv (16)/t (16; 16), CEBPA, NPM1, or C-KIT mutations. In the univariate Cox regression analysis, EVI1high had a significantly adverse 5-year event-free survival (EFS) and overall survival (OS) [hazard ratio (HR) = 1.821 and 2.401, p = 0.036 and 0.005, respectively]. In the multivariate Cox regression analysis, EVI1high was an independent prognostic factor for the OS (HR = 2.447, p = 0.015) but not EFS (HR = 1.556, p = 0.174). Furthermore, EVI1high was an independent adverse predictor of the OS and EFS of patients with MLL rearrangements (univariate analysis: HR = 9.921 and 7.253, both p < 0.001; multivariate analysis: HR = 7.186 and 7.315, p = 0.005 and 0.001, respectively). Hematopoietic stem cell transplantation (HSCT) in first complete remission (CR1) provided EVI1high patients with a tendential survival benefit when compared with chemotherapy as a consolidation (5-year EFS: 68.4% vs. 50.8%, p = 0.26; 5-year OS: 65.9% vs. 54.8%, p = 0.45).



Conclusion

It could be concluded that EVI1high can be detected in approximately 10% of pediatric AML cases. It is predominantly present in unfavorable cytogenetic subtypes and predicts adverse outcomes. Whether pediatric patients with EVI1high AML can benefit from HSCT in CR1 needs to be researched further.





Keywords: EVI1, prognostic factor, acute myeloid leukemia, pediatric, adverse outcome, transplantation



1 Introduction

Acute myeloid leukemia (AML) accounts for approximately 20% of pediatric leukemia diagnoses, and its long-term survival rate has dramatically increased from less than 20% to approximately 70% in the past 50 years (1). One of the most important reasons for these dramatic improvements is the accurate prediction of the prognosis to initiate the appropriate therapy regimens. Cytogenetic abnormalities and gene mutations are the classical and most important framework for risk stratification (2, 3). In addition to genetic alterations, aberrant overexpression of specific genes may also serve as biomarkers to evaluate the risk of treatment failure or relapse; ecotropic viral integration site 1 (EVI1) is a representative of this group (4, 5).

The EVI1 gene encodes a zinc-finger protein that functions as a transcription factor essential for hematopoietic stem cell (HSC) proliferation and differentiation, and is located on chromosome 3q26 (6). Aberrantly high EVI1 expression (EVI1high) plays an important role in the pathogenesis of hematological malignancies, including AML, chronic myeloid leukemia, and myelodysplastic syndrome (MDS) (7). In adult AML, EVI1high is frequently associated with cytogenetic abnormalities of 3q, especially 3q26, whereas in pediatric AML, it is rarely correlated with the cytogenetic rearrangements of this locus (8). In pediatric AML, EVI1high is commonly found together with mixed lineage leukemia (MLL) rearrangements, which indicates that the pathogenetic and prognostic significance of EVI1high may be different between adult and pediatric patients with AML (9, 10).

In the past decade, several studies have shown that EVI1high is a poor independent prognostic predictor for the complete remission (CR), overall survival (OS), relapse-free (RFS), and event-free survival (EFS) in adult AML, irrespective of the cytogenetic abnormalities of 3q (8). However, few studies have examined how EVI1high affects the prognosis in pediatric AML, and some of its effects are contradictory to those of adult AML. Using multivariate analysis, Balgobind et al. (10) and Ho et al. (9) reported that EVI1high had a significantly lower EFS but was not independently associated with an inferior OS and EFS in pediatric AML. In consideration of the inconsistent conclusions, the aim of our study was to examine the biological and prognostic significance of EVI1high in uniformly treated pediatric AML patients from a large cohort of seven centers in China.



2 Material and Methods


2.1 Patients and Treatment

A total of 421 newly diagnosed pediatric patients with AML (≤14 years) were enrolled in this retrospective study. Patients with acute promyelocytic leukemia, secondary AML, constitutional trisomy 21, or antecedent MDS were excluded. These patients were consecutively diagnosed at seven centers in southern China between January 2015 and December 2020. Morphological, flow cytometric, cytogenetic, and molecular analyses were performed on all patients at diagnosis, and the results were available for all patients included in this study. AML was diagnosed and classified according to the World Health Organization (2016) classification (11).

All patients were treated using the C-HUANAN-AML15 protocol. In the C-HUANAN-AML15 protocol, two tandem courses of the FLAG-IDA or DAE regimen were applied as induction chemotherapy. One course of homoharringtonine cytarabine/etoposide and one course of mitoxantrone/cytarabine in consolidation chemotherapy were uniformly administered to both groups. Intermediate-risk patients who had human leukocyte antigen (HLA) matched donors and high-risk patients were advised to undergo HSC transplantation (HSCT) in CR1. Details of the treatment protocols are provided in the Supplementary Data section. This study was approved by the ethics committee of all seven centers. All patients and volunteers provided a written informed consent, in accordance with the Declaration of Helsinki, to participate in the present study.



2.2 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from nucleated cells of the bone marrow using the Trizol Reagent (Invitrogen, Carlsbad, CA, USA), and subsequent reverse transcription was performed on 1 μg of the total diagnostic RNA using the standard protocol (Invitrogen, Carlsbad, CA, USA). EVI1 expression was measured by qRT-PCR using the TaqMan Universal PCR Master Mix and TaqMan EVI1 Gene Expression Assay (Applied Biosystems, Foster City, CA) with a primer/probe set designed to hybridize within a region spanning exons 2 and 3, as follows:

	Forward primer: 5’-GTACTTGAGCCAGCTTCCAACA-3’ (in exon 3)

	Reverse primer: 5’-CTTCTTGACTAAAGCCCTTGGA-3’ (in exon 2)

	Probe: 5’-FAM-TCTTAGACGAATTTTACAATGTGAAGTTCTGCATAGATG-TAMRA-3’ (in exon 3).



Abelson murine leukemia viral oncogene homolog (ABL) was used as a control gene, and the corresponding primers and probes were based on a report from the Europe Against Cancer Program (12). The primer of EVI1 can detect the expression of the total EVI1 (including EVI1-1A, 1B, 1C, and 1D), and the MDS1 and EVI1 complex fusion transcript. A total of 15 bone marrow samples from healthy donors were processed as calibrators for quantification. EVI1 transcript levels were calculated as the percentage of the target transcript copies/ABL copies. The mean value of EVI1 in the 15 normal controls was considered as the baseline. Relative quantification was performed using the 2-△△Ct method (13). The relative expression level of EVI1 is expressed as a percentage. The percentile of the expression level in all EVI1 test results in the present study was used as a percentage. EVI1 expression levels were dichotomized based on a cutoff value of 75% (approximately 10 times the baseline), according to Santamaría et al. (14). A total of 38 patients were defined as having EVI1high and the remainder as EVI1low.



2.3 Statistical Analysis

Continuous variables of patient characteristics were compared using the Wilcoxon rank-sum test (abnormal distribution) or Mann–Whitney U test (normal distribution), while categorical variables were compared using Pearson’s χ2 test or Fisher’s exact test when data were sparse. A total of 38 children (3 children with EVI1high and 35 children with EVI1low), including those that were lost during the follow-up (n = 21), discontinued the treatment (n = 12), or were transferred (n = 5) before completing two courses of chemotherapy or were excluded from the survival analysis. The cutoff date for follow-up was February 28, 2021. OS endpoints were death (failure) and being alive at the last follow-up (censored), measured from the onset to the start of chemotherapy. EFS endpoints were disease relapse or death from any cause, measured from the onset to the start of chemotherapy. Distribution estimations and survival distributions of the OS and EFS were calculated using the Kaplan-Meier method and log-rank test, respectively. Univariate analyses were performed using the unadjusted Cox proportional hazards model to calculate the hazard ratios (HRs). Variables that were significant in the univariate analyses were included in the multivariate analyses. Multivariate analyses were performed using the Cox proportional hazards model to identify the independent prognostic factors. All tests were two-sided, and a p-value of less than 0.05 was considered statistically significant. All statistical analyses were performed using the Statistical Software Environment R, version 4.0.4.




3 Results


3.1 Clinical Characteristics of Pediatric Patients With Acute Myeloid Leukemia (AML) and a High Ecotropic Viral Integration Site 1 Expression (EVI1high)

The clinical features of all 421 patients are summarized in Table 1. The median age was 74 months (range, 7–176 months), and 12 patients had infant AML. The most common cytogenetic changes included t (8; 21) and 11q23 chromosome abnormality. In 47/421 (11.2%) patients, FLT3-ITD mutations were detected, while ASXL1 mutations occurred in 11.6%. EVI1high, which was found in 9.0% (38/421) of all the patients, was not detected in infant patients. EVI1high was not correlated with age, sex, or white blood cells (WBC), whereas patients with EVI1high had a significantly higher frequency of (1) acute megakaryoblastic leukemia (FAB-M7) (23.7% vs. 6.0%, p = 0.001) (2), MLL rearrangements (39.5% vs. 14.4%, p < 0.0001), especially MLL-AF9 (15.8% vs. 6.8%, p = 0.046) (3); unfavorable cytogenetic aberrance (55.3% vs. 24.8%, p < 0.0001), but only one patient harbored a 3q26 rearrangement. EVI1high was not found in the favorable subtypes, including t (8;21) and inv (16). We also studied EVI1high in relation to five common single-gene mutations. Three patients with EVI1high had an internal tandem duplication of FMS-like tyrosine kinase 3 (FLT3-ITD), and three patients with EVI1high had an ASXL1 mutation; this association was not statistically significant compared to patients with EVI1low. EVI1high was not found in patients with NPM1, C-KIT, or CEBPA-biallelic mutations.


Table 1 | Clinical and genetic characteristics according to the EVI1 status.





3.2 Survival Analysis of Whole Pediatric Acute Myeloid Leukemia (AML)

An evaluation of the treatment response and the survival data were only available for 383 patients, including 35 patients with EVI1high, because some of them discontinued treatment or were lost to follow-up. The median follow-up time for survival was 32.5 (range, 2.6–134.1) months. Of the 383 cases, the CR rate was 85.6% (328/383) and 91.7% (342/373) after the first and second courses of induction, respectively; the relapse rate was 19.5% (64/328) and the chemotherapy-related mortality was 4.7% (18/383). The 5-year EFS and OS were 66.7% and 75.2%, respectively.



3.3 Survival Analysis of Pediatric Acute Myeloid Leukemia (AML) With a High Ecotropic Viral Integration Site 1 Expression (EVI1high)

For the 35 patients with EVI1high, 32 patients (91.4%) achieved CR and 26 (74.3%) patients achieved MRD negative after the first course of induction, whereas 27 patients (93.1%) achieved CR and 25 (86.2%) patients achieved MRD negative after the second course of induction, respectively; the relapse rate was 20% (7/35) and the chemotherapy-related mortality was 2.9% (1/35).

The proportion of patients with bone marrow blasts >15% after the first course of induction, and CR rate after the second course of induction was not statistically different between the EVI1high and EVI1low subgroups. Patients with EVI1high had a significantly worse 5-year EFS and OS than those with EVI1low (EFS: 51.7% vs. 68.1%, p = 0.041; OS: 53.1% vs. 77.0%, p = 0.041) (Figure 1).




Figure 1 | Survival outcome for high EVI1 expression in pediatric AML. Kaplan–Meier curve estimates for the (A) EFS and (B) OS in the total cohort between EVI1high and EVI1low patients.



Risk factors, including age, sex, WBC, FAB type, risk category, and genetic abnormalities, were evaluated using a univariate Cox analysis (Figure 2). EVI1high was a significant factor for the decreased EFS and OS (HR = 1.821 and 2.401, p = 0.036 and 0.005, respectively). In addition, poor prognostic predictors also included WBC ≥ 50 × 109/L, risk category, FLT3-ITD mutation, failure to achieve CR after the second course of induction, and the proportion of bone marrow blasts higher than 15% after the first course of induction (all HR > 1 and p < 0.05). In contrast, an AML1-ETO as a favorable predictor of improved the EFS and OS (HR = 0.442 and 0.465, p = 0.002 and 0.015, respectively).




Figure 2 | Univariate Cox regression analysis of the (A) EFS and (B) OS among 383 pediatric AML patients. *Risk category based on treatment regimens. Refer to Supplementary Table S1. @Risk category based on cytogenetic stratification of ELN 2017.



A multivariate Cox analysis was then performed to evaluate the independent prognostic factors (Figure 3). The results showed that EVI1high significantly affected the OS (HR = 2.447, p = 0.015) but not EFS (HR = 1.556, p = 0.174). Similarly, the risk category based on the treatment program was a poor independent prognostic predictor for the OS (HR = 1.759, p = 0.033) and tendentially predicted a worse EFS (HR = 1.569, p = 0.058). A WBC count ≥ 50 × 109/L and a proportion of bone marrow blasts greater than 15% after the first course were independent risk predictors for the OS and EFS (all HR > 1 and p < 0.05). However, failure to achieve CR after two courses of induction treatment was an independent prognostic factor for an inferior EFS (HR = 1.915, p = 0.047), excluding the OS (HR = 1.591, p = 0.25).




Figure 3 | Multivariate Cox regression analysis of the (A) EFS and (B) OS among 383 pediatric AML patients. *Risk category based on treatment regimens. Refer to Supplementary Table S1. @Risk category based on cytogenetic stratification of ELN 2017.





3.4 Characteristics and Prognostic Value of High Ecotropic Viral Integration Site 1 Expression (EVI1high) in Patients With MLL Rearrangements

As noted above, EVI1high was associated with MLL rearrangement. EVI1high was detected in 21.4% (15/70) of all patients with MLL rearrangements and 18.8% (6/32) of patients with MLL-AF9. The characteristics of patients with MLL rearrangements categorized according to the EVI1 status are shown in Supplementary Table S2. EVI1high was significantly correlated to an unfavorable cytogenetic aberrance (73.3% vs. 38.2%, both p < 0.02). EVI1high had a significantly adverse 5-year EFS and OS in all patients with MLL rearrangements (EFS: 34.5% vs. 84.5%, OS: 34.8% vs. 89.7%, both p < 0.0001) (Figure 4). The same conclusion was found in patients with MLL-AF9 (EFS: 50.0% vs. 87.7%, p = 0.013; OS: 50.0% vs. 93.7%, p = 0.0035) (Figure 4).




Figure 4 | Survival outcomes by EVI1 expression among patients carrying t(v;11). Kaplan–Meier curve estimates for the (A) EFS and (B) OS in the cohort of MLL rearranged AML between EVI1high and EVI1low patients. Kaplan–Meier curve estimates for the (C) EFS and (D) OS in the cohort of MLL-AF9 rearranged AML between EVI1high and EVI1low patients.



A Cox regression analysis was performed. Only 65 patients with MLL rearrangements were included. The results revealed that EVI1high was an independent adverse predictor of the OS and EFS in patients with MLL rearrangements (univariate analysis: HR = 9.921 and 7.253, both p < 0.001; multivariate analysis: HR = 7.186 and 7.315, p = 0.005 and 0.001, respectively) (Table 2). Among the AML patients with MLL-AF9, significant differences in the OS and EFS were observed in the univariate analysis (HR = 13.349 and 7.112, p = 0.025 and 0.032, respectively); however, multivariate analysis did not identify EVI1high as an independent prognostic factor for the OS and EFS (HR = 13.056 and 10.091, p = 0.060 and 0.066, respectively; Table S2).


Table 2 | Univariate and multivariate analysis of patients with MLL rearrangement.





3.5 The Impact of a Different Induction Regimen and Effect of Hematopoietic Stem Cell Transplantation (HSCT) after First Complete Remission (CR1) in Patients With a High Ecotropic Viral Integration Site 1 Expression (EVI1high)

Of the 35 patients with EVI1high who underwent an evaluation of the treatment response and survival data, the CR rate after the first course of chemotherapy of the 26 patients who received FLAG-IDA induction was significantly higher than that of the remaining 9 patients who received DAE induction (100% vs. 66%, p = 0.013). The Kaplan-Meier analysis showed that the FLAG-IDA group had a trend for a better 5-year EFS and OS, without a significant statistical difference (EFS: 62.7% vs. 41.7%, p = 0.37; OS: 65.7% vs. 38.9%, p = 0.19). A total of 14 patients with EVI1high who underwent HSCT after CR1 had a better 5-year EFS and OS, but this difference was not statistically different (EFS: 68.4% vs. 50.8%, p = 0.26; OS: 65.9% vs. 54.8%, p = 0.45) (Figure 5).




Figure 5 | Survival outcomes by treatment regimens among EVI1high patients. Kaplan–Meier curve estimates the impact of different induction regimens on the (A) EFS and (B) OS in the cohort of EVI1high patients. Kaplan–Meier curve estimates the impact of HSCT after CR1 on the (C) EFS and (D) OS in the cohort of EVI1high patients.






4 Discussion

In the present study, we retrospectively analyzed the characteristics and prognostic value of EVI1high in pediatric patients with AML. Our study enrolled pediatric patients aged 7–176 months in a large cohort of 421 pediatric patients with AML who received uniform treatments from multiple centers, with the inclusion of the respective FAB subtypes, cytogenetic characteristics, and molecular genetic characteristics, which are broadly representative. This study showed that EVI1high significantly correlated with unfavorable types, including MLL rearrangements, FAB-M7, and a complex karyotype, but was mutually exclusive for favorable types, including t (8;21), inv (16), an NPM1-mutation, and CEBPA-biallelic mutations. Furthermore, our results demonstrate that EVI1high is a poor independent prognostic factor for the survival in pediatric AML, especially in patients with MLL rearrangements. In view of its significant correlation with the survival, EVI1high is expected to be an excellent prognostic marker.

In this cohort, EVI1high was detected in 9.0% of cases, which was consistent with a previous pediatric study by Balgobind et al. (10), and several adult studies that indicated a percentage of 6%–11% (15, 16). However, the prevalence of EVI1high in our study was lower than the 28% reported by Ho et al. (9) (58/206) and 16% reported by Jo et al. (17) (21/130). This difference may reflect the distinct definitions in the studies, including the detection method, the cutoff value selection method, and the control gene used for normalization. In the study of Balgobind et al. (10), the cumulative relative expression of EVI1-1A, -1B, and -3L to a GAPDH above 1.5% is consistent with our definition of EVI1high, showing the highest correlation with EVI1high cases based on the gene expression profiling; all normal bone marrow samples were below this threshold. In the study of Ho et al. (9), beta glucuronidase was quantified as an internal control, and EVI1high was defined as the cumulative relative expression of the total EVI1 (including EVI1-1A, 1B, 1C, and 1D), and the MDS1 and EVI1 complex fusion transcript, which was >1.0-fold increase compared to the normal peripheral blood controls. In the study of Jo et al. (17), patients with an EVI1/ABL1 ratio higher than 0.1 were defined as EVI1high. In our study, to avoid the inclusion of false-positive cases, patients were defined as EVI1high with an expression level of 10 or higher compared to a pool of 15 healthy bone marrow controls. The definition of EVI1high is still debatable, as the AML patient groups selected by the different definitions vary in size and may have an inferior prognosis. Thus, the studies may not be directly comparable, and standardization of EVI1 transcript testing and reporting is required.

Previous studies have indicated that EVI1high is strongly associated with specific genetic and morphological subtypes in both pediatric and adult AML (9, 10, 15, 17), and the similarities and differences regarding EVI1high in pediatric vs. adult AML are shown in Supplementary Table S4. EVI1high in adult AML is frequently associated with and presumed to directly result from alterations in 3q26. In contrast, we detected only one patient with chromosomal rearrangements of 3q26 in our study. In pediatric AML, 3q26 abnormalities are rare. In the study of Balgobind et al., no 3q26 abnormalities were identified in pediatric AML patients with EVI1 overexpression (10). A similar result was shown by the research of Jo et al., and the 3q26 abnormality was not detected either at the level of conventional cytogenetics or cryptically in the whole genome and transcriptome sequencing data (17). The mechanisms of EVI1 overexpression in pediatric AML appear to be different from that of adult patients. We speculate that EVI1 overexpression may not be the driving factor in pediatric AML, but a secondary event after leukemogenesis.

All patients with EVI1high in this study belonged to the intermediate- or high-risk cytogenetic/molecular aberrance group based on the current risk stratification (3, 18), as they showed MLL rearrangements and complex karyotypes. Furthermore, consistent with previous pediatric studies (9, 10, 17), EVI1high was also significantly associated with a FAB class M7 unrelated to trisomy 21, which has been reported to confer a poor prognosis in pediatric AML (19, 20), while EVI1high had a higher incidence of FAB-M5 in adult AML (21). Moreover, EVI1high was mutually exclusive with t (8;21), inv (16), NPM1-mutations, and CEBPA-biallelic mutations, representing favorable types of pediatric AML.

Although almost all relevant studies have shown an adverse impact of EVI1high on the therapeutic response and prognosis in adult AML (8, 15, 16), this was not completely consistent in pediatric AML. The reasons for these differences may lie with the therapy and prognosis between adults and children, but also in the different definitions of EVI1high and smaller sample sizes. In previous pediatric studies (9, 10, 17), EVI1high had significantly lower rates of EFS and OS but had no independent prognostic value for pediatric AML. In the present study, 421 pediatric patients with de novo AML were included, and patients with EVI1high had a significantly lower 5-year OS and EFS rates. Furthermore, EVI1high was also a significant predictor of a decreased OS and EFS in a separate univariate model and an independent prognostic factor for the OS but not EFS in a multivariate model including EVI1high and the aforementioned risk groups. To our knowledge, this study is the first to indicate that EVI1high has an independent prognostic value for pediatric AML.

MLL rearrangements are present in 15%–20% of pediatric patients with de novo AML and are associated with a poor prognosis (22). However, MLL rearrangements comprise a biologically and clinically heterogeneous group (23). A large international study of pediatric AML with MLL rearrangements identified specific translocations with prognostic associations (24). Previous studies have indicated that EVI1 is a transcriptional target of MLL oncoproteins in hematopoietic stem cells and plays a critical role in tumor growth in a subset of MLL-r AML (25, 26). In a report of adult AML, EVI1high was the sole prognostic factor for the inferior OS, RFS, and EFS in both patients with MLL-r AML and patients with MLL-AF9 (27). However, there have been inconsistent conclusions in the pediatric studies. Ho et al. (9) showed that EVI1high could not determine its prognostic value in pediatric AML with MLL rearrangements. Jo et al. (17) revealed that EVI1high was mainly detected and had a prognostic significance in myelomonocytic-lineage leukemia with MLL rearrangements. Matsuo et al. (28) also showed that EVI1high was an independent poor prognostic factor for the EFS but not OS in children with MLL-r AML. In the present study, EVI1high was associated with adverse EFS and OS in both the MLL-r and MLL-AF9 subgroups. A multivariate analysis identified EVI1high as an independent prognostic factor predicting a poor EFS and OS in the total cohort of MLL-r AML, but not in the MLL-AF9 subgroup, which may be caused by the smaller sample size.

At present, chemotherapy remains the front-line treatment for newly diagnosed pediatric AML, but the regimen for patients with EVI1high is not unified. Based on the medical research council AML15 trial (29), we have considered the FLAG-IDA or DAE regimen as induction chemotherapy. In the present study, the excellent CR rate of the FLAG-IDA regimen was significantly higher than that of the DAE regimen, which may indicate that the FLAG-IDA regimen is more suitable for induction in children with EVI1high. Studies on whether pediatric AML patients with EVI1high need to undergo HSCT in CR1 are few. However, EVI1high is predominantly present in unfavorable cytogenetic subtypes (high or intermediate risk) and predicts adverse outcomes for all AML patients (also for the MLL-r subtype). Furthermore, previous research has shown that HSCT significantly improved the prognosis of adult AML patients with EVI1high and those with the MLL-r subtype as well (15, 27). Moreover, patients with EVI1high who underwent HSCT after CR1 had a higher OS and EFS than those who only received chemotherapy. Therefore, we suggest that pediatric AML patients (also in MLL-r subtype) with EVI1high should undergo HSCT in the first CR. However, it is still essential to conduct prospective multicenter clinical studies including more patients to confirm whether HSCT could improve the long-term survival of pediatric patients with AML and EVI1high.

Moreover, novel therapeutic strategies effective for pediatric patients with EVI1high are also constantly being explored. Saito et al. (30) found that CD52 was highly expressed in most EVI1high leukemia cells, and humanized anti-CD52 monoclonal antibody CAMPATH-1H could inhibit cell growth and induce the apoptosis of EVI1high leukemia cells. These suggest that CAMPATH-1H may be effective in treating myeloid leukemia with EVI1high. However, the correlation between CD52 and EVI1high in AML patients still needs to be verified because CD52 is not tested routinely during flow cytometry for establishing a diagnosis. Furthermore, whether CAMPATH-1H is effective in treating myeloid leukemia with EVI1high also needs to be clarified in clinical studies. Mittal et al. (31) reported that EVI1-induced hypermethylation and downregulation of miR-9 play an important role in leukemogenesis in pediatric patients with AML and EVI1high, indicating that hypomethylating agents may be a potential therapeutic strategy for these patients. Nguyen et al. (32) showed that EVI1 plays an important role in the key properties of AML leukemic stem cells, and all-trans retinoic acid (ATRA) enhances the effects of EVI1 on AML stemness, thus, raising the possibility of using RAR antagonists in the therapy of EVI1high AML. However, Steinmetz et al. (33) and Verhagen et al. (34) demonstrated that primary AML cells with EVI1high were sensitive to ATRA, indicating that ATRA may be a candidate for patients with AML and EVI1high. As noted above, EVI1high was associated with MLL rearrangement. As a highly effective inhibitor targeting MLL, Menin reduced leukemia burden significantly and prolonged survival in in vivo experiments, which indicated that Menin may be effective in treating myeloid leukemia with EVI1high (35, 36).

The limitation of this study is that it was a retrospective study and only 35 patients expressed EVI1high, and it will be necessary to explore more effective treatments through prospective multicenter studies to improve long-term outcomes of pediatric patients with AML and EVI1high.

In conclusion, EVI1high is significantly associated with specific unfavorable cytogenetic (MLL rearrangements and complex karyotypes) and morphologic (FAB-M7) subtypes in pediatric AML. Furthermore, this study is the first to indicate that EVI1high is an independent adverse prognosis predictor for survival, especially in MLL-r AML. These results may be conducive to risk stratification and therapy decisions in pediatric patients with AML, and EVI1 transcript levels should be routinely assessed at diagnosis for risk stratification once a standard laboratory protocol is established and the cutoff value is determined.
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Tumor cells require signaling and close interaction with their microenvironment for their survival and proliferation. In the recent years, Mast cells have earned a greater importance for their presence and role in cancers. It is known that mast cells are attracted towards tumor microenvironment by secreted soluble chemotactic factors. Mast cells seem to exert a pro-tumorigenic role in hematological malignancies with a few exceptions where they showed anti-cancerous role. This dual role of mast cells in tumor growth and survival may be dependent on the intrinsic characteristics of the particular tumor, differences in tumor microenvironment according to tumor type, and the interactions and heterogeneity of mediators released by mast cells in the tumor microenvironment. In many studies, Mast cells and their mediators have been shown to affect tumor survival and growth, prognosis, inflammation, tumor vascularization and angiogenesis. Modulating mast cell accumulation, viability, activity and mediator release patterns may thus be important in controlling these malignancies. In this review, we emphasize on the role of mast cells in lymphoid malignancies and discuss strategies for targeting and steering mast cells or their mediators as a potential therapeutic approach for the treatment of these malignancies.
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1. Introduction

Cancer is a complicated disease and a leading cause of mortalities, the world over. Hematological malignancies are the most common and frequently occurring cancers in children and the elderly (1, 2). Development of these malignancies is characterized by a crucial transition of hematopoietic cells of a particular lineage to cancerous cells with altered and abnormal cellular proliferation. One such condition that is most commonly seen in elderly people is clonal hematopoiesis, a premalignant disorder characterized by aberrant proliferation of clonally-derived hematopoietic stem cells carrying somatic mutations in leukemia-related genes. Aside from age advancement, this phenomenon is more common in solid or lymphoid tumors and is linked to genotoxic stress (3). Leukemia refers to the clonal expansion of abnormal leukocyte cells in the bone marrow (BM), which leads to the elevated levels of affected cells in the blood circulation. While lymphoma or lymphoid malignancies show elevated numbers of B or T lymphocytes which are present as tumor in the lymphatic tissue (1). Due to their complexity, the hematologic malignancies become challenging to manage.

Cancer pathogenesis involves multiple interactions between neoplastic cells and their microenvironment resulting in maintenance and progression or rejection of growing tumor. For hematological malignancies, BM or secondary lymphoid organs form the cancer microenvironment which is composed of stromal cells, fibroblasts, immune cells and vascular endothelial cells (4). Dynamic signaling by soluble mediators or cell-cell interactions between leukemia or lymphoma cells and immune cells in the tumor or surrounding microenvironment strongly determines the malignant progression or eradication of tumor. Presence of immune cells also plays a greater role in tumor development or elimination. CD8+ T cells and NK cells eradicate immunogenic cancer cells which leave the variants of cells that are non-immunogenic, making it difficult for the immune system to recognize them (5). Many studies have associated the presence of  Mast cells (MCs) and release of various mediators with the remodeling of tumor microenvironment.

MCs are innate immune granulocytes, derived from bone marrow, that migrate to peripheral tissues to mature and reside in mucosal layers and near blood vessels remaining close to the external environment so as to respond quickly to an invasion by a pathogen or allergen (6). Years ago, Paul Ehrlich discovered MCs and found them to be present in close proximity to a tumor (7). MCs have a wide range of surface receptors like FcέRI, histamine receptors, c-KIT receptor, Pattern recognition receptors (PRRs) which on activation make them capable of releasing diverse set of mediators in response to various stimuli (8). In tumor microenvironment, MCs release molecules like Vascular endothelial growth factor (VEGF), heparin, tryptase, Fibroblast growth factor (FGF-2) which can initiate tumor angiogenesis and molecules like Matrix metalloproteinases (MMP-9 and MMP-2) which can enable tumor niche remodeling, migration and invasiveness collectively leading to cancer progression (9). Whereas secreted molecules like histamine, IL-4, IL-8, Tumor necrosis factor (TNF-α) contribute in inhibiting tumor cell survival or growth and inducing apoptosis (9). MC functions are extremely context-dependent and cross-talk between tumor cells-MCs and other tumor-associated immune cells are likely to play a role in determining whether a tumor will be eliminated or progressed.

The existing anti-cancerous treatments focus on targeting the mechanisms behind the abnormally proliferating cells. Therefore, an unmet need in cancer research is to understand the cancer microenvironment and the interplay between tumor cells and the immune cells like MCs which on activation release a diverse variety of mediators having capacity to modulate the tumor microenvironment in favor of or for rejection of cancer. In this review, we emphasize on the role of MCs in hematological malignancies and discuss the strategies to target and steer MCs or their mediators as a potential therapeutic approach for these malignancies.


1.1 Dual Role of MCs in Hematological Malignancies

The contribution of immune and inflammatory cells, such as MCs, is well known in the control, progression and invasion of malignant cells. Here we discuss the studies highlighting the correlation between the amount of tumor-infiltrating MCs and the extent of tumor aggressiveness and propagation, implying a significant role of MCs in various hematological malignancies. The characteristics of the studies reviewed have been compiled in Tables 1 and 2.


Table 1 | Characteristics of clinical studies included in this review mentioning the stage of hematological malignancies and number of mast cells.




Table 2 | Experimental setup of the studies included in this review.




1.1.1 The Role of Mast Cells in Lymphomas

MCs have been documented to be involved in shaping the microenvironment in lymphomas, mostly by increasing the microvessel density, increasing angiogenesis and fibrosis thus leading to rogue advancement of lymphomas. Hodgkin’s lymphoma (HL), derived from mature B cells, is characterized by tumor cells, Hodgkin’s and Reed-Sternberg (HRS) cells in a smoldering inflammatory microenvironment (33). Abundance in tryptase positive MCs has been predominantly associated with inflammation and poor prognosis in patients with HL. Infiltration of TGF-β producing MCs in HL’s subtype-nodular sclerosis has been associated with the invasion of neoplastic cells, the development of fibrosis and progression of HL by the promotion of angiogenesis (10, 25). MCs were shown to promote HL cell growth in SCID mice in vivo (25). In HL, MCs have also been reported to interact directly with tumor cells via CD30-CD30L, causing HRS cells to become activated and proliferate could be important for HL pathogenesis (10–12). Indirect interactions between tumor cells and MCs caused by soluble factors produced by HRS cells, such as IL-9, IL-13, CCL5/RANTES are important for MC infiltration and proliferation (10, 11, 13, 26). MCs are, therefore, involved in shaping the HL microenvironment in terms of angiogenesis and fibrosis leading to advancement of tumor cells towards invasion and nodular progression.

Splenic marginal zone lymphoma (SMZL), is characterized by indolent neoplastic B cells that infiltrate the spleen and sometimes the BM (34). MCs are directly recruited by neoplasm cells in the tumor microenvironment and support the stromal cell proliferation, angiogenesis, extracellular matrix (ECM) remodeling in this B cell malignancy. Also, stromal cells highly express CD40 which recruits MCs expressing CD40 ligand, lead to the release of IL-6 with other pro-inflammatory cytokines, thereby activating B cells, increasing the survival and proliferation of neoplastic cells and contributing to pathobiology of SMZL progression (14).

B cell lymphoma (BCL) accounts for 90% of lymphoid neoplasms worldwide. The most common and aggressive form of non-Hodgkin lymphoma that occurs within the lymph nodes, but can be present anywhere in the body outside the lymphoid system, is diffuse large B cell lymphoma (DLBCL). Marinaccio et al. speculated that a decrease in MC density would result in reduced inflammatory signals and increased pro-angiogenic signals by regulatory T cells (Tregs) (17). Whereas, an increase in MC density can enhance inflammation and suppress the functions of Tregs thereby allowing the differentiation and expansion of Th17 lymphocytes leading to angiogenesis (17). Feng et al. considered IL-9 to be a key driver of tumor growth by which Tregs recruited and activated MCs to mediate immune suppression in the tumor region (18). The interplay of infiltrating Tregs and MCs in the tumor microenvironment therefore promotes the formation of tumor vessels, maintains the growth and metastasis of tumor in BCL.

Primary cutaneous lymphoma (PCL) is a non-Hodgkin’s lymphoma also known as lympho-proliferative neoplasm of clonal B cell or T cell lymphoma largely associated with the skin (35). Studies have shown that there is an increased number of MCs present in both the cutaneous B cell lymphoma (CBCL) and cutaneous T cell lymphoma (CTCL) in peripheral rims of skin (15). In CTCL presence of MCs is correlated with reduced survival and increased malignancy in patients with progressive disease or advanced disease stage in Folliculotropic mycosis fungoides and Se´zary syndrome compared to stable patients or early disease stage in Mycosis fungoides (MF) (16). MCs are not only present in advanced stages of CTCL and CBCL, but have also extensively degranulated, which is much more noticeable in progressive form of these neoplasms, whereas more non-degranulated form of MCs are present in MF (15). In vitro study has shown that the supernatant of MCs obtained by treatment with calcium ionophore can induce the production of cytokines such as IL-17, IL-6 from tumor cells and increase the proliferation of primary CTCL cells (16). For the first time, Rabenhorst et al. have used a connective tissue-MCs depleted mouse model to demonstrate the delay in development of PCL thus highlighting the crucial role of MCs in controlling the tumor progression (16). Rabenhorst et al. also demonstrated that adding MC supernatant increased the proliferation of Sezary and CTCL cell lines whereas MC supernatant had no effect on the proliferation of SeAx and Mac2B CTCL cell lines when MC degranulation was inhibited by cromolyn (16). Therefore MCs play a pro-tumorigenic role in PCL, which is critical in the advanced stages of the disease and can be linked to disease severity.

T cell lymphomas (TCLs) account for the rare group of non-Hodgkin’s lymphoma group due to their low prevalence. Angioimmunoblastic TCL (AITL) is the uncommon aggressive subtype of the mature peripheral TCL that involves lymph node (36) and dysregulation of T cell immune response (37). The presence of micro-vessels with high endothelial venules is a prominent feature of AITL. There is strong correlation between MCs and number of blood vessels in TCL cases studied by Fukushima et al. Their study suggests that MCs are responsible for the angiogenesis and progression of AITL (19). Neoplastic follicular Th cells in AITL have been shown to produce CXCL-13, which is responsible for the accumulation of MCs strongly expressing IL-6 in AITL speculated to foster a pro-inflammatory microenvironment and deregulated angiogenesis (20). In addition to studies documenting the pro-tumorigenic role of MCs in TCL, YAC-1 T cell lymphoma cells in direct contact with MCs or tumor cell supernatant when added to MCs was shown to induce degranulation of MCs (27). Interestingly, after co-treatment with histamine receptor antagonists and MC mediators, it was discovered that histamine receptors H2 and H4 are involved in inhibition of YAC-1 cell growth whereas histamine receptors H1, H2 and H4 are involved in enhancement of EL4 T cell lymphoma cell growth and overall regulation of β catenin pathway (27). Furthermore, Rabenhorst et al. demonstrated that MCs are crucial for the progression of EL4 TCL tumors in vivo using an inducible mast cell deficiency mouse model Mcpt5-Cre/iDTR and Kit mutant mice. Increased proliferation of EL4 cells and release of pro-inflammatory cytokines on in vitro treatment with MC or BMMC supernatant was also observed (16). MCs exhibited a pro-tumorigenic role on the EL4 TCL cell line, but they exhibited an anti-cancerous role on the YAC-1 TCL cell line, implying that MCs may exist as picket cells in the lymphoma microenvironment and play a critical role in the suppression or advancement of tumorigenesis, depending on tumor characteristics and histamine receptor profile present on neoplastic cells (27).



1.1.2 The Role of Mast Cells in Leukemia

As discussed above there is a pro-inflammatory and pro-cancerous role of MCs in various lymphomas with an exception in a T cell lymphoma. It was also demonstrated that MCs showed no effect on the proliferation of L1210 cell line which is a murine lymphocytic leukemia cell line in vitro (27). Similar to lymphomas, tryptase positive MCs were found to be abundant in the BM of chronic myeloid leukemia (CML) patients and increased MCs number in different stages of CML conformed to increased microvessel density and the advancement of CML to AML, which is the blast phase or the advanced stage (21). Interestingly, MCs count in acute lymphoblastic leukemia transformation (ALLT) stage was comparable to that of the healthy control group, implying that MCs control angiogenesis in the early stages of tumor development, whereas tumor cells drive growth and angiogenesis in later stages, and growth becomes MC-independent (21).



1.1.3 The Role of Mast Cells in Myeloma

Multiple myeloma (MM) is the malignancy of neoplastic plasma cells infiltrating the bone marrow. Similar to lymphomas and leukemias, patients with MM have an infiltration of tryptase positive MCs in their BM, associated with increased neovascularization and angiogenesis (22). Cytokines such as IL-6, VEGF, TNF-α, B cell activating factor, and receptor activator of NF-kB ligand are elevated in MM (28). IL-6 is required for the survival and proliferation of normal immature B cells in the BM, and it has been identified as the key growth and survival factor for myeloma cells (28). Raised IL-6 levels can be caused by both myeloma precursor cells and the presence of MCs (23, 29). Increased MC density has also been linked to increased angiogenesis factors found in BM of MM patients (24). Therefore, MC can either directly or indirectly contribute to the progression of MM.




1.2 Mast Cells and Conventional Cancer Therapy

Conventional cancer therapy involves chemotherapy and radiotherapy which are principally used to kill the rapidly dividing tumor cells. According to Soule et al, MCs are resistant to cytotoxicity after radiation, and radiation has no effect on Kit and FcεRI receptor expression. MCs degranulation is inhibited transiently and recovers within 24 hours after irradiation in human MCs, and MCs remain responsive to TLR-mediated signalling and produce cytokines (38). Westbury et al. observed a post-irradiation increase in the number of MCs (39). Radiation can also cause MC degranulation and the release of mediators like tryptase, as well as increase vascular permeability, which can lead to tissue injuries and fibrosis (40, 41). MCs may even be responsible for resistance to anti-PD1 therapy, which is linked to lower expression of HLA class1 in tumor cells, resulting in tumor escape from cytotoxic T cells (42). In prostate cancer, MCs can induce docetaxel resistance by phosphorylating p38 and radio-resistance by phosphorylating ATM, resulting in tumor cell survival and proliferation (43). Similarly, in inflammatory breast and pancreatic cancer, MCs have been implicated in tumor cell resistance to therapy and can also reduce the effect of anti-angiogenic therapy (44–46). As a result, MCs have emerged as important candidate cells in the tumor microenvironment to be targeted for therapies.



1.3 Various Strategies to Target Mast Cells as a Potential Therapeutic Approach

As discussed in section 1.1, accumulation of MCs and their precise role in almost all hematological malignancies were evidently correlated with detrimental effects, poor prognosis, angiogenesis, tumor aggressiveness and metastasis as summarized in Figure 1. Increase in number of MCs in early stages is correlated as an angiogenic switch which triggers the tumor towards the malignant advancement (21). Myeloid derived suppressor cells (MDSCs), Tregs, NK cells have been extensively studied for their tumor mediated immunosuppressive activity and ability to impair immunotherapy response (47). The interplay between MCs and MDSCs can be speculated as a builder for inflammatory tumor microenvironment as MCs secrete CCL2 which can recruit MDSCs and subsequent IL-17 secretion recruits Tregs producing IL-9 which is required for maintenance of MCs contributing to the immunosuppressive microenvironment (48, 49) making MCs as an important target for a responsive immunotherapy.




Figure 1 | A summary of the factors released by mast cells and their physiological response in hematological malignancies and solid cancers. In Hodgkin’s lymphoma, splenic marginal zone lymphoma, B cell lymphoma, CML, T cell lymphoma, and myeloma MCs have been shown to play pro-tumorigenic role. In an in-vitro study, MCs had an anti-tumorigenic effect in T cell lymphoma but had no effect in murine lymphocytic leukemia. In some solid cancers, like colon cancer, melanoma and colorectal cancers, MCs have been shown to play anti-cancerous role. The factors released by MCs are represented by red arrows in this figure, while the factors/chemokines released by leukemia/lymphoma cells are represented by green arrows. Blue upwards arrow represents the increase and blue downwards arrow represents the decrease, as a result of the effect of MC on the malignancy. In the pie representation, blue slice represents the anti-cancerous role, green slice represents No effect and yellow represents pro-tumorigenic role played by MCs. MC, Mast cell; HRS, Hodgkin’s and Reed-Sternberg cells; ECM,extracellular matrix; Treg, Regulatory T cells; CML, Chronic myeloid leukemia; AML, acute myeloid leukemia; H1R:, H1 Histamine Receptor; H2R, H2 Histamine Receptor; H4R, H4 Histamine Receptor; DC, Direct contact; IC, Indirect contact means MCs treated with tumor cell supernatant only.



MCs are an excellent candidate for targeted immunotherapy in the microenvironment of hematological malignancies because of their increased number, selective release of variety of mediators upon activation, and interaction with other cells. In this section we will discuss various strategies that could potentially help target MCs in the hematological tumor microenvironment.


1.3.1 Strategies to Target Mast Cell Number

c-KIT receptor is critical for the survival and development of MCs as MC depletion is shown in mouse models with c-KIT mutation (50). The targeting of c-KIT receptor is therefore one such strategy that may help to reduce the number of MCs in the tumor microenvironment of hematological malignancies. c-KIT is a tyrosine kinase receptor and can be targeted by numerous tyrosine kinase inhibitors used as anti-cancer drugs such as imatinib, sunitinib, sofrafenib, which bind and inhibit Bcr-abl fusion protein tyrosine kinase and are currently being used in CML (51), gastro-intestinal cancers and in thymic carcinoma (52). Other United States Food and Drug Administration (FDA) approved anti-cancer drugs that are studied to target c-kit include Amuvatinib, which has been clinically tested for lymphoma and small cell lung carcinomas, Axitinib, was clinically tested for advanced renal cell carcinoma, Cabozantinib, for prostate cancers and Dasatinib, for Chronic myeloid leukemia (52). A biologic inhibitor of c-KIT, KT0158, which is a humanized monoclonal antibody, has been shown to decrease MC degranulation and reduce MC numbers in a preclinical study (53).

In addition to c-KIT inhibitors, interestingly Fluvastatin, a statin drug used in the treatment of hypercholesterolemia not only suppresses IgE signaling in MCs but also induces apoptosis by inhibiting stem cell factor (SCF) induced survival signals in primary and in c-KIT mutated MCs (54). Consequently, the strategy to target the number of MCs would serve as an anti-inflammatory approach with a potential to suppress neo-vascularization, leading to a considerable delay in the tumor growth prior to the initiation of angiogenic switch. This strategy could prove to be a rational and effective additional therapeutic strategy for lymphoid neoplasms negatively affected by MCs.



1.3.2 Mast Cell Stabilization

MCs release pre-formed mediators present within their granules and newly formed lipid mediators instantly upon activation and other newly synthesized mediators are released 3-12 hours later. T cell lymphoma cells have been shown to activate MCs to a similar extent as an allergen and show similar release of pre-stored mediators (27). These mediators are further responsible for the inflammation and angiogenic progression in lymphoid neoplasms or the rejection of tumors as seen in some solid cancers like breast cancer. Therefore, if it is not possible to eliminate MCs, we can think about stabilization of MCs. MC Stabilization is a method of preventing the release of histamine and other mediators involved in rogue actions by impeding degranulation.

Bortezomib, an NF-Kβ inhibitor used to treat MM and other malignant hematological disorders, has been found to be minimally cytotoxic to MCs but can block MCs release, preventing fibrosis and vascularization in HL tumors in vivo. As a result, Bortezomib may be an interesting molecule to be used to kill malignant cells while simultaneously inactivating MCs in tumors, whereas Mizuno et al. claim that monotherapy may not work because the effect is transient (25).

Since histamine receptors are involved in responses to MC mediators, the use of MC antagonists may be helpful in reversing their response. Many MC stabilizers are now known to inhibit MC activation, such as H1 Histamine receptor antagonist Ketotifen, which is used to treat asthma and has been shown to suppress fibrosis (55). Azelastine, H1 receptor antagonist is a potent anti-inflammatory molecule that also inhibits release of histamine, tryptase and IL-6 from MCs (56). To inhibit histamine receptors in TCL cell lines, Pyrilamine as an antagonist for H1 Histamine receptor, Ranitidine as an antagonist for H2 histamine receptor, and JNJ7777120 as an antagonist for H4 receptor have been used (27). Some Tyrosine kinase inhibitors which are anti-cancerous agents such as Nilotinib, Sunitinib, Ibrutinib have been shown to have anti-histamine properties and can work as MC stabilizers (57–59). Not only chemical sources, but some natural sources of MC stabilizers such as flavonoids like luteolin, amentoflavone, bilobetin, quercetin (60, 61), phenols like curcumin (62) and alkaloids such as theanine present in green tea (63) have been shown to have antihistamine and MC stabilizing properties. It is therefore essential to identify and study how these stabilizers can be incorporated as add on therapeutic agents for the treatment of hematological malignancies.



1.3.3 MC Pre-Formed Mediators That Can Be Targeted or Incorporated in Cancer Therapies

As discussed in the section 1.1, MCs identified in haematological malignancies are tryptase-positive and are capable of causing neo-vascularization by secreting tryptase and chymase, which are potent angiogenic factors (64). Gabexate mesylate (GM), Nafamostat mesylate (NM) are tryptase inhibitors. NM is 100 times more potent than GM which is used in the treatment of acute pancreatitis and has been tested on several human cancer cell lines and Tranilast is used in the treatment of bronchial asthma and has a potential anti-tumor activity (65). Therefore, these molecules may be incorporated into treatments. As a result, targeting tryptase released by MC in the tumor microenvironment will serve as an anti-angiogenic strategy.

Although MCs have been shown to be involved in tumor progression, heparin, a MC mediator has been studied for its anti-cancerous role in many solid cancers (66). Heparin has been shown to attenuate metastasis in experimental cancer models possibly by inhibiting blood coagulation, inhibiting cancer cell–platelet and –endothelial interactions by selectin inhibition (67). It is therefore essential to study the role of heparin in hematological malignancies and thus strategies for including this molecule in cancer therapy.

Histamine is an important molecule that is pre-stored in MC granules and is the first molecule released when MCs are activated. Histamine has also been shown to be involved in cell proliferation, tumor development and embryonic development (68). The anti-cancerous properties of histamine in TCL have also been reported. Studies showed that histamine inhibits proliferation, decreases the survival and induces apoptosis in YAC-1 TCL cell line in vitro (27). Histamine dihydrochloride, a NOX2 inhibitor, targets MDSCs and improves immune-mediated clearance of neoplastic cells, thereby improving the immunotherapy efficacy of PD1 checkpoint blockade (69). Because of its receptor expression on immune cells as well as on tumor cells, histamine becomes an important molecule that can be strategically included in anti-cancer therapy and can have a detrimental effect on tumor depending on the construction of tumor microenvironment, cell types present and the histamine receptor expression profile.



1.3.4 Anti-Tumor Immune Responses of MCs

Apart from the pro-tumorogenic role, MCs have been shown to have an anti-tumor role in some solid cancers such as melanoma, colon cancer, and colorectal cancer where MC presence in tumor is associated with improved patient survival (30–32), and also in a haematological neoplasm in vitro (27).

The tumor microenvironment contains sufficient chemokines and alternate molecules that can activate MCs. Chemotherapy and radiotherapy, as well as injury, cause dead and dying cells to release molecules known as alarmins or Danger-associated molecular patterns (DAMPs), which can activate MCs via TLRs and other receptors (70, 71). In hematological malignancies, alarmins such as IL-33 and Hsp-70 are commonly released, and cytokines such as IL-1 have been found to activate MCs and cause the release of IL-6 and TNF-α, while chymase from MCs has been shown to degrade IL-33 and Hsp-70 due to their ability to cause inflammation (70, 72, 73). Depending on the activation molecule and receptor activated on MC, the anti-tumor mechanism involves recruiting immune effector cells such as NK cells and cytotoxic lymphocytes, which can eventually lead to tumor cell clearance or the development of anti-tumor immunity. Virus activated MCs have been shown to degranulate and produce type I and type III interferons, CXCL8, CXCR1, and TNF, which can recruit and activate IFN-γ producing NK cells and NKT cells, allowing them to carry out cytotoxic actions which eliminate transformed cells (74–76). Interferon-stimulated chemokines have been found in tumors (32), therefore interferon-induced MC activation and NK cells recruitment may play a role in anti-tumor immunity.

Histamine, an important mediator released by MCs, is involved in the conservation of cytotoxicity receptors (NKp46, NKG2D) on NK cells in AML that are likely to be inhibited by phagocytes, and histamine prevents this inhibition by targeting H2 receptors on phagocytes (77). Histamine was used as a protector for cytotoxic lymphocytes and NK cells from phagocytes in a clinical study on AML where IL-2 was to be given as immunotherapy, which delayed relapse in patients and significantly improved the therapy (78). When activated, MCs also produce lipid mediators such as prostaglandins, leukotrienes, which are also involved in the recruitment of cytotoxic lymphocytes. As demonstrated in colorectal cancers that Leukotriene B4 derived from MC is in charge of recruiting and homing CD8+ T cells to the tumor site in order to generate anti-tumor immunity (79). As a result, MCs contribute chemokines, granule-associated and de novo synthesized mediators in tumor microenvironment, which may be important for immune regulation and anti-tumor responses.

To improve the recruitment of effector cells by MCs, innate immune activators such as TLR targeting immune-therapeutic molecules could be used. TLR-2 activated MCs have been shown to recruit NK cells and T cells in a melanoma model (30), whereas TLR-3 receptor activation on MCs increases T cell recruitment and regulates its functions (80). Therefore, TLR agonists can be combined with molecules that inhibit the release of pro-tumorigenic factors by MCs (as discussed in previous section), resulting in an effective anti-tumor response.





2 Conclusion and Future Perspectives

The presence of MCs has been increasingly recognized in human cancers. Pathological studies of MCs in human tissues have revealed contradictory results, explaining both a positive and a negative correlation between the number of MCs and prognosis in various cancers. The role of MCs in hematological malignancies has been the focus of this mini review as the role of MCs in tumorigenesis is of increasing interest following the use of anti-tumor agents that affect tumor growth by inhibiting factors known to be crucial to MC function.

MCs are found to be beneficial for the tumor growth in hematological neoplasms, as discussed in this review, with the exception of T cell lymphomas, where an in vitro study showed that MCs were detrimental to tumor cell growth. The role of MCs may be influenced by the stage of tumor development at which they infiltrate, their interaction with other cells, and the tumor microenvironment. MCs have been discussed to trigger the angiogenic switch in the tumors that helps to nourish the tumor and later on makes the tumor growth independent of MCs. MCs pro-tumorigenic effects are primarily mediated by angiogenic molecules secretion, tissue remodelling, tumor cell proliferation augmentation, and immunosuppression. Because MCs have the ability to influence cellular recruitment, proliferation, and functioning, they might be critical regulators of tumor microenvironment and, as a result tumor growth.

MCs can be activated by various molecules present in tumor microenvironment and are capable of secreting different mediators in response to different triggers. Sometimes they may only secrete cytokines without any release of pre-formed mediators. Also there is heterogeneity even in pre-stored mediators and their secretion is controlled by different secretion machinery (81). In such a scenario, it may be possible to specifically target and block secretion of pro-angiogenic factors and allow secretion of mediators which may have anti-tumor activities. Also it becomes important to understand the interactions of MCs with cancer stem cells or under hypoxic condition which is a hallmark of tumor microenvironment.

All of this tends to suggest that research into the role of MCs in hematological malignancies could have direct clinical implications in the use of targeted therapies, and that it should be investigated further using histopathological and appropriate multifaceted biological models. Some molecules or drugs that have been used for other purposes but can interfere with SCF-cKIT signaling could be repurposed, or some lysomotrophic drugs that cause granule permeabilization and eventually apoptosis of MCs could be geared at selectively limiting the number of MCs which may significantly reduce the inflammatory background that inevitably leads to aggravation and invasion of tumor cells. In addition, we discussed some therapeutic strategies which are available or can be considered to inhibit the viability, accumulation and interfere with activation of MCs and their mediator release to enhance the anti-tumor response. In the context of hematological malignancies, one potential therapeutic mechanism could be to activate MCs using TLR-activators after chemotherapy/radiotherapy to boost the innate immune response and effector cell recruitment. TLR-activators may be used in conjunction with histamine. Antihistamines or MC stabilizers could be used in cases where there is increase in pro-tumorigenic or angiogenic molecules, for example histamine regulates myeloma cell growth. Interplay between MCs and Tregs is responsible for angiogenesis in BCL, therefore could be inhibited by reducing the numbers of MCs and Tregs. Thus, a decision about how to incorporate MCs in immunotherapy can be made based on the malignancy’s microenvironment, chemokines, alarmins released, and the extent and type of histamine receptors expressed.
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Introduction

Current risk predictors of multiple myeloma do not integrate ethnicity-specific information. However, the impact of ethnicity on disease biology cannot be overlooked. In this study, we have investigated the impact of ethnicity in multiple myeloma risk prediction. In addition, an efficient and robust artificial intelligence (AI)-enabled risk-stratification system is developed for newly diagnosed multiple myeloma (NDMM) patients that utilizes ethnicity-specific cutoffs of key prognostic parameters.



Methods

K-adaptive partitioning is used to propose new cutoffs of parameters for two different datasets—the MMIn (MM Indian dataset) dataset and the MMRF (Multiple Myeloma Research Foundation) dataset belonging to two different ethnicities. The Consensus-based Risk-Stratification System (CRSS) is designed using the Gaussian mixture model (GMM) and agglomerative clustering. CRSS is validated via Cox hazard proportional methods, Kaplan–Meier analysis, and log-rank tests on progression-free survival (PFS) and overall survival (OS). SHAP (SHapley Additive exPlanations) is utilized to establish the biological relevance of the risk prediction by CRSS.



Results

There is a significant variation in the key prognostic parameters of the two datasets belonging to two different ethnicities. CRSS demonstrates superior performance as compared with the R-ISS in terms of C-index and hazard ratios on both the MMIn and MMRF datasets. An online calculator has been built that can predict the risk stage of a multiple myeloma (MM) patient based on the values of parameters and ethnicity.



Conclusion

Our methodology discovers changes in the cutoffs with ethnicities from the established cutoffs of prognostic features. The best predictor model for both cohorts was obtained with the new ethnicity-specific cutoffs of clinical parameters. Our study also revealed the efficacy of AI in building a deployable risk prediction system for MM. In the future, it is suggested to use the CRSS risk calculator on a large dataset as the cohort size of the present study is 25% of the cohort used in the R-ISS reported in 2015.
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Introduction

Multiple myeloma is a hematopoietic malignancy of plasma cells with an overall survival period ranging from 6 months to more than 10 years. The variability in the outcome of patients is an implication of the clinical and biological heterogeneity underlying multiple myeloma (MM). Substantial advances in tumor biology have made it possible to dissect the tumor heterogeneity present in MM, optimize patient treatment, and examine patient outcome. Multiple prognostic systems (1–5) have been described in MM that stratify patients into different risk groups. These risk groups further assist in identifying high-risk patients who may require intense therapy upfront and/or a higher monitoring frequency during the follow-up periods. The first staging system for MM was proposed in 1975 (1) followed by the development of the International Staging System (ISS) (2) in 2005 and a Revised ISS (R-ISS) (3) in 2015. The ISS utilizes serum albumin and beta2-microglobulin, while the R-ISS makes use of ISS, lactate dehydrogenase (LDH), and high-risk cytogenetic aberrations (HRCA). Currently, triplet combination therapy is the new standard of care in MM which has shifted many high-risk patients to standard-risk category, thereby justifying the need for a new risk-stratification system with the possibility of inclusion of more prognostic factors.

Although human physiological and genetic profile is known to vary across ethnic groups, the current MM risk-staging systems do not account for ethnicity-specific information that can have a huge impact on the risk score prediction. It is evident from the studies that African Americans experience two to three times higher incidence rates than Asians, Mexican-Americans, or Europeans (6). Recent studies have observed a significant variation in the overall survival of different groups belonging to distinct races/ethnicities since the introduction of novel treatment agents in MM (7–10). In a recent study, vitamin D deficiency at diagnosis was found to be a predictor of poor overall survival in MM (11). However, this was significant only for White Americans and not for African Americans even at lower cutoffs of deficiency (11). Similarly, HRCA, which is used to determine the intensity of frontline therapy, does not track with survival outcomes in African Americans (10), thereby highlighting the need for a race-specific risk-stratification system. Though ethnicity is an important prognostic factor in predicting the risk for MM (12), the variations in the clinical characteristics among the different ethnic groups have not been evaluated adequately. Therefore, it is desirable to have a staging system that includes the variations in the clinical characteristics of the patients pertaining to distinct ethnic groups. In addition, it should be based on clinical and laboratory parameters that are easily accessible in healthcare settings across the globe. Therefore, to address this concern, we first investigated the role of ethnicity in the differential clinical characteristics in the two independent cohorts of MMIn and MMRF patients with newly diagnosed multiple myeloma (NDMM) belonging to two separate ethnic groups. Furthermore, we proposed the Consensus based Risk-Stratification System (CRSS), an AI-enabled risk-stratification system, for NDMM that incorporates the ethnicity-specific cutoffs of the laboratory parameters like albumin, beta-2 microglobulin (β2M), calcium, estimated glomerular filtration rate (eGFR), hemoglobin, and age along with HRCA. The newly proposed ethnicity-aware AI-assisted CRSS method was shown to have superior performance as compared with R-ISS. In addition, we also interpreted our proposed model via SHapley Additive exPlanations (SHAP) (13) analysis to demonstrate the clinical significance of the risk stage predictions by CRSS. Our findings establish the significance of integrating ethnicity-specific information as well as the effectiveness of machine learning methods in devising a robust risk-staging model for MM.



Materials and Methods


Datasets

A total of 1,675 entries were found in the computerized database search on June 28, 2019, with the keyword “ICD C90” registered at the Institute Rotary Cancer Centre, All India Institute of Medical Sciences (AIIMS). Patients with plasma cell dyscrasia other than MM (n = 253) or who were lost to follow-up after a single visit (n = 111) or before first response could be assessed (n = 21) or with inadequate clinical and/or laboratory parameters (n = 121) or with early deaths (n = 99) were excluded. The remaining 1,070 patients of MM belonging to the Indian population, referred to as MMIn, were evaluated in this study (Figure S1). Out of 1,070 patients, 41 patients had one or two missing values. There are several methods to impute missing values (14–17). However, in the MMIn dataset, missing values were imputed with the median value of the parameters. An independent cohort of 900 MM patients enrolled in the Multiple Myeloma Research Foundation (MMRF) repository was also used for developing the model. Clinical and laboratory data for the MMRF dataset, belonging to the American population, are available publicly. High-risk cytogenetic information was available for 384 out of 1,070 patients in the MMIn cohort and 800 out of a total of 900 patients in the MMRF which were further used for building the staging model.



Clinical and Laboratory Characteristics

The clinical, laboratory, and radiological data were obtained from the medical case files. The R-ISS could be assigned to a subset of patients (n = 627) as described previously (18). Response outcome was estimated following the international uniform response criteria for multiple myeloma (19). Progression-free survival (PFS) was computed from the date of diagnosis till the time of progression or death. Overall survival (OS) was computed from the date of diagnosis till death due to any cause or being censored at last follow-up. Baseline clinical and laboratory features of the patients are given in Supplementary Table S1.



Study Design

The complete design strategy of the consensus-based approach for developing the risk-stratification system (CRSS) is explained in this section (Figure 1). Data from both cohorts were separately used to develop the risk-staging models based on CRSS. Different clinical parameters were evaluated for developing the risk-staging system consisting of age, albumin, β2M, calcium, eGFR, hemoglobin, LDH, and HRCA which includes t(4;14), t(14;16), and del17. β2M and LDH levels are reflective of tumor burden and serum albumin, hemoglobin, calcium, and creatinine are reflective of the bone and renal homeostasis. eGFR was calculated from creatinine concentration using the MDRD eGFR equation (20). LDH values were brought to a common scale by multiplying each entry by 280 and dividing it by the upper limit of LDH provided for that particular entry in MMIn data. Description of the steps used in the consensus-based approach for developing the risk-staging model is given below:




Figure 1 | Workflow for the development of the Consensus-based Risk-Stratification System (CRSS) for newly diagnosed multiple myeloma patients.



Step 1: Dividing patients into two risk groups based on established thresholds of parameters. For each parameter, patients were initially divided into high-risk and low-risk groups using the well-established cutoffs of these parameters (21) as shown in Table 1. Established thresholds for albumin and β2M are derived from the ISS, and for eGFR, calcium, and hemoglobin, the thresholds are derived from the revised IMWG criteria (21).


Table 1 | Comparison of established and proposed cutoffs for clinical and laboratory parameters for the stratification of patients for progression-free survival (PFS) and overall survival (OS) in MMIn and MMRF using Kaplan–Meier analysis.



Step 2: Finding new thresholds of parameters via KAP. The K-adaptive partitioning (22) (KAP) algorithm was used to find new threshold values for the parameters using complete data of MMIn (n = 1,070) and MMRF (n = 900). KAP was performed on the parameters of the patients yielding two threshold values for each parameter, one from PFS and the other from OS analysis. The cutoff which was close to the original value was chosen as the new cutoff for each parameter. Patients were again divided into high- and low-risk groups based on the proposed cutoffs. The proposed thresholds maximized the separation between high- and low-risk groups as compared with the established thresholds. This is evident from the lower p-values obtained from the log-rank test on the Kaplan–Meier curves for all the parameters. A complete list of the proposed thresholds for the MMIn and MMRF data is shown in Table 1.

Step 3: Cumulative integration of the prognostic impact of the parameters. The collective prognostic impact of the parameters was integrated into risk staging via creation of three different adjacency graphs using hazard ratios obtained from univariate Cox hazard analysis, p-values obtained from log-rank test on Kaplan–Meier curves, and ranks obtained from multivariate Cox hazard analysis.

Step 4: Creation of the first adjacency graph. The first adjacency graph was created using ranks obtained from the multivariate Cox hazard analysis. The parameter with the highest hazard value was given the highest rank, and the one with the lowest hazard value was given the lowest rank. The respective ranks served as the weights of each of the parameters and captured the relative impact of each parameter on the survival of patients. Next, the risk score for each patient was calculated by successive addition of the weights of all those parameters that had values (in the respective patient) greater than the cutoffs defined for the high-risk group. These patient scores were used to compute an adjacency graph of n rows and n columns (columns are features), where n is the number of patients. Each row corresponds to one patient and each entry in the row is the absolute difference between the score of that patient with each of the patients including self.

Step 5: Creation of the second and third adjacency graphs. For the second adjacency graph, hazard ratio values obtained from univariate Cox hazard analysis were used. For each parameter, the highest of the two HR values obtained from PFS and OS was chosen and normalized using “minmax” scaling. The scaled HR values were assigned as the respective weights of each of the parameters representing the impact of each parameter on the survival of patients. The third adjacency graph was created using p-values obtained by performing a log-rank test on Kaplan–Meier curves. For each parameter, the lower of the two p-values obtained from PFS and OS was chosen and normalized using “minmax” scaling. The scaled p-values were assigned as the respective weights of each of the parameters. Furthermore, the risk score for each patient was calculated by successive addition of the weights of all those parameters that had values (in the respective patient) greater than the cutoff defined for the high-risk group. The two different patient scores obtained from univariate hazard ratios and p-values were further used to compute two separate adjacency graphs of n rows and n columns (columns are features), where n is the number of patients. Each row corresponds to one patient and each entry in the row is the absolute difference between the score of that patient with each of the patients including self.

Step 6: Gaussian mixture model (GMM) clustering on the adjacency graphs. GMM-based clustering is an unsupervised clustering algorithm which was applied on the three adjacency graphs to obtain clustering labels.

Step 7: Creation of a consensus graph. The clustering outputs of the three different adjacency graphs were used to create a consensus graph (23) of size n × n. The entry for the ith row and jth column in the consensus graph was determined by calculating the number of times ith and jth patients were assigned the same group. Diagonal entries were zero in this graph.

Step 8: Hierarchical clustering on the consensus graph. Agglomerative clustering was performed on the consensus graph to cluster the patients into three risk groups. Each cluster of patients was assigned one label: stage 1 (low risk), stage 2 (intermediate risk), or stage 3 (high risk). The rationale behind using multiple clustering was to combine the results of the clustering outputs achieved from the different adjacency graphs and ensure the stability of the final clusters deduced from agglomerative clustering.

Step 9: Training a decision tree classifier. The staging labels obtained from agglomerative clustering served as ground-truth labels for training the supervised decision tree classifier. The trained decision tree classifier provided the rules in terms of the parameters for the identification of risk groups, labeled as CRSS-1 (low risk), CRSS-2 (intermediate risk), and CRSS-3 (high risk) (Figures S2, S3).

Step 10: Infer actual risk groups of the patients using decision tree classifier rules. Decision tree classifier rules were then used to identify the risk stages of the patients in both cohorts. The risk stage assigned by the decision tree classifier was considered the actual risk class for each patient.



Creation of Multiple Models on the Datasets

The CRSS method explained in Figure 1 was used to create multiple models for the MMIn and MMRF datasets. Models A1, A2, and A3 were built for the MMIn data. Model A1 was built using established cutoffs of the parameters of albumin, β2M, LDH, and HRCA. Model A2 was built using the established cutoffs of the parameters of albumin, age, calcium, eGFR, hemoglobin, β2M, and HRCA. Model A3 uses the same parameters as model A2, but with the newly proposed cutoffs of the parameters derived from the MMIn dataset. Similarly, models M1, M2, M3, and M4 were built for the MMRF data. Models M1 and M2 are equivalent to models A1 and A2, respectively. For model M3, the proposed cutoffs of parameters derived from the MMIn dataset were used for albumin, age, calcium, eGFR, hemoglobin, β2M, and HRCA. Model M4 is similar to model M3, but uses the proposed cutoffs of the parameters derived from the MMRF dataset.




Results


Clinical and Laboratory Characteristics of Myeloma Patients

The baseline clinical and laboratory features of patients from the two cohorts were compared using unpaired Wilcoxon rank-sum test. The median values of all the parameters except albumin were found to be significantly different (p-value < 0.05, Table S2) in both cohorts thereby substantiating that the two populations are different. Novel agents (IMIDs: thalidomide or lenalidomide and/or PSI, i.e., bortezomib) either as primary or maintenance therapy were given to all the patients. Triplet therapy was rendered to 56.5% of the patients. With a median follow-up of 166 weeks (range: 14–961 weeks), 626 patients progressed (median PFS = 117 weeks) and 372 died (median OS = 166 weeks).



Results on the MMIn Dataset (n = 384)

Univariate Cox analysis of the entire patient cohort (n = 1,070, Table S3, Figure 2) revealed increased risk of progression and mortality for age >67 years, albumin ≤3.5, β2M ≥4.78, calcium ≥11, eGFR ≤48.2, and hemoglobin ≤12.3. Multivariate Cox hazard analysis was also performed to analyze the cumulative risk of the parameters (Table S4). Of the three models generated, model A3 based on ML-derived cutoffs for the prognostic parameters was the best with higher C-index and hazard ratio (Table 2). Using model A3, the patients were risk stratified and the largest proportion of patients were placed in CRSS-2 (n = 192, 50%) followed by CRSS-1 (n = 137, 35.68%) and CRSS-3 (n = 55, 14.32%). KM survival analysis of CRSS groups indicated statistically significant difference in PFS between CRSS-1 and CRSS-2 groups (median PFS: 213 vs. 138 weeks; p = 0.0003) and between CRSS-2 and CRSS-3 groups (median PFS: 138 vs. 100 weeks; p = 0.0026) (Figure 2). For R-ISS, there was a statistically significant difference in PFS between R-ISS2 and R-ISS3 (median PFS: 160 vs. 105 weeks; p = 0.01) but not between R-ISS1 and R-ISS2 (median PFS = 196 vs. 160 weeks; p = 0.31). Furthermore, for CRSS, there was statistically significant difference in OS between CRSS-1 and CRSS-2 groups (median OS = 495 vs. 249 weeks; p = 1.08e-8) as well as between CRSS-2 and CRSS-3 groups (median OS = 249 vs. 182 weeks; p = 0.02). For R-ISS, there was statistical difference in OS between R-ISS2 and R-ISS3 groups (median OS = 377 vs. 168 weeks; p = 1.86e-5) as well as between R-ISS1 and R-ISS2 groups (median OS = 478 vs. 377 weeks; p = 0.03).




Figure 2 | (A, B) Progression-free survival in patients with multiple myeloma (MM) from the MMIn cohort (n = 1,070) stratified by the Revised International Staging System (R-ISS) (n = 355) and the proposed CRSS (n = 384), respectively. R-ISS1 is the low-risk stage, R-ISS2 is the intermediate-risk stage, and R-ISS3 is the high-risk stage. Median progression-free survival (PFS) for R-ISS1, R-ISS2, and R-ISS3 are 196, 160, and 105 weeks, respectively. The observed p-value obtained after performing a log-rank test on R-ISS is 9.47e-3. Similarly, CRSS-1 is the low-risk stage, CRSS-2 is the intermediate-risk stage, and CRSS-3 is the high-risk stage. Median PFS for CRSS-1, CRSS-2, and CRSS-3 are 213, 138, and 100 weeks, respectively. The observed p-value obtained after performing a log-rank test on CRSS is 5.60e-8. (C, D) Overall survival in patients with MM from the MMIn cohort (n = 1,070) stratified by the R-ISS (n = 355) and CRSS (n = 384), respectively. Median overall survival (OS) for R-ISS1, R-ISS2, and R-ISS3 are 478, 337, and 168 weeks, respectively. The observed p-value obtained after performing a log-rank test on R-ISS is 1.00e-6. Median OS for CRSS-1, CRSS-2, and CRSS-3 are 495, 249, and 182 weeks, respectively. The observed p-value obtained after performing a log-rank test on CRSS is 4.96e-11. (E, F) Univariate Cox hazard analysis on the prognostic factors—age, albumin, beta-2 microglobulin (β2M), calcium, estimated glomerular filtration rate (eGFR), hemoglobin, and high-risk cytogenetic abnormalities (HRCA)—for PFS and OS, respectively. Hazard ratios for all the parameters except HRCA were calculated on complete data (n = 1,070) for the MMIn dataset. Hazard ratio for HRCA and the risk-staging models were found using the data for which HRCA information was present (n = 384 for the MMIn dataset).




Table 2 | Comparison of different models devised for the risk stratification of patients in the MMIn and MMRF cohorts with the R-ISS.



C-statistic and hazard ratios computed on CRSS surpassed the C-index and hazard ratios obtained for R-ISS with respect to both PFS and OS (Table 2). C-statistic for CRSS was 0.60 [Akaike information criteria (AIC) = 2,171.49, Bayesian information criteria (BIC) = 2,175.43, HR = 1.80, 95% CI = 1.46–2.21, p < 5e-6] for PFS and 0.67 (AIC = 1,244.72, BIC = 1,248.67, HR = 2.43, 95% CI = 1.87–3.14, p < 5e-6) for OS, while C-statistic for R-ISS was 0.57 (AIC = 2,011.14, BIC = 2,015.01, HR = 1.43, 95% CI = 1.12–1.82, p = 4.18e-3) for PFS and 0.636 (AIC = 1,132.20, BIC = 1,136.07, HR = 2.32, 95% CI = 1.67–3.23, p < 5e-6) for OS.



Results on the MMRF Dataset (n = 800)

For the MMRF data, out of the four models generated, model M4 performed the best and had the highest C-index and hazard ratios as compared with the other models as well as R-ISS (Table 2). In the univariate Cox hazard analysis of the MMRF data, risk of progression and mortality was increased for age >69 years, β2M ≥5.5, albumin ≤3.5, hemoglobin ≤9.59, eGFR ≤48.3, and calcium ≥10.52 (Table S3,  Figure S4). Multivariate Cox hazard analysis was also performed (Table S4). In the MMRF cohort, using the M4 model, the majority of the patients were placed in CRSS-2 (n = 452, 56.5%) followed by CRSS-3 (n = 174, 21.75%) and CRSS-1 (n = 174, 21.75%). Results of the median PFS on CRSS groups (p = 8.64e-12) and R-ISS groups (p = 1.73e-5) as well as median OS on CRSS groups (p = 1.08e-15) and R-ISS groups (p = 6.57e-8) reveal the superior performance of the CRSS than the R-ISS (significant p-values; Figure S4).

C-statistic for CRSS in MMRF data is 0.61 (AIC = 4,126.07, BIC = 4,130.74, HR = 1.79, 95% CI = 1.52–2.12, p < 5e-6) for PFS and 0.676 (AIC = 1,819.95, BIC = 1,824.62, HR = 2.85, 95% CI = 2.19–3.71, p < 5e-6) for OS. C-statistic for R-ISS is 0.578 (AIC = 3,413.36, BIC = 3,416.49, HR = 1.61, 95% CI = 1.30–2.00, p = 1.00e-5) for PFS and 0.618 (AIC = 1,586.78, BIC = 1,591.27, HR = 2.26, 95% CI = 1.65–3.11, p < 5e-6) for OS (Table 3).


Table 3 | Prediction of progression-free survival and overall survival (in %) for CRSS and R-ISS at 1, 2, 3, 4, and 5 years in the MMIn (n = 384) and MMRF datasets (n = 800).



The 5-year OS for the MMIn (n = 384) was 89.79% for CRSS-1, 47.91% for CRSS-2, and 31.36% for CRSS-3 (Table 3). Overall, there is a substantial difference in the percentages of the 5-year OS and median OS for different risk groups which indicate that the groups were significant. A similar stratification was achieved when the CRSS model was applied on the MMRF test dataset. The 5-year OS for MMRF data was 94.78% for CRSS-1, 65.69% for CRSS-2, and 46.91% for CRSS-3 which is quite comparable to that obtained in the MMIn data. Higher values of C-index and hazard ratios as well as lower values of partial AIC and BIC on both datasets were indicative of the superior performance of our AI-based CRSS method as compared with R-ISS.



Statistical Analysis on the Parameters Used in CRSS

The Kruskal–Wallis test was performed to compare the median values of the parameters age, albumin, β2M, calcium, eGFR, and hemoglobin across the three risk groups for both the MMIn and MMRF datasets. There was a significant increase (p < 0.05) in the values of age and β2M, while there was a significant decrease (p < 0.05) in the values of albumin, eGFR, and hemoglobin as the risk of disease increased (Figures S5, S6) for both the MMIn and MMRF datasets. Wilcoxon rank-sum test was performed to compare the median values of the parameters between two successive risk groups and showed significant variation of parameters for both datasets.



Model Interpretation

To ascertain the impact of individual parameters on risk stage predictions by CRSS, decision tree models built using the MMIn and MMRF datasets were analyzed using SHAP (Figures 3, 7). Key contributors of high-risk predictions in the MMIn dataset were the presence of HRCA, elevated levels of β2M, higher age, and lower levels of albumin (Figure 3). Furthermore, lower levels of eGFR and hemoglobin along with elevated levels of calcium also contributed to high-risk prediction in the patients. It was observed from the waterfall plots (Figures 4–6) of the randomly chosen patients in different risk stages that the order of the impact of the parameters varied in different patients within the same risk category. For the high-risk category (Figure 6), HRCA had the highest impact on one of the randomly chosen patients; in another patient, β2M had the highest impact in contributing to high risk, while in the third patient, age and albumin had the highest prognostic impact. This suggests that the risk assessment in MM is a cumulative function of multiple factors. An individual parameter cannot adequately capture the risk associated with MM given that other prognostic parameters could influence the outcome. Furthermore, the complex association among different parameters that encapsulates the disease risk varies according to the patients, thereby leading to a varying order of impact of parameters in the patients. Hence, the AI-based decision tree algorithms can handle such an integrated analysis. This analysis reveals that each patient is unique and multiple factors interact and impact the outcome differently in individual patients.




Figure 3 | Model interpretation using SHAP (SHapley Additive exPlanations). SHAP summary plots for different risk stages inferred from MMIn data showing the relative impact of different parameters (top to bottom) contributing to a particular risk stage prediction. (A, B) CRSS-1: Normal levels of β2M and hemoglobin are the key contributors to the low-risk stage prediction. Furthermore, high values of age on the left side of the summary plot are pushing the model away from the low-risk prediction and are indicative of either intermediate or high risk. Overall, β2M has the highest impact and calcium has the lowest impact on the low-risk stage prediction. (C, D) CRSS-2: β2M and hemoglobin are the key contributors to the intermediate-risk stage. Elevated levels of β2M with lower levels of hemoglobin are indicative of intermediate risk. (E, F) CRSS-3: Presence of HRCA is contributing the most to the high-risk stage. Elevated values of β2M and calcium and lower levels of albumin, hemoglobin, and eGFR are contributing toward the high-risk stage prediction.






Figure 4 | SHAP waterfall plots for the randomly chosen four patients in low-risk stage (CRSS-1) from the MMIn dataset. The pink color shows the positive impact of the feature, while the blue color shows the negative impact of the feature. Features with a positive impact contributed to the class of low-risk stage prediction, while features with a negative impact contributed to class opposite to low risk. β2M, hemoglobin, age, and HRCA have the highest overall impact on low-risk stage prediction in the MMIn dataset. However, this ranking itself differs from patient to patient as can be seen in (A–D). (A) β2M has the highest impact followed by hemoglobin, age, and HRCA. (B) Hemoglobin has the highest impact followed by β2M and age. (C, D) β2M has the highest impact followed by age and HRCA.






Figure 5 | SHAP waterfall plots for the randomly chosen four patients in the intermediate-risk stage (CRSS-2) from the MMIn dataset. The pink color shows the positive impact of the feature, while the blue color shows the negative impact of the feature. Features with a positive impact contributed to the class of intermediate-risk stage prediction, while features with a negative impact contributed to the class opposite to intermediate risk. β2M, hemoglobin, HRCA, and albumin have the highest overall impact on the intermediate-risk stage prediction in the MMIn dataset. However, the ranking of the features itself differs from patient to patient as can be seen in (A–D). (A) β2M has the highest impact followed by HRCA. (B) Hemoglobin has the highest impact followed by HRCA. (C) HRCA has the highest impact followed by albumin. (D) Albumin has the highest impact followed by age.






Figure 6 | SHAP waterfall plots for randomly chosen patients in high-risk stage (CRSS-3) from the MMIn dataset. The pink color shows the positive impact of the feature, while the blue color shows the negative impact of the feature. Features with a positive impact contributed to the class of high-risk stage prediction, while features with a negative impact contributed to class opposite to highest risk. HRCA, β2M, age, and albumin have the highest overall impact on high-risk stage prediction. However, this ranking differs from patient to patient as can be seen in (A–C). (A) HRCA has the highest impact. (B) β2M has the highest impact. (C, D) Age and albumin have the highest impact.






Discussion

The influence of ethnicities on clinical characteristics in patients belonging to distinct ethnic groups is well known, and therefore, it is of paramount interest to integrate the ethnic group-specific information in risk-staging models as it can affect the risk score prediction. The R-ISS (3) is the current standard of care for staging myeloma patients which includes a few HRCA, but molecular aberrations such as 1q gain and chromothripsis associated with adverse outcome have been overlooked (24). In fact, it includes t(4;14), which has lost significance in patients treated with triplet regimens (25). Besides, the R-ISS does not include any ethnic-specific information and, therefore, is not robust considering the large heterogeneous population of MM patients globally. An ideal risk-staging system would be based on all the known adverse prognostic factors including clinical, ethnic, and molecular aberrations. There is a tremendous heterogeneity in global healthcare systems that limit the availability of high-end molecular testing for all patients, and yet, the internet/electronic connectivity allows patients to receive medical advice from global leaders in medicine. Recently, an AI-supported risk-staging model, MRS (26), has been developed for NDMM; however, it does not include HRCA and ethnicity information. Considering the present world scenario, it is, thus, desirable to develop a simple risk-staging model that integrates ethnic-specific characteristics of the prognostic parameters that are easy to acquire in the healthcare settings worldwide.


Risk-Staging Models and Their Performance as Compared With the R-ISS

In contrast to the R-ISS which utilizes four parameters, seven parameters were taken into consideration for designing the CRSS. It was observed that the cutoff values for these parameters derived using KAP vary in the two cohorts, one of which belongs to Indian and the other belongs to the American population. For the Indian data, there was a change in the cutoff values for β2M, age, eGFR, and hemoglobin, while there was no change in the cutoff value for calcium and albumin as shown in Table 1. For the MMRF data, there was a change in cutoff values for calcium, eGFR, hemoglobin, and age, while the cutoff values for albumin and β2M remain unchanged. The median age of onset of MM in the Indian population is almost a decade early as compared with the population in the USA (27, 28). This supported our assertion of choosing different cutoffs of age for MMIn from the MMRF dataset.

Various models were built on the different combinations of the parameters using both the established and proposed cutoffs for the two datasets. The best staging model for both datasets was obtained when the proposed cutoffs for the respective cohorts were used. When the ML-derived cutoffs were used for the parameters age, eGFR, hemoglobin, and β2M in the A3 model, performance was enhanced significantly in terms of high C-index and hazard ratios as compared with the R-ISS. A similar observation was noticed in the M4 model which utilized ML-derived cutoffs obtained for the MMRF dataset and achieved the best performance among all the models with a significant improvement in the C-index as well as hazard ratios as compared with the R-ISS. Overall, A3 and M4 were the best staging models for the MMIn and MMRF data, respectively. The improvement in the performance of the model verified our hypothesis that the cutoffs of the different parameters vary with different ethnicities.

The plausibility of the proposed model was further substantiated by performing significance testing. The Kruskal–Wallis test showed statistically significant variations (p < 0.05) in the median values of the parameters age, albumin, β2M, eGFR, and hemoglobin across the three risk groups (Figures S4, S5) for both datasets. Furthermore, the Wilcoxon rank-sum test revealed statistically significant variations (p < 0.05) in the median values of the parameters between two successive risk groups (CRSS-1 and CRSS-2; CRSS-2 and CRSS-3). Furthermore, CRSS for the MMIn and MMRF datasets were interpreted using SHAP (13) to establish the clinical relevance of the risk stages predicted by the CRSS. For the MMIn data, elevated levels of β2M and calcium with lower levels of eGFR and hemoglobin contributed to high risk, whereas in the MMRF data, elevated levels of β2M and lower levels of hemoglobin, eGFR, and albumin contributed to high risk in myeloma patients. These findings are in accordance with the observations mostly identified in high-risk MM patients. Additionally, it was observed that the order of impact of hemoglobin was higher in low-risk stage prediction in the MMIn dataset as compared with the MMRF dataset, while the order of impact of hemoglobin was higher in high-risk stage prediction in the MMRF dataset as compared with the MMIn dataset (Figures 3, 7). The difference in the rankings can be attributed to the varying ethnicities and further confirmed our claim of using ethnicity-aware risk-staging models for MM. In the present study, we have used the MMIn and MMRF cohorts belonging to Indian and American ethnicities, respectively, for building CRSS models. Results on both cohorts have strengthened our claim that the robustness of the staging model is amplified by inclusion of ethnicity-specific cutoffs of the prognostic factors as well as by utilizing AI techniques.




Figure 7 | Model interpretation using SHAP. SHAP summary plots for different risk stages inferred in MMRF data showing the impact of different parameters used in the model. (A, B) CRSS-1: albumin, HRCA, and β2M have the highest impact on the low-risk stage. Normal levels of albumin, absence of HRCA, and lower values of β2M are contributing to low risk (CRSS-1) in myeloma patients. (C, D) CRSS-2: β2M, albumin, and HRCA are the key contributors to the intermediate-risk stage. (E, F) CRSS-3: β2M and hemoglobin have the highest impact on the high-risk stage. Elevated levels of β2M and lower values of hemoglobin are contributing toward the high-risk stage in the patient. Lower values of albumin and eGFR are further promoting high-risk stage prediction.



The classification rules were obtained using a decision tree classifier on the classification output of the best performing models in both MMIn and MMRF data. Overall classification accuracy was 94.79% and 98% for the MMIn and MMRF data, respectively. Final risk stages were evaluated using the classification rules in both datasets. Furthermore, it is evident from the UMAP plots that both the MMIn and MMRF data were not visible as three separate risk groups initially in the absence of CRSS risk labels (Figures S3A, C, E). With the addition of these risk labels with every patient sample, the subjects could be seen to be grouped separately (where a group corresponds to one risk label) in the UMAP plot (Figures S3B, D). This demonstrates the ability of the CRSS model in identifying the risk groups correctly from the non-separable data. To further validate our model, we found risk stages in 123 prospective subjects of MMIn data that were not used to build the CRSS model. UMAP plots (Figure S3F) suggest that the prospective subjects got correctly aligned to their respective risk stages inferred via CRSS.

For the MMIn data, β2M was in the highest level of hierarchy in the classification rules followed by hemoglobin and HRCA (Figure S2A). For the MMRF data, the prognostic factor in the highest level of hierarchy was β2M followed by albumin and Hb (Figure S2B). The cutoff values for β2M, albumin, and Hb were 5.2, 3.55, and 9.64. The cutoffs for β2M and albumin were not changed, but the cutoff value proposed for Hb was 9.59, which was close to the observed value in the classification rules. This observation further justified our choice of using new cutoffs for the risk-staging model.



Conclusion

In this work, we examined the impact of ethnicity-based cutoffs of laboratory parameters derived using the ML algorithm on risk prediction in Indian and American patients with MM. We trained different risk-staging models for both the MMRF and MMIn datasets. The best predictor model was obtained when ethnicity-specific cutoffs of the clinical parameters were utilized. Furthermore, we presented a new reliable and robust AI-enabled risk-staging system, namely, CRSS, which utilizes easily acquirable laboratory and clinical parameters, i.e., age, albumin, β2M, calcium, eGFR, and hemoglobin along with HRCA (Table S5). Risk stratification achieved by AI-assisted CRSS is able to better separate the patients into different risk groups as compared with the R-ISS. High concordance-index and hazard ratios reveal the superior performance of the CRSS as compared with the R-ISS.

Furthermore, the clinical and biological significance of the decision tree classifier rules for risk stage prediction in MM patients was deduced via SHAP analysis on both datasets. The successful evaluation of our proposed staging system on both datasets establishes the utility of the proposed ethnicity-aware staging system for NDMM patients, treated largely with novel agents or a combination thereof, in a real-world scenario. Our study also highlights the importance of application of AI in building CRSS, thereby enhancing the prediction of survival outcome and separability of risk stages in NDMM patients. We have also developed a web platform-based AI-assisted ethnicity-aware MM risk-staging calculator.



Limitations and Future Work

The CRSS has been built on a smaller set of NDMM patients as compared with the R-ISS (3) study. In the future, the CRSS model may be tested on larger datasets with varying ethnic groups as the cohort size of the present study is 25% of the cohort used in the R-ISS reported in 2015. As the CRSS calculator becomes available online, data could be generated by independent groups for further validation in real-world scenarios.
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The PI3K/Akt pathway—and in particular PI3Kδ—is known for its role in drug resistant B-cell acute lymphoblastic leukemia (B-ALL) and it is often upregulated in refractory or relapsed B-ALL. Myc proteins are transcription factors responsible for transcribing pro-proliferative genes and c-Myc is often overexpressed in cancers. The chromatin regulator BRD4 is required for expression of c-Myc in hematologic malignancies including B-ALL. Previously, combination of BRD4 and PI3K inhibition with SF2523 was shown to successfully decrease Myc expression. However, the underlying mechanism and effect of dual inhibition of PI3Kδ/BRD4 in B-ALL remains unknown. To study this, we utilized SF2535, a novel small molecule dual inhibitor which can specifically target the PI3Kδ isoform and BRD4. We treated primary B-ALL cells with various concentrations of SF2535 and studied its effect on specific pharmacological on-target mechanisms such as apoptosis, cell cycle, cell proliferation, and adhesion molecules expression usingin vitro and in vivo models. SF2535 significantly downregulates both c-Myc mRNA and protein expression through inhibition of BRD4 at the c-Myc promoter site and decreases p-AKT expression through inhibition of the PI3Kδ/AKT pathway. SF2535 induced apoptosis in B-ALL by downregulation of BCL-2 and increased cleavage of caspase-3, caspase-7, and PARP. Moreover, SF2535 induced cell cycle arrest and decreased cell counts in B-ALL. Interestingly, SF2535 decreased the mean fluorescence intensity (MFI) of integrin α4, α5, α6, and β1 while increasing MFI of CXCR4, indicating that SF2535 may work through inside-out signaling of integrins. Taken together, our data provide a rationale for the clinical evaluation of targeting PI3Kδ/BRD4 in refractory or relapsed B-ALL using SF2535.
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Introduction

Despite a high five-year survival rate, relapsed and refractory B-cell acute lymphoblastic leukemia (B-ALL) remains a problem in children (1) the and prognosis for adult B-ALL patients is poor (2). During treatment, leukemia cells interact with the bone marrow (BM) microenvironment and obtain a survival benefit, known as cell adhesion-mediated drug resistance (CAM-DR) (3). This drug resistance in B-ALL can be achieved by increased pro-survival intracellular signaling as a result of adhesion to the BM microenvironment. The PI3K-AKT pathway has been identified as one of the most significant pro-survival pathways in CAM-DR and leukemia cell-BM stromal cell contact has been shown to upregulate phosphorylated AKT in B-ALL (4). Despite great interest in inhibition of the AKT pathway via targeting PI3K isoforms in leukemia, a clinically available drug for B-ALL treatment remains elusive (4–6).

In addition, PI3K inhibition facilitates degradation of the transcription factor MYC through the GSK-3β-dependent MYC phosphorylation pathway (7). Emerging reports have indicated oncogenic protein c-Myc plays a critical role in survival, proliferation, and drug resistance in both B and T-ALL (8–11). However, direct targeting of Myc has been a challenge due to its “undruggable” protein structure (12). Currently, targeting c-Myc transcription by interfering with chromatin-dependent signal transduction to RNA polymerase by BRD4 inhibition has shown great promise (12, 13). BRD4 is a member of the bromodomain and extraterminal domain (BET) family of proteins which binds to acetylated lysine residues at promoter and enhancer regions, including regions for the MYC gene (14). BRD4 has been proposed to be a critical chromatin regulator that maintains disease progression in acute myeloid leukemia (AML) (15). As a result, suppression of BRD4 with shRNA or JQ1, a bromodomain inhibitor, caused anti-leukemic effects in vitro and in vivo. An increasing number of studies show promising results of BET protein inhibition with preclinical inhibitors, such as JQ1 in AML cell lines, ex vivo patient samples, or mouse models (16, 17). BET inhibition also been shown to be efficient against primary childhood B-ALL by decreasing c-Myc protein stability, suppressing progression at DNA replication forks, and sensitizing primary B-ALL towards dexamethasone in vitro and in vivo (18). There are few BET inhibitors that have been used in clinical trials, including OTX015 (MK-8628), an analog of JQ1, in a Phase 1 trial for AML (19). In this dose-escalation study, three patients achieved complete remission and two additional patients had partial blast clearance (19). Previous studies have shown that concomitant inhibition of PI3K and BRD4 by SF2523 blocks MYC expression and activation, promotes MYC degradation, and markedly inhibits neuroblastoma cell growth and metastasis (20). Taken together, PI3K and BRD4 inhibition cause downregulation of c-Myc owing to promotion of c-Myc degradation and attenuation of c-Myc transcription. Therefore, it is a rationale for synthesis of a dual targeting PI3K and BRD4 inhibitor (21, 22).

Herein, we evaluated SF2535, a novel small molecule inhibitor of PI3Kδ and BRD4, in B-ALL. We have reported the chemical structures of SF2535, which is a derivative of SF2523 (20). Both SF2535 and SF2523 were found from a discovery of the 5-morpholino-7H-thieno[3,2-b]pyran-7-one (TP-scaffold) system, which was the foundation of a new compound class of potential PI3K inhibitors with improved potency. As BRD4 bromodomains (BDs) are targets of TP-scaffold inhibitors, both SF2535 and SF2523 bind to BRD4 BD1 to a similar extent according to displacement and NMR titration experiments (20). Unlike SF2523, which is a highly selective and potent inhibitor of PI3K, particularly of the PI3Kα isoform, SF2535 specifically targets PI3Kδ. Since the PI3Kδ isoform is expressed selectively in hematopoietic cells and PI3Kδ signaling is active in many B-cell leukemias and lymphomas (23), we chose B-ALL as the disease model for the preclinical evaluation of SF2535.



Materials and Methods


Patient Samples and Cell Culture

Bone marrow samples were obtained from B-ALL patients after informed signed consent from patients in compliance with the Institutional Review Board regulations of Children’s Hospital Los Angeles. Primary B-ALL blasts from bone marrow aspirates were isolated by Ficoll (GE Healthcare) gradient centrifugation and co-cultured with irradiated OP9 stroma cells (ATCC) in MEM-alpha supplemented with 20% fetal bovine serum (FBS, Invitrogen), 100U/ml penicillin and 100µg/ml streptomycin at 37°C and 5% CO2. Patient sample information is listed in Table S1.



Starvation and Activation Assay for Detection of Phosphorylated-AktSer473

B-ALL cells were serum-deprived by washing twice with Dulbecco’s Phosphate-Buffered Saline (DPBS, Invitrogen) and cultured in MEM-alpha media at 37°C and 5% CO2 overnight. Following another wash with DPBS, B-ALL cells were treated with vehicle control DMSO or SF2535 for 30 minutes. Subsequently, FBS was added to a final concentration of 20% to all cells except for the no-activation control groups. Whole cell lysates were isolated after 1 hour for Western blot analysis for phosphorylated-AktSer473 (p-AKTS473) detection.



Western Blot

B-ALL cells were harvested and lysed in M-PER buffer (Invitrogen) containing 1% protease inhibitor cocktail (VWR). Protein concentration was determined by Bradford protein assay. Proteins were separated by 4-12% Bis-Tris protein gels (Invitrogen) and transferred to PVDF membranes (Invitrogen). The antibodies (Abs) used are listed in Table S2.



Chromatin Immuno-Precipitation (ChIP)

Cells were treated with DMSO or SF2535 5µM for 18 hours and were then harvested and processed using ChIP kit according to the manufacturer instructions (Abcam). In brief, the cells were fixed with 1.1% Formaldehyde, quenched by 10% glycine, and lysed. The lysates were sonicated in order to shear DNA to form DNA fragments with optimal size of 200-1000bp. A portion of the diluted chromatin was set aside for the INPUT. Diluted chromatins were incubated with anti-BRD4 (1:50, CST), anti-histone H3 (4µg, Abcam) as positive control, or no antibody as negative control overnight with rotation at 4°C. The antibody binding beads were added and washed according to the manufacturer’s instructions. The samples were treated with DNA-purifying slurry and Proteinase K to purify DNA. Samples were subjected to qPCR using the c-MYC promoter primers (F: 5’-GAGCAGCAGAGAAAGGGAGA-3’, R: 5’-CAGCCGAGCACTCTAGCTCT-3’). Fold enrichment was analyzed as described previously described (24).



RNA Extraction and qPCR

Cells were treated with DMSO or 5µM SF2535 for 6 hours. Total RNA was extracted using the Qiagen RNeasy kit (Qiagen) and cDNA was produced by the SuperScript III First-Strand Synthesis System (Invitrogen). cDNA was amplified by specific c-Myc primers (F 5’-CTTCTCTCCGTCCTCGGATTCT-3’; R 5’-GAAGGTGATCCAGACTCTGACCTT-3’) and GAPDH primers (F 5’-GTTGCCATCAATGACCCCTTCATTG-3’; R 5’-GCTTCACCACCTTCTTGATGTCATC-3’) with PowerUp SYBR Green Master Mix (Applied Biosystems) using a ABI 7900HT qPCR machine. Relative expression levels of c-Myc were normalized to GAPDH expression and calculated as described previously (24).



Apoptosis Analysis With Annexin V and DAPI Staining

Following 24 hours or 72 hours treatment of DMSO or SF2535, B-ALL cells were resuspended in 1X Annexin V binding buffer (Becton Dickinson) at a concentration of 1×106 cells per mL. 2.5μl Annexin V PE (BioLegend) and 2.5μl DAPI (50μg/mL, Invitrogen) were added to 100μl of the cell suspension. After 15 min incubation at room temperature in the dark, B-ALL cells were analyzed by flow cytometry using BD FACS Canto II.



Cell Cycle Analysis

B-ALL cells were treated with DMSO or SF2535 (0.2µM 1µM, or 5µM) for 24 hours. Subsequently, cells were stained with CytoPhase™ Violet (BioLegend) at 5µM and incubated for 90 minutes at 37°C and 5% CO2 and analyzed on a BD FACSCanto II flow cytometer. Furthermore, BrdU incorporation assay (Phase-Flow™ BrdU cell proliferation kit FITC-conjugated, BioLegend) according to the protocol of the manufacturer was performed as confirmation of the results. In brief, BrdU solution was added to cell suspension at 0.5μL/mL. Following 1.5-hour incubation, B-ALL cells were harvested and washed. Buffer A was added for 20 minutes at 4°C to fix cells. Then after cell permeabilization and repeat fixation of cells, cells were treated with DNAse and incubated 1 hour at 37°C. Lastly, 5μL of anti-BrdU antibody was added to each tube for 15 minutes at room temperature in the dark. Cells were resuspended with PBS containing DAPI (1μg/mL) prior to acquiring on a flow cytometer.



Cell Proliferation Assay

1×106 B-ALL cells were seeded per condition in triplicates on irradiated OP9 stromal cells as previously described (25). B-ALL cells were treated with DMSO or SF2535 (0.2µM 1µM, or 5µM) for 24 hours and 72 hours. Cell numbers were counted by Trypan blue exclusion on a hemocytometer under an inverted phase-contrast microscope.



Flow Cytometry

B-ALL cells were treated with the indicated concentration of SF2535 for 24h. Subsequently, B-ALL cells were resuspended in 100µl PBS containing FACS antibodies or the respective isotype controls (information can be found in Table S3). Following incubation at 4°C for 30 min, B-ALL cells were washed by 1ml PBS and resuspended in PBS containing DAPI (1μg/mL) then analyzed with a BD FACSCanto II flow cytometer. Flow cytometry data was analyzed with FlowJo 7.0 software (FlowJo LLC).



Cell Adhesion Assay

2.5 × 104/well irradiated OP9 cells were seeded onto a tissue culture 96-well plates and cultured overnight. Simultaneously, B-ALL cells were treated with different concentrations of SF2535 or DMSO for 24 hours. Then live B-ALL cells were harvested, washed once with DPBS, and resuspended at the final concentration of 0.2 × 106/200µL with culture medium. B-ALL cells were dispended onto an irradiated OP9 96-well plate with 200 µL in each well and allowed to adhere for 2 hours at 37°C. Non-adhering cells were removed and remaining cells on OP9 were gently washed with 100 µL of DPBS. Adherent cells and supernatant cells were counted by Trypan blue exclusion on a hemocytometer.



Animal Studies

Primary relapsed B-ALL cells (LAX56) were intravenously injected into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG, The Jackson Laboratory) mice (1×106cells/mouse). After 3 weeks of engraftment, SF2535 (30 mg/kg, dissolved in 20% dimethylacetamide (DMA) and 80% Captisol (20% w/v in water for 2mg/ml)) (n=6) or vehicle (n=6) was administered once by intraperitoneal (i.p.) injection. After 24 hours, mice were sacrificed and bone marrow, spleen, and peripheral blood were harvested, and red blood cells were lysed by RBC lysis buffer (Invitrogen). The animal study was performed in compliance with a research protocol approved by the Institutional Animal Care and Use Committee (IACUC), the Saban Research Institute of Children’s Hospital Los Angeles.



Data Analysis and Statistics

All statistical analyses were performed using GraphPad Prism 5. The mean was chosen as a center value for all graphs. 95% confidence interval (95% CI), a standard deviation of the mean was used as measures of spread as indicated in figure legends and the Results section. Statistical analysis was performed using paired Student’s t-test or one-way ANOVA followed by Tukey’s multiple comparison tests for statistical analyses as appropriate. A p-value of <0.05 was considered statistically significant.



Treatment of Normal B Cells With SF2535

0.5x106 of immortalized EBV-transformed normal B cell lines 3301015 and 5680001 (kind gift from Dr. Hsieh and Dr. Lieber) were treated with 5μM of SF2535 in 1mL of R10 medium in a 24-well tissue culture plate. After 24hours, cells were harvested and washed with DPBS. Washed cells were stained with 7AAD and Annexin V in Annexin V staining buffer. Viability of cells was assessed by measuring the percentage of 7AAD/Annexin V double negative population.




Results


PI3Kδ and BRD4 Expression in B-ALL

Expression of PI3Kδ and BRD4 was determined in fifteen primary B-ALL and three B-ALL cell lines representing various cytogenetics (Table S1). Most of the primary B-ALL and cell lines expressed similar levels of PI3Kδ despite their difference in cytogenetics, while BRD4 levels were variable (Figure 1A). In order to choose primary B-ALL patient samples for further analysis, we made selections based on their diagnosis status (relapsed or refractory), expression of both PI3Kδ (Figure S1A) and BRD4 (Figure S1B) based on quantitative densitometric analysis, and inclusion of a wide range of karyotypes including BCR-ABL1+ status. Based on these factors we selected LAX56, LAX7R, and TXL3 for subsequent studies.




Figure 1 | SF2535 downregulates c-Myc and p-AKT. (A) PI3Kδ and BRD4 expression in whole cell lysates in B-ALL. (B) Primary B-ALL LAX56, LAX7R and TXL3 cells were treated with SF2535 at 5µM. After 18 hours, the cells were harvested for BRD4 ChIP analysis which was performed at the c-Myc promoter site. Data were combined from three independent experiments per leukemia. Data was analyzed by paired Student’s t-test, where ****P<0.0001 vs. ctrl (DMSO). (C) qPCR data showing the effect of SF2535 on c-Myc expression in B-ALL cells. Experiment was performed in triplicate. Data was analyzed by Student’s t test, where **P<0.01, ***P<0.001 vs. ctrl (DMSO). (D) LAX56, LAX7R and TXL3 cells were treated with 0.1% DMSO or SF2535 (0.2μM, 1μM, or 5μM) for 48 hours. c-Myc expression of B-ALL cells was analyzed by Western blot. (E) LAX56, LAX7R, and TXL3 cells were pre-treated with either 0.1%DMSO control or proteasome inhibitor MG132 (4μM) for 45 min and subsequently treated with SF2535 at 5μM for 6 hours. c-Myc expression was analyzed by Western blot. (F) LAX56, LAX7R and TXL3 cells were cultured in MEM-α without serum overnight. Subsequently, cells were treated with 0.1% DMSO control, SF2535 (0.2μM, 1μM, 5μM) for 30 mins. Cells were activated with 20% FBS for 1 hour. Western blots of p-AKTS473 and AKT are shown. β-actin was used as internal control for equal protein loading for Western blots (D–F). One of two independent experiments per leukemia was performed for (D–F).





SF2535 Downregulates c-Myc and p-AKT in B-ALL

To determine the effective concentration of SF2535 in primary B-ALL cases, we treated three primary B-ALL (LAX56, LAX7R, and TXL3) cells with increasing concentrations of SF2535 for 48 hours. SF2535 dose-dependently induced apoptosis in all B-ALL cells, and the calculated EC50 values of SF2535 were 2.4μM (95% CI, 1.990μM - 2.935μM), 1.5μM (95% CI, 1.389μM - 1.633μM), and 3.2 μM (95% CI, 2.718μM – 3.670μM) in LAX56, LAX7R and TXL3, respectively (Figure S2). Based on these values, three different doses of SF2535, 0.2μM, 1μM, and 5μM, were chosen for subsequent studies. As c-Myc transcription is mediated by BRD4 binding to the promoter region (12), we evaluated the specific effect of SF2535 on BRD4 binding on the c-Myc promoter by chromatin immunoprecipitation (ChIP). In all three cases, SF2535 decreased BRD4 binding to the c-Myc promoter site compared to DMSO (LAX56 P<0.0001, LAX7R P<0.0001, TXL3 P<0.0001) (Figure 1B). Subsequently, mRNA transcript levels of c-Myc expression were significantly decreased upon SF2535 treatment in all three cases (LAX56 P=0.0020, LAX7R P=0.0002, TXL3 P=0.0009) (Figure 1C). Finally, SF2535 prominently downregulated c-Myc protein expression in a dose-dependent manner, which was determined by Western blot (Figure 1D, Figure S3A). Decrease in c-Myc protein expression could be restored by the proteasome inhibitor MG132, which shows c-Myc degradation in B-ALL occurs through the ubiquitin-proteasome pathway (26) (Figure 1E, Figure S3B). SF2535 also decreased phosphorylated AKT in LAX56, LAX7R and TXL3, demonstrating the on-target effect of SF2535 on PI3Kδ. Following serum starvation of leukemia cells, B-ALL cells were treated with DMSO (vehicle control) or 0.2μM, 1μM, or 5μM of SF2535 for 30 minutes followed by 1 hour serum-induced activation. Levels of p-AKTS473 decreased in a dose-dependent manner from SF2535 in LAX56, LAX7R, and TXL3 B-ALL cells (Figure 1F, Figures S3C, D).



SF2535 Induces Apoptosis in B-ALL Cells Through Changes in the Intrinsic Apoptotic Pathway

To determine the apoptotic effect of SF2535 in primary B-ALL, LAX56, LAX7R, and TXL3 cells were treated with DMSO or 0.2μM, 1μM, or 5μM SF2535 for 24 hours and 72 hours (Figure 2). The percentages of apoptotic cells were significantly increased after 24 hours with 5μM SF2535 compared to DMSO control for LAX56 (51.48 ± 4.51% vs 31.28 ± 4.94%, P<0.0001), LAX7R (53.86 ± 14.02% vs 19.98 ± 8.51%, P<0.0001), and TXL3 (39.51 ± 10.49% vs 20.90 ± 4.05%, P<0.0001) (Figures 2A–C), and were also significantly increased after 72 hours of treatment (Figures 2D–F) in four independent experiments performed. We further analyzed whether SF2535 affects components of the intrinsic apoptotic pathway, including caspase-3, caspase-7, PARP and the anti-apoptotic component BCL-2. 5μM SF2535 significantly increased cleaved PARP, caspase-3, and caspase-7 in LAX56, LAX7R, and TXL3. Moreover, SF2535 5μM markedly decreased BCL-2 after 72 hours in both LAX7R and TXL3, yet not in LAX56 (Figures 2G–I).




Figure 2 | SF2535 induces apoptotic effects in B-ALL cells. LAX56, LAX7R and TXL3 B-ALL cells were cultured in presence of 0.1% DMSO (white bars) or SF2535 (0.2μM, 1μM, or 5μM) (in red bars) for 24 (A–C) and 72 hours (D–F) and apoptosis was assessed by percent of Annexin V+ cells by flow cytometry. Data are pooled from four independent experiments performed in triplicates. P-values are calculated using one-way ANOVA test and Tukey’s multiple comparison test. **P<0.01, ***P<0.001 compared to the DMSO group. LAX56, LAX7R and TXL3 B-ALL cells were cultured in presence of 0.1% or SF2535 5μM for 24 and 72 hours and proteins were isolated for Western blot analysis (G–I). β-actin was used as loading control. One of two experiments is shown.





SF2535 Causes Cell Cycle Changes and Suppresses Cell Counts in B-ALL

In order to determine if the decrease in proliferation was due to cell cycle arrest, we performed cell cycle analysis in SF2535-treated B-ALL cells. LAX56, LAX7R and TXL3 cells were treated with DMSO control or with 0.2μM, 1μM or 5μM of SF2535. After 24 hours, percentage of cells in G0+G1 phase increased while the percentage of cells in S phase decreased in all SF2535-treated groups except for TXL3 treated with 0.2μM of SF2535 (Figure 3). In LAX56 cells (Figure 3A), 0.2μM, 1μM and 5μM SF2535 when compared to DMSO prolonged G0+G1 phase (P=0.278, P=0.006, P<0.001, respectively) and arrested S phase (P=0.044, P=0.011, P<0.001, respectively). Similarly, significant prolonged G0+G1 phase was found in LAX7R (Figure 3B) and TXL3 (Figure 3C). The summarized results of mean and standard deviation of two independent triplicate experiments and representative flow cytometry figures are depicted in Figure S4. In addition, BrdU incorporation assays were performed, and similar results were shown (Figure S5). According to the apoptotic effect and S phase cell cycle arrest of SF2535, we performed cell count assays to assess the potential effects on proliferation by SF2535 in B-ALL cells. We treated B-ALL cells with DMSO or 0.2μM, 1μM, or 5μM SF2535 for 24 and 72 hours. Both 1μM and 5μM SF2535 significantly inhibited cell proliferation after 72 hours of treatment of LAX56 (Figure 3D), LAX7R (Figure 3E), and TXL3 (Figure 3F). For instance, at 72 hours, 1μM and 5μM of SF2535 reduced the number of viable cells compared to (2.74 ± 0.33) × 106 in DMSO to (1.49 ± 0.49) × 106in SF2535 1μM (P<0.0001) and (0.29 ± 0.17) × 106 in SF2535 5μM (P<0.0001), in LAX56.




Figure 3 | SF2535 prolongs G0+G1 phase arrest and attenuates S phase. (A) LAX56, (B) LAX7R and (C) TXL3 B-ALL cells were treatment with DMSO or SF2535 (0.2μM, 1 μM, or 5μM) for 24 hours. Cell cycle was assessed via flow cytometry after 24 hours of treatment. White bars indicate G0+G1 Phase. Green bars indicate G2+M Phase. Red bars indicate the S Phase. P-value *<0.05: Comparing S phase compared to DMSO S phase. P-value #<0.05: Comparing G0+G1 phase to DMSO G0+G1 phase. The results are representative of two independent triplicate experiments. To determine the effect of SF2535 on proliferation and cell numbers, LAX56 (D), LAX7R (E) and TXL3 (F) B-ALL cells were treated with DMSO or SF2535 (0.2μM, 1μM, or 5μM) for 24 and 72 hours. Numbers of live cells were counted by Trypan blue exclusion on a hemocytometer. Data of three independent triplicate experiments in triplicates are combined. P-value *<0.05 compared to DMSO; ns, not significant.





SF2535 Decreases Surface Integrin Expression

Our previous studies have shown that cell adhesion-mediated drug resistance (CAM-DR) plays a crucial role in relapsed and refractory B-ALL (27, 28). Previously, we have shown inhibition of PI3Kδ with idelalisib in B-ALL inhibited homing of cells into the bone marrow (29). Decrease in homing may be due to the inability of cells to adhere to surrounding microenvironment upon PI3Kδ inhibition. In order to determine if blockade of PI3Kδ affects expression level of surface adhesion in B-ALL cells, we assessed integrin α4, α5, α6, β1, and CXCR4 expression in SF2535 treated B-ALL. LAX56, LAX7R and TXL3 were treated with DMSO control or with 0.2μM, 1μM or 5μM of SF2535. After 24 hours, cells were stained with anti-integrin α4, α5, α6, β1, and CXCR4 antibodies and their mean fluorescence intensity (MFI) was assessed by flow cytometry. To exclude dead cells which can interfere with flow cytometry data analysis, viable cells were strictly gated and a representative gating strategy of 5μM SF2535 treated LAX56 cells is shown in Figure S6A. As a result, histograms of integrin α4, α5, α6, β1, and CXCR4 showed relatively small changes in expression levels of integrin subunits and CXCR4 between DMSO and SF2535-treated groups (Figures 4A–C). Moreover, MFI of integrin α4, α5, α6, and β1 significantly decreased in SF2535 treated groups while MFI of CXCR4 increased in LAX56, LAX7R and TXL3 after SF2535 treatment (Figures 4D–R, S6). This result shows dual inhibition of PI3Kδ and BRD4 decreases integrin expression on the cell surface that is important for adhesion of leukemia cells to the microenvironment. However, SF2535 hardly decreased percentages of integrin α4, α5, and β1 expression (Figures S6E–S) and cells may compensate for the loss of integrin subunits by expressing other surface molecules implicated in adhesion, such as CXCR4. In order to further evaluate the physiological and biological relevance of integrin expression effect, we performed cell adhesion assays. Firstly, B-ALL cells were plated at 0.2 × 106/200µL onto 96 well tissue culture plates seeded with or without irradiated OP9 stromal cells, which has multiple integrin ligands (25, 27), B-ALL cells were allowed to adhere for 4 hours. Subsequently, cells were treated with increasing SF2535 doses and cultured overnight. More de-adhered B-ALL cells were found in SF2535 treatment groups, whereas SF2535 induced more dead cells compared to DMSO vehicle control (Figure S7). Since SF2535 induces apoptosis of B-ALL, we pre-treated B-ALL with SF2535 for 24 hours and harvested live cells. Harvested cells were washed and plated at 0.2 × 106/200µL onto 96 well tissue culture plates seeded with irradiated OP9 stromal cells for 2 hours allowing B-ALL cells to adhere. We observed that 5μM SF2535 significantly inhibited adhesion of the three B-ALL cells to stromal cells (Figure 5).




Figure 4 | SF2535 affects adhesion molecules. Representative histograms for integrin α4, α5, α6, β1, and CXCR4 expression for (A) LAX56, (B) LAX7R and (C) TXL3 cells were treated with 0.1% DMSO (in white bars) or SF2535 (0.2μM, 1μM, 5μM in gradient red bars) for 24 hours. (D–R) Mean fluorescence intensity (MFI) of integrin α4, α5, α6, β1, and CXCR4 were shown on indicated y-axis in (D–H) LAX56, (I–M) LAX7R and (N–R) TXL3 B-ALL cells. P-value *<0.05 compared to DMSO control. One representative experiment out of at least two independent experiments is shown.






Figure 5 | SF2535 moderately inhibits B-ALL adhesion to OP-9 cells. (A) Schema of adhesion assays. (B) LAX56, (C) LAX7R, and (D) TXL3 cells were treated with DMSO (D) or SF2535 for 24 hours. After harvest and wash, 0.2×106 alive cells per well were placed on pre-seeded OP9 cells plate for 2 hours. Adhesion and supernatant cells were counted by Trypan Blue exclusion. Percentage (%) of alive adhesion cells were presented. Experiments were performed in triplicates. *P < 0.05, **P < 0.01, ***P < 0.001 compared to DMSO group.





SF2535 Decreases Peripheral Leukemic Burden in Mouse Model

We evaluated in vivo efficacy of the drug in a leukemia-engrafted mouse model. In order to determine the in vivo effects of SF2535, NSG mice were first intravenously injected with 1×106 LAX56 cells per mouse. After 3 weeks of engraftment, the mice were treated either with the vehicle control (n=6) or SF2535 (30mg/kg, n=6) (Figure S8A). SF2535 was administered once to the mice and the early effects of the drug on B-ALL cells were evaluated. After 24 hours post-injection of SF2535, the mice were sacrificed and bone marrow (BM), spleen cells (SPC), and peripheral blood (PB) were collected and analyzed for human CD45+CD19+ expression via flow cytometry (Figures S8B–D). Leukemia burden, shown as percentage of human CD45+CD19+, in PB was significantly decreased in SF2535-treated mice (P=0.0202) (Figure S8D) yet there was no decrease of human leukemia in BM or SPC (Figures S8B, C). This result shows the dose and timing of SF2535 administration is sufficient to decrease leukemia burden in the peripheral blood. Effect of SF2535 on normal mature B-cells.

Finally, we tested SF2535 toxicity in two immortalized normal B cell lines, 3301015 and 5680001. At 24hours post-treatment, SF2535 decreased viability of 3301015 cells compared to control treated cells (71.6 ± 2.5%; N=3 vs 63.6 ± 0.3%; N=3) (P=0.03) while viability of 5680001 cells was not affected by SF2535. (Figure S9).




Discussion

PI3K has been targeted by copanlisib and duvelisib which were approved by the FDA for use in CLL and follicular lymphoma (30, 31). It has been demonstrated that PI3K also plays a crucial role in ALL (4, 29). Our findings show that PI3K is broadly expressed in B-ALL and the key downstream signal p-AKT S473 is markedly downregulated by dual inhibition of PI3Kδ-BRD4 by SF2535 (Figure 1F). In addition, it is well established that c-Myc plays a major role in mature B-ALL and Burkitt lymphoma (32, 33), however, there are few studies that explore the role of c-Myc in other types of B-ALL. Ott et al. reported that BET bromodomain inhibition using JQ1 targets both c-Myc and IL7R in high-risk CRLF2-rerranged and other B-ALL (34). Moreover, oncogenic Myc is also a difficult target for cancer therapy, and alternative approaches have been taken to indirectly target Myc by blocking pathway events upstream of c-Myc (12). Our previous study showed feasibility of targeting Myc with a dual-activity PI3K-BRD4 inhibitor (20). In our present study, we have demonstrated that c-Myc is expressed in B-ALL, and c-Myc was markedly downregulated by inhibition of its promoter site by SF2535 (Figures 1B–D). SF2535 also led to a decrease in p-AKTS473 levels upon inhibition of PI3Kδ. Our data show that SF2535 led to downregulation of both p-AKT and c-Myc in B-ALL. However, as BRD4 expression is highly variable in samples (Figure 1A, S1B), it would be appropriate to determine the BRD4 expression before SF2535 treatment.

Inhibition of c-Myc has been shown to result in apoptosis in T-ALL (34, 35). Our data also indicate that dual inhibition of PI3Kδ and BRD4 results in apoptosis or primary B-ALL cells using SF2535 (Figures 2A–F). Furthermore, we demonstrated that SF2535-induced apoptosis occurs through the intrinsic pathway via increasing cleavage of PARP, caspase-3 and caspase-7 and decreasing BCL-2 (36) (Figures 2G–I). Inhibition of PI3Kδ and BRD4 not only induced apoptosis, but also caused cell cycle arrest and decreased proliferation (Figure 3). A potential mechanism is that BET bromodomain inhibition affects key regulators of the cell cycle such as cyclin D1 expression (20).

Recently, we have suggested that BRD4 regulates the immunosuppressive myeloid tumor microenvironment which can be blocked by PI3K/BRD4 inhibitors using SF2523 (24). The bone marrow environment has been shown to promote CAM-DR in ALL (37). Our previous studies have identified the integrin α4 and α6 as an adhesion molecule that plays a critical role in B-ALL through CAM-DR (25, 27). Our results indicate dual inhibitors of PI3Kδ and BRD4 using SF2535 affected the expression of adhesion molecules including integrin α4, α5, α6, β1, while CXCR4 was increased (Figure 4). This finding suggests a relationship between integrins and PI3Kδ through outside-in signaling (28) and would warrant further mechanistic studies. It has been shown that integrin α6 and β1 are regulated by the c-Myc oncogene in colorectal cancer cells (38, 39) and a murine hematopoietic cell line (40). Yao et al. recently showed that use of a PI3Kδ inhibitor resulted in a significant reduction of leukemia metastasis to the central nervous system due to decreased integrin α6 expression despite minimally decreased bone marrow disease burden (41). It is possible that CXCR4 expression compensates for the downregulation of integrins, which requires further investigation. Although dual inhibitors of PI3K and BRD4 has been investigated in some solid tumors (20, 24), the current study is the first study to evaluate SF2535 in B-ALL. The bioavailability of SF2535 and its route of penetration and clearance remained unknown. Our preliminary in vivo results show that dual inhibition of PI3Kδ and BRD4 led to a reduction of leukemia cell numbers in the peripheral blood of leukemia bearing mice. Mice tolerated 10mg/kg SF2535 for continuous treatment up to 4 weeks, yet the low dosage of SF2535 was not effective enough to prolong the survival of leukemia engrafted mice, while higher doses 30 mg/kg were not well tolerated in mice (data not shown). We have shown in a small study that SF2535 may decrease viability of mature B-cells to a small but statistically significant extent. These results indicate that SF2535 may induce toxicity in normal B cells, which requires further follow-up studies.

Taken together, these results reveal that SF2535 efficaciously induces apoptosis through downregulating c-Myc and p-AKT pathways in primary B-ALL providing a rationale for further preclinical evaluation of PI3Kδ and BRD4 inhibition in B-ALL.
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Characteristic CR group (n =5) Non-CR group (n = 4)

Age, years

Median (range) 42 (27-58) 55 (22-71)
Sex, male 2 2
Ann Arbor stage Ill/IV 3 3
ECOG performance status>1 2 1

IPI score>2 1 1
Histologic subtypes

PTCL, NOS 1 1
AITL

ALK- ALCL 2 1

ECOG, Eastern Cooperative Oncology Group; IPI, Intemational Prognostic Index; PTCL,
NOS, peripheral T-cell lymphoma; not otherwise specified; AlTL, angioimmunoblastic T-
cell lymphoma; ALK- ALCL, anaplastic large cell lymphoma, ALK negative.
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Characteristics Bone marrow Peripheral blood

BeatAML (n =95) GSE12417 (n =73) GSE71014 (n =104) GSE6891 (n=88) TARGET (n=26) BeatAML (n=43) TCGA (n =60)

Age
Median (yr) 60 62 NA 46 13 62 56
<60 yr 47 31 NA 83 26 18 34
(49.5%) (42.5%) (94.3%) (100%) (41.9%) (56.7%)
>=60 yr 48 42 NA 5 0 25 26
(50.5%) (57.5%) (5.7%) (58.1%) (43.3%)
Sex
Male 52 NA NA 45 17 23 30
(54.7%) (61.2%) (65.4%) (63.5%) (50.0%)
Female 43 NA NA 43 9 20 30
(45.3%) (48.9%) (34.6%) (46.5%) (50.0%)
FAB
MO 4 1 NA 0 0 0 3
(4.2%) (1.4%) (5.0%)
M1 5 21 NA 23 6 1 19
(5.3%) (28.8%) (26.1%) (23.1%) (2.3%) 61.7%)
M2 2 33 NA 12 7 1 17
(2.1%) (45.21%) (13.6%) (26.9%) (2.3%) (28.33%)
M4 1 9 NA 18 6 1 1
(11.6%) (12.3%) (20. 5%) (23.1%) (2.3%) (18.3%)
M5 15 6 NA 29 3 2 9
(15.8%) (8.2%) (33.0%) (11.5%) (4.7%) (15.0%)
M6 0 3 NA 2 0 0 0
(4.1%) (2.3%)
M7 0 0 NA 0 1 0 1
(3.9%) (1.7%)
Unknown 58 0 NA 4 3 38 0
(61.1%) (4.6%) (11.5%) (88.4%)
OS state
Alive 56 31 68 NA 16 18 18
(59.0%) (42.5%) (65.38%) (61.5%) (41.9%) (30%)
Death 39 42 36 NA 10 25 42
@1.1%) (57.5%) (34.62%) (38.5%) (58.1%) (70%)

OS. overall survival: NA, not available.
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BeatAML Year1 0.665 0.633 0.638 0.874
Year2 0.578 0.602 0.742 0.959
Year3 0.528 0.425 0.662 0.911
GSE12417 Year1 0.551 0.563 NA 0.671
Year2 0.605 0.566 NA 0.720
Year3 0.592 0.601 NA 0.672
TARGET Year1 0.667 0.729 0771 0.625
Year2 0.505 0.795 0.554 0.763
Year3 0.535 0.765 0.498 0.728
GSE71014 Year1 0.628 0.698 0712 0.631
Year2 0.636 0.674 0.680 0.697
Year3 0.595 0.680 0.742 0.744

NA, not available.
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MC numbers were highest in AMLT (Acute myeloid leukemia

transformation stage)

MC density was higher in advanced stages of MM
The diseased state had a higher MC density than the

healthy control.

The diseased state had a higher MC density than the
healthy control group, and it was even higher in advanced

stages of MM.

Role

played by publication

MCs

Pro-
tumorigenic

Pro-
tumorigenic
Pro-
tumorigenic

Pro-
tumorigenic

Pro-
tumorigenic

Pro-
tumorigenic

Pro-
tumorigenic

Year of

2016
2002

2001

2015

2014

2016

2012

2016

2011

2001

2010

2019

2013

2015

2016

Reference

(14)

(19)

(16)

a7

(18)
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Hodgkin's
Lymphoma

Splenic Marginal
Zone Lymphoma
Primary Cutaneous
Lymphoma (PCL)

B cell Lymphoma
(BCL

T cell Lymphoma
(TcL)

Leukemia

Multiple myeloma

Melanoma

Colon cancer

Colorectal cancer

Experimental setup

In vitro (human HL cell lines L428, HDLM2,KMH2; human leukemia cell line HL60; mouse
BMMC, SPMCs

In vivo (NOD/SCID mice)

Patient sample

Patient sample

Patient sample, In vitro (HMC-1, KU812)

Patient Sample

In vitro (HL cell lines CO, DEV, HDLM-2,KMH2,L540), umbilical cord derived CBMC
Patient Sample, In vitro

Archival tissue samples of patients

Patient samples

In vitro (Mac2B, MyLa, SeAx, BJAB®, Jurkat, HMC-1, EL4), In vivo (C57BL/6 Kit"V-svW-sh
mice and transgenic mast cell-deficient Mcpt5-Cre*/IDTR* mice)

Patient samples

Patient samples

In vitro (mouse BCL cell line A20)

In vivo (BALB/c)

Patient samples

Patient samples

In vitro (BJAB, LAD2, ADMEC)

In vitro (murine TCL cell line EL4), RBL-2H3 mast cell line

In vitro (murine TCL cell line YAC-1), RBL-2H3 mast cell line

In vitro (murine leukemia cell line L1210), RBL-2H3 mast cell line

Patient sample

Patient sample

Patient sample

Patient sample

In vivo (syngeneic mouse MM model using IgA-producing plasmocytoma MOPC-315
cells, MOPC-104E and J588 plasmocytomas originating from Balb/c)

Patient sample

In vivo (C57BL/6, B6.129S6-Tnf™ ¥/, B6.129S2-1I6"™ 1K1/, B6.129P2-Ccl3™ e/,
and B6.Cg-Kit""/HNihrJaeBsmJ (Kit"V-s""-sh)

In vitro (B16.F10 cells, BMMC)

Patient sample

In vivo (azoxymethane induced CAC model, Cysltr1~~C57BL/6)

Patient sample

Demonstrated role
played by mast cells

Pro-tumorigenic

Pro-tumorigenic

Pro-tumorigenic

Pro-tumorigenic

Pro-tumorigenic

Anti-cancerous
No effect
Pro-tumorigenic
Pro-tumorigenic
Not shown
Pro-tumorigenic
Not shown

Pro-tumorigenic
Anti-cancerous
Anti-cancerous

Anti-cancerous

Year of
publication

2012

2016
2002
2001
2015
2003
2014

2016
2012

2016
2011

2001
2010

2019

2019
2019
2013
2020
2015
2015

2016

2010

2016

2018

Reference

(@5)

RoTTa=
SN =9

sounmO

BMMC, Bone marrow-derived mast cells; SPMC, Spleen-derived mast cells; CBMC, cord blood-derived mast cells; CAC, colitis-associated colorectal cancer.
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Parameter Established Proposed PFS os

cutoff value cutoff value
p-value with p-value with p-value with p-value with
established cutoff proposed cutoff established cutoff proposed cutoff
MMin (n = 1,070)
Age (years) >65 >67 0.11 0.012 5.84e-5 1.25e-6
Albumin (g/dl) <3.5 <3.5 0.115 0.115 7.0e-4 7.0e-4
B2M (mg/L) >5.5 24.78 8.15e-10 9.32e-10 4.13e-10 4.53e-14
Calcium (mg/dl) >11 211 0.0078 0.0078 0.0037 0.0037
6GFR (ml/min/1.73m?) <40 <48.2 0.16 0.04 0.005 1.5e-4
Hb (g/dl) <10 <12.3 0.0019 8.56e-5 0.0014 3.75e-7
MMRF (n = 900)
Age (years) >65 >69 3.23e-05 1.98e-08 1.06e-05 1.58e-09
Albumin (g/dl) <3.5 <3.5 0.00017 0.00017 8.47e-07 8.47e-07
B2M (mg/L) >55 >55 1.226-10 1.226-10 9.25e-13 9.25e-13
Calcium (mg/dl) 211 210.52 0.0077 1.40e-04 5.88e-06 3.49¢-06
€GFR (ml/min/1.73m?) <40 <48.3 4.5e-05 4.67e-09 7.48e-06 2.48e-10
Hb (g/di) <10 <9.59 2.82e-06 5.69e-09 6.77e-06 5.42e-07

The proposed cutoffs were found using complete data of MMIn (n = 1,070) and MMRF (n = 900). Less than or equal to cutoff reveals the increased risk in the patient. “>65" shows that a
patient with age greater than 65 years is at greater risk than a patient less than 65 years. “<3.5" shows that a patient with albumin levels less than equal to 3.5 is at a greater risk than a
patient with albumin levels greater than 3.5. It holds true for other parameters also in a similar manner. Bold values of the column “proposed cutoff value” signify the change in the value of
the parameters from the existing cut-offs. p-values in bold signify that p-values became more significant with the proposed changes in cutoffs.
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PFS os

Hazard ratio p-value C-index Hazard ratio p-value C-index
MMIn (n = 384)

R-ISS (n = 355) 1.42 0.004 0.57 232 <5e-6 0.636
2vsi 1.24 0.33 231 0.04
3vsi 1.92 0.009 5.37 0.00013

Model A1 15 1.00e-5 0.594 2.03 <5e-6 0.646
2vsi 1.53 0.007 213 0.0013
3vs1 2.26 2.00e-5 4.16 <5e-6

Model A2 14 0.0001 0.579 1.74 1.00e-5 0.616
2vsi 1.42 0.056 19 0.02
3vsi 1.98 0.00013 3.13 2.00e-5

Model A3 (CRSS) 1.8 <be-6 06 243 <be-6 0.67
2vsi 1.76 3.00e-4 3.95 <5e-6
Bvst 3.27 <5e-6 6.43 <5e-6

MMRF (n = 800)

R-ISS (n = 658) 1.61 0.00001 0.578 2.26 <5e-6 0.618
2vsi 1.49 0.015 1.79 0.03
3vsi 26 0.00001 4.66 <5e-6

Model M1 1.55 <5e-6 0.6 2.07 <5e-6 0.656
2vs1 1.55 0.00042 2.06 0.00067
3vs1 24 <5e-6 4.3 <5e-6

Model M2 1.62 <6e-6 0.6 2.36 <5e-6 0.657
2vsi 1.44 0.01 212 0.0081
3vsi 2.54 <5e-6 5.22 <5e-6

Model M3 1.54 <6e-6 0.604 22 <5e-6 0.679
2vsi 1.87 <5e-6 2.95 <5e-6
3vsi 232 <5e-6 511 <5e-6

Model M4 (CRSS) 1.79 <5e-6 0.61 2.85 <5e-6 0.676
2vsi 1.76 8.10e-4 41 3.40e-4
3vst 3.19 <5e-6 10.61 <5e-6

Models were built using data for which high-risk cytogenetic information (HRCA) was available (n = 384 for MMIn and n = 800 for MMRF). R-ISS information was available for only 355 out of
384 patients in the MMIn dataset and 658 out of 800 patients in the MMRF dataset. The model with the best performance was A3 and M4 (in bold).

Model A1: beta-2 microglobulin (B2M), albumin, LDH, and CA [del17, t(4;14), t(14,16)] at existing cutoffs. Model A2: age, f2M, albumin, calcium, estimated glomerular filtration rate (eGFR),
Hb, and HRCA using existing cutoffs. Model A3: age, f2M, albumin, calcium, eGFR, Hb, and HRCA using proposed cutoffs for MMin data. Model M1: 2M, albumin, LDH, and HRCA at
existing cutoffs. Model M2: age, f2M, albumin, calcium, eGFR, Hb, and HRCA using existing cutoffs. Model M3: age, 2M, albumin, calcium, eGFR, Hb, and HRCA using proposed cutoffs
for MMIn data. Model M4: age, B2M, albumin, calcium, eGFR, Hb, and HRCA using proposed cutoffs for MMRF data.
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MMin data

R-ISS (n = 355) CRSS (n = 384)
Year 1 2 3 1 2 3
PFS 1 0.9318 0.8305 0.6967 0.8966 0.7812 0.7196
2 0.8606 0.6601 0.5223 0.7709 0.6265 0.4472
3 0.6404 0.5124 0.3632 0.6449 0.4729 0.2515
4 0.3422 0.4179 0.2810 0.5251 0.3624 0.0587
5 0.2738 0.2856 0.2342 0.4014 0.2679 0.0587
oS 1 0.9773 0.9387 0.7784 0.9630 0.8938 0.7976
2 0.9540 0.8415 0.6393 0.9466 0.7679 0.6155
3 0.9282 0.7764 0.5342 0.9098 0.6702 0.5831
4 0.8895 0.6790 0.4958 0.8979 0.5691 0.4574
5 0.8895 0.6422 0.3698 0.8979 0.4791 0.3136
MMRF data
R-ISS (n = 658) CRSS (n = 800)
Year 1 2 3 1 2 3
PFS 1 0.9033 0.8132 0.6358 0.9325 0.8367 0.6611
2 0.7957 0.6261 0.4040 0.8162 0.6734 0.4423
3 0.6295 0.4862 0.3059 0.7008 0.5084 0.3129
4 0.4641 0.3414 0.2781 0.5151 0.3711 0.2249
5 0.2769 0.2450 0.2781 0.4121 0.2637 0.1799
0s 1 0.9807 0.9092 0.8559 0.9869 0.9379 0.8231
2 0.9612 0.8372 0.6460 0.9689 0.8772 0.6780
3 0.9286 0.7799 0.56211 0.9478 0.8217 0.5814
4 0.8833 0.7461 0.4904 0.9478 0.7844 0.5293
5 0.5748 0.7108 0.3678 0.9478 0.6569 0.4691
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TOTAL (N=108)

Patient age years, median (range)
Patient sex, male (%)

HCT-CI, median (range)
Diagnosis, n (%)

Disease status at transplant, n (%)

DRI, n (%)

Type of donor, n (%)

ATLG, n (%)

Stem cell source, n (%)

PBSC graft content, median (range)

BM graft content, median (range)

H/D CMV status, n (%)

AML
ALL
MPAL
MDS
CML
MPD
MDS/MPN
MM
HL
NHL
CLL
Other
CR1
CR=>2
PR
Relapse/PD
Upfront
Low
Intermediate
High
Very high
MRD
MUD
MMUD

PBSC
BM

CD45+ cells x108/Kg
CD34+ cells x10%Kg
CD3+ cells x108/Kg
CD45+ cells x108/Kg
CD34+ cells x108/Kg
CD3+ cells x10%Kg

pos/pos

pos/neg

neg/pos

neg/neg

49 (21-69)
76 (70)

18 (16.7)
18 (16.7)
19 (17.6)
14 (13)
73 (67.6)

)

108 (96.4)

8.7 (1.3-25.5)
7.0(26-17.8)
3.0(06-9.9)
3.1 (2.6-85)
40(2.4-7.0)
0.8(0.3-12.2)

HCT-CI, Hematopoietic cell transplantation-comorbidity index; AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; MPAL, mixed phenotype acute leukemia; MDS,
myelodysplastic syndromes; CML, chronic myeloid leukemia; MPN, myeloproliferative neoplasm; MDS/MPN, myelodysplastic-myeloproliferative neoplasms; MM, multiple myeloma; HL,
Hodgkin lymphoma; NHL, non-Hodgkin lymphoma; CLL, chronic lymphocytic leukemia; CR1, first complete remission; CR2, second complete remission; PR, partial remission; PD,
progressive disease; DRI, Disease Risk Index; MRD, matched related donor; MUD, matched unrelated donor; MMUD, mismatched unrelated donor; ATLG, anti T-lymphocyte globulin;
PBSC, peripheral blood stem cells; BM, bone marrow; H/D, host/donor; CMV, cytomegalovirus.
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Variables

Median (95% CI)

os

PFS

GRFS

TRM

RI

Recipient age
<60 years
>60 years

DRI
Low/intermediate
High/very high

Donor type
MRD

MUD
MMUD

ATLG
Yes
No

Outcomes were not statistically different if patients were grouped according to HCT-CI score, host/donor CMV mismatch, or stem cell source (not shown).

50.1% (38.7-60.5)
16.5% (5.3-33)
p =0.001

46.1% (35.2-56.4)
23.8% (8.7-43.1)
p=0015

48.5% (33.8-61.8)

32.7% (18.2-48.2)

40.9% (20.9-60.1)
p=0.161

35.8% (23.7-48)
48.5% (33.8-61.8)
p=0073

39.3% (28.7-49.8)
6.7% (0.6-23.7)
p =0.019

38.7% (28.4-48.8)
4.8% (0.3-19.7)
p <0.001

43.1% (28.9-56.4)

11.9% (3.6-25.7)

36.4% (17.4-55.7)
p =0.016

21.8% (12.2-33.3)
43.1% (28.9-56.4)
p =002

24.6% (15.8-34.4)
6.9% (0.7-24.3)
p=0.199

25.1% (16.5-24.6)
4.8% (0.3-19.7)
p =0.008

21.7% (11.5-33.9)
12.2% (3.7-26)
31.8% (14.2-51.1)
p=0331

21.7% (11.5-33.9)
20.3% (11-31.5)
p=0537

16.2% (9.2-25.1)
41.6% (22.1-60)
p =0.004

22.1% (14-31.5)
23.8% (8.2-43.9)
p=00986

14.8% (6.4-26.6)
30.8% (16.4-46.3)
27.3% (10.7-47)
p=0.097

29.4% (18.2-41.5)
14.8% (6.4-26.6)
p =0.031

44.4% (33.3-54.9)
51.1% (27.3-70.7)
p=0916

39.1% (28.8-49.3)
71.4% (44-87.1)
p =0.002

42% (28.1-55.3)

57.1% (37.9-72.4)

36.4% (16.8-56.3)
p=0373

48.6% (35-61)
42% (28.1-55.3)
p=0731

Cl, confidence interval; OS, overall survival; PFS, progression-free survival; GRFS, graft-versus-host-free/relapse-free survival; TRM, transplant-related mortality; Rl, relapse incidence; DRI,

disease risk index; MRD, matched related donor; MUD, matched unrelated donor; MMUD, 9/10-mismatched unrelated donor; ATLG, anti T-lymphocyte globulin.

Bold values were statistically significant.
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First SRL usage and dosage Grouping scheme SRL Follow-up SRL-based benefit outcomes (p < 0.05)

author and administration time

year time (months)

Armand 12 mg orally on day -3, then 4 mg daily to 360 days, TAC+MTX vs. -3 days~+360 22 (NA) II-IV aGVHD, yes; li-IV aGVHD, no; cGVHD,

2016 (10) with 5~12 ng/ml TAC+MTX+SRL days no; relapse, no; TMA, no; PFS, no; OS, no

Pulsipher 4 mg/m? on day 0, maintaining for 6 months, with TAC+MTX vs. 0 days~+180 26 (23~38) |-V aGVHD, yes; lll-IV aGVHD, no; cGVHD,

2014 (11) 3~12 ng/ml level, followed by a 1-month taper TAC+MTX+SRL days no; relapse, no; TMA, no; VOD, no; OS, no;
NRM, no

Cutler 2014  Started on day -3 with 12 mg, followed by a daily TAC+MTX vs. -3 days~+100 24 (NA) 1V aGVHD, no; lI-IV aGVHD, yes; cGVHD,

(12) dose of 4 mg, maintaining a 3~12-ng/ml level TAC+SRL days no; relapse, no; TMA, no; VOD, no; OS, no;
NRM, no

Khimani 9 mg oral loading dose on day -1, kept at 5-14 ng/  TAC+MTX vs. -1 day~+365 23.7(11.1- |-V aGVHD, yes; lIl-IV aGVHD, no; cGVHD,

2017 (13) ml concentration, and continued for at least 1 year TAC+SRL days 73.1) no; relapse, no; VOD, no; OS, yes; NRM, no

Pidala 2015  Started on day -1 with 9 mg, maintaining 5~14 ng/ml TAC+MTX vs. -1 day~+365 41(27~60)  II-IV aGVHD, yes; cGVHD, yes; relapse, yes;

(14) level, continued for at least 1 year TAC+SRL days TMA, no; VOD, no; OS, no; NRM, no.

Sandmaier ~ Started on day -3 at 2 mg/day, maintaining 3~12 ng/ CsA+MMF vs. -3 days~+180 48 (31-60) I~V aGVHD, yes; lll-IV aGVHD, yes;

2019 (15) ml to day 150, and tapered off by day 180 CsA+MMF+SRL days cGVHD, no; relapse, no; OS, yes; PFS, no;
NRM, yes

Kornblit Started on day -3 at 2 mg, maintaining 3-12 ng/ml. ~ TAC+MMF vs. -3 days~+80 59 (6-101) II-IV aGVHD, yes; ll-IV aGVHD, no; cGVHD,

2014 (16) Stopped on day 80 without a taper TAC+MMF+SRL days no; relapse, no; EFS, no; OS, no; PFS, no

TAC, tacrolimus; MTX, methotrexate; CSA, cyclosporine; MMF, mycophenolate mofetil; aGVHD, acute graft-versus-host disease; OS, overall survival: PFS, progression-free survival;
NRM, non-relapse mortality; TMA, thrombotic microangiopathy; VVOD, veno-occlusive disease.
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First
author
and year

Armand

2016 (10)
Pulsipher
2014 (11)

Cutler
2014 (12)

Khimani
2017 (18)

Pidala
2015 (14)

Sandmaier
2019 (15)
Kornblit
2014 (16)

Disease

Lymphoma, except
Burkitt lymphoma.
High-risk ALL in CR

Acute leukemia in
remission, MDS, or
CML.

AML, MDS, CML, ALL,
CLL, sAA, MM, and
lymphoma

AML, MDS, CML, ALL,
CLL, sAA, MM, and
lymphoma

Advanced hematological
malignancies.

AML, ALL, MDS, CML,
CLL, MM, and
lymphoma

Age (SRL group)

57 (23-70)

A (1-21)

45 (19-59)

52 (19-74)

49 (25-68)

63 (58-68)

61 (15-76)

Sample size
SRL/non-
SRL

66/73

78/70

151/153

293/414

37/37

90/77

68/71

Donors

HLA-matched related donors or MUD.
HLA-matched siblings, HLA-matched related or
unrelated donors, or single cord blood unit with 4—

6/6 matched.
HLA-matched sibling.

HLA-matched sibling
HLA-matched or mismatched unrelated donors

Only 8/8 or more HLA-matched sibling or unrelated
donors
At least 9/10 HLA-matched unrelated donors

HLA-matched or mismatched unrelated donors

Conditioning regimen

RIC regimen

Myeloablative regimen (TBI
followed by thiotepa or etoposide
and CY)

Myeloablative regimen (TBI in
combination with either CY or
etoposide)

Standard myeloablative
Escalated dose busulfan
Non-myeloablative

Reduced toxicity

Bu/pent, Flu/Mel, Flu/Mel

Fludarabine+TBI

Nonmyeloablative regimen
(fludarabine and 2 Gy TBI)

SRL, sirolimus; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; CML, chronic myelogenous leukemia; CR, complete remission;
MDS, myelodysplastic syndrome; SAA, severe aplastic anemia; MM, multiple myeloma; HLA, human leukocyte antigen; MUD, matched unrelated donor; URD, unrelated donor; TBI, total
body irradiation; CY, cyclophosphamide; RIC, reduced-intensity conditioning; Bu, busulfan; ATG, anti-thymocyte globulin; Flu, fludarabine; Mel, melphalan; NMA, non-myeloablative; HCT,

allogeneic hematopoietic cell transplantation.
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Characteristic All patients EVI1"i" Evite™ P-
(n =421) group group value
(n=238) (n=383)
Age, months 0.964

Median (range) 74 (7-176) 44 (12-163) 75 (7-176)

Sex, n% 0.487

Male 264 (62.7) 26 (68.4) 238 (62.1)

Female 157 (37.3) 12(31.6)  145(37.9)

WBC, x10%L 0.137

<50 294 (69.8) 31(81.6) 263 (68.7)

>50 127 (30.2) 7(184)  120(31.3)

FAB subtype, n% 0.001

M7 32 (7.6) 9(23.7) 23 (6.0)

Other types 389 (92.4) 29 (76.3) 360 (94.0)
*Cytogenetic
characteristics,

n (%)

t(8;21) 106 (25.2) 0(0) 106 (27.7) <0.001

inv (16)/t (16;16) 28 (6.7) 0(0) 28(7.3)  0.072

t (v;11923) 70 (16.6) 15(39.5)  55(14.4) <0.001

t(9;11) 32 (7.6) 6(15.8) 26(6.8)  0.046

-7 or del (7q) 17 (4.0) 3(7.9 14(37) 0.385

Complex 133.1) 3(7.9) 10(2.6)  0.390
karyotype
tCytogenetic risk <0.001

Favorable 128 (30.4) 0(0) 128 (33.4)

Intermediate 177 (42.0) 17 (44.7) 160 (41.8)

Unfavorable 116 (27.6) 21 (55.3) 95 (24.8)
Molecular
abnormalities

FLT3-ITD 47 (11.2) 3(7.9 44(115)  0.602

ASXL1 49 (11.6) 3(7.9) 46 (12.0)  0.600

CEBPA- 13 (3.1) 0(0) 13(34)  0.309
mutation

NPM1- mutation 9(2.1) 0(0) 9(2.3) 0.462

C-KIT-mutation 40 (9.5) 0(0) 40 (104)  0.020
“CR after 0.364
induction 2"

Yes 342 (81.4) 29 (76.3) 313 (81.9)

No 31 (7.4) 2(5.3) 29 (7.6)

Missing 47 (11.2) 7 (18.4) 40 (10.5)
*Blast>15% in BM 1.000
after induction 1

Yes 20 (4.8) 2(5.3) 18 (4.7)

No 390 (92.6) 35(92.1)  3855(92.7)

Missing 11 (2.6) 1(2.6) 10 (2.6)

*Patients may be counted more than once owing to the coexistence of more than one

cytogenetic abnormality in the leukemic clone.

tFavorablerisk: t (15;17), t (8;21), inv (16)/t (16,16); unfavorable risk: inv (3) or t (3;3),t (6;9),
t (v;11qg23) other than t (9;11), -5 or del (5q), -7 or del (7q), abn (17p), complex karyotype
(three or more abnormalities in the absence of a WHO designated recurring chromosome
abnormality); intermediate risk: all chromosome abnormalities not classified as favorable or
unfavorable. #Only 383 patients were included in this part, for 38 cases giving up
treatment or loss to follow-up.
Bold values indicated statistically significant differences.
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Cases (n = 65) EFS 0s

Univariate Analysis HR 95% ClI P-value HR 95% ClI P-value
Age (+1 year) 0.993 0.981-1.006 0.292 0.997 0.984-1.009 0.602
Gender (Male) 0.824 0.299-2.274 0.709 0.706 0.227-2.191 0.547
WBC (=50X109/L) 2.600 0.943-7.173 0.065 3.115 0.988-9.816 0.052
FAB (M7) 2.333 0.522-10.418 0.267 1.203 0.155-9.348 0.860
Risk Category1* 2259 0.771-6.616 0.137 3.287 1.041-10.381 0.043
Risk Category2@ 2.599 0.888-7.606 0.081 3.924 1.062-14.504 0.040
FLT3-ITD mutation 1.078 0.142-8.210 0.942 1.443 0.186-11.192 0.726
EVy7hion 7.253 2.569-20.561 <0.001 9.921 2.954-33.319 <0.001
ASXL1 mutation 0.041 0.000-39.818 0.363 0.041 0.000-97.422 0.421
Induction protocol (DAE) 3.390 1.226-9.371 0.019 2704 0.857-8.528 0.090
No CR after 2nd course 8.280 2.252-30.448 0.001 6.891 1.438-33.021 0.016
Blast>15% in BM after 1st course 1.962 0.442-8.705 0.376 2.760 0.604-12.618 0.190
Multivariate Analysis HR 95% CI P-value HR 95% CI P-value
Risk Category1* 4 i 74 0.985 0.206-4.715 0.985
Risk Category2@ / / / 1.593 0.331-7.667 0.561
Induction protocol (DAE) 3.284 0.849-12.707 0.085 / / /
EVI1M" 7.315 2.208-24.229 0.001 7.186 1.843-28.019 0.005
No CR after 2nd course 3.046 0.625-14.835 0.168 4.840 0.836-28.032 0.078

*Risk category based on treatment regimens. Refer to Supplementary Table S1.

®Risk category based on cytogenetic stratification of ELN 2017.

Bold values indicated statistically significant differences.
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Age >60 vs. <60
HCT-CI >3 vs. <3
DRI H/VH vs. L/I
MMUD vs. MRD
MUD vs. MRD
ATLG vs. no ATLG
PFS

Age >60 vs. <60
HCT-CI 23 vs. <3
DRI H/VH vs. L/I
MMUD vs. MRD
MUD vs. MRD
ATLG vs. no ATLG
TRM

Age >60 vs. <60
HCT-CI 23 vs. <3
DRI H/VH vs. L/I
MMUD vs. MRD
MUD vs. MRD
ATLG vs. no ATLG
RI

Age >60 vs. <60
HCT-CI 23 vs. <3
DRI H/VH vs. L/l
MMUD vs. MRD
MUD vs. MRD
ATLG vs. no ATLG

HR

2157
1.283
1.913
1.253
1.643
1.205

1.588
1.242
2.304
1.335
1.880
1.281

3.072
1.449
1.209
1.398
1.734
2.230

1.115
1.072
3.086
1.061
1.607
1.029

95%Cl per HR

Lower

1.286
0.733
1.081
0.636
0.875
0.606

0.972
0.764
1.351
0.704
1.117
0.671

1.381
0.647
0.445
0.528
0.585
0.922

0.586
0.581
1.664
0.466
0.865
0.446

Upper

3.616
2.076
3.386
2.470
2,722
2.395

2.596
2.019
3.930
2.530
3.167
2.447

6.831
3.245
3.285
3.700
5.142
5.394

2122
1.979
5.724
2.415
2.984
2.378

p-value

0.004
0.430
0.026
0.515
0.134
0.594

0.065
0.383
0.002
0.376
0.018
0.453

0.006
0.367
0.709
0.500
0.321
0.075

0.741
0.824
<0.001
0.889
0.133
0.946

Cl, confidence interval; HR, hazard ratio; OS, overall survival; PFS, progression-free survival; TRM, transplant-related mortality; Rl, relapse incidence; HCT-CI, hematopoietic cell
transplantation-specific comorbidity index; DRI, disease risk index; H, high; VH, very high; L, low; I, intermediate; MMUD, 9/10-mismatched unrelated donor; MUD, 10/10-matched

unrelated donor; ATLG, anti T-lymphocyte globulin.
Bold values were statistically significant.
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Cardiac disorders CTCAE Grade 0-2 Grade 3-5 Total P
CRS grade 3-5 9(41) 13 (69) 22 (100)

Cohort 12 6 (75) 2(25) 8 0.026
Cohort 2° 3(1) 1(79) 14

Cardiac disorders

CTCAE 20 (61) 13 (39) 33 (100)

Cohort 12 16 (89) 2(1) 18 0.0004
Cohort 2° 4@7) 11 (73) 15

Data were described as n (%). P-value was tested by the Chi-Square test.

TPatients were given corticosteroids and/or tocilizumab therapy within 24 hours after the onset of CRS.
bPatients were not given corticosteroids and/or tocilizumab therapy within 24 hours or received corticosteroids and/or tocilizumab therapy more than 24 hours after the onset of CRS.
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Cardiac disorders CTCAE Grade 17 Grade 2° Grade 3% Grade 4% Grade 5% Total®
Heart failure® 76 312 39 2@ 0(0) 15 (12)
New Arrhythmia® 3(2 2(2) 101) 00 (1) 7
Acute coronary 5(4) 43 00 0(0) 9(7)
syndrome

Myocardial disease® 0() 0(0) 0(0) 0(0) 1(1) 1(1)
Left ventricular systolic dysfunction = = 0(0) 1(1) 0(0) 1(1)
New Valve disease® 0(0) 0(0) 0(0) 0(0) 00 0(0)
Pericardial disease’ 0(0) 0(0) 0(0) 0(0) 0 0(0)
Cardiac arrest 0(0) 0(0) 0(0) 00 00 00

*Percentage is shown in parentheses.
°New onset of heart failure, including left ventricular failure and right ventricular dysfunction.

“Asystole, Atrial fibrillation, Atrial flutter, Atrioventricular block complete, Atrioventricular block first degree, Mobitz (type) Il atrioventricular block, Mobitz type |, Paroxysmal atrial tachycardia,

sick sinus syndrome, Sinus bradycardia, Sinus tachycardia, Supraventricular tachycardia, Ventricular arrhythmia, Ventricular fibrillation and Ventricular tachycardia.

IMyocardial infarction, Myocarditis and Restrictive cardiomyopathy.
°Tricuspid valve disease, Pulmonary valve disease, Mitral valve disease and Aortic valve disease.
'Constrictive pericarditis, Pericardial effusion, Pericardial tamponade and Pericarditis.
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Cardiac disorders CTCAE CRS grade® 1-2 CRS grade® 3-5 Total® P

Heart failure® 0.044
Grade 1-2 6 (5) 43) 10(8)
Grade 3-5 00 5 (4) 5 (4)

New Arrhythmias® 0.047
Grade 1-2 5(4) 0(0) 5(4)
Grade 3-5 0(0) 20 2(2)

Acute coronary syndrome 1
Grade 1-2 1(1) 43 5(4)
Grade 3-5 ©) 43 4(3)

Myocardial disease” 1
Grade 1-2 0(0) 0(0) 0()
Grade 3-5 000 1(1) 1(1)

Left ventricular systolic dysfunction -
Grade 1-2 = = =
Grade 3-5 00 1(1) 1(1)

New Valve diseases® -
Grade 1-2 0(0) 0() 0(0)
Grade 3-5 0(0) 0(0) 000

Pericardial diseases’ -
Grade 1-2 0(0) 0(0) 0(0)
Grade 3-5 00) 0(0) 0(0)

Cardiac arrest =
Grade 1-2 = = =
Grade 3-5 0(0) 0(0) 0(0)

Total 0.0005
Grade 1-2 12 (10) 8(6) 20 (16)
Grade 3-5 0() 13 (10) 13 (10

*Percentage is shown in parentheses. P-value was tested by the Chi-Square test.

b.c.de an~ T are the same as in Table 2.
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Cardiac disorders CTCAE CRS

Grade 1-2 Grade 3-5 Grade 3-5

Onset time (day)

Median 9 8 3*

IQR 4-11 4-9 1-7

Range 3-25 2-23 1-10
Maximum time (day)?

Median 11 14 12

IQR 7-15.75 8.5-17 8-16.25

Range 4-30 6-31 5-30
Duration time (day)®

Median 6 12 13

IQR 3-9 8-21.5 9-24

Range 2-20 2-25 5-34
Recovery time (day)®

Median 13 20 19*

IQR 11-19 17-29 16.25-27.75

Range 6-45 8-31 7-37

“The time required from the onset time to the peak (day).

®The time from the onset to recovery (day).

°The time from the beginning of CAR-T cell infusion to retumn to normal (day).
*P<0.05 **P<0.001.
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Cardiac disorders CTCAE ~ Grade 0  Grade 1-2 Total P
CRS grade 1 47 (92) 4(8) 51 (100)

Cohort 12 26 (87) 4(13) 30 0.1336
Cohort 2° 21 (100) 0(0) 21

CRS grade 2 22 (79) 8(27) 30 (100)

Cohort 12 14 (67) 7(39) 21 0.3742
Cohort 2° 8 (89) 1(11) 9

Data were described as n (%). P-value was tested by the Chi-Square test.
*Patients were given corticosteroids and/or tocilizumab therapy within 24 hours after the

onset of CRS.

bPatients were not given corticosteroids and/or tocilizumab therapy within 24 hours
or received corticosteroids and/or tocilizumab therapy more than 24 hours after the

onset of CRS.
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Cardiac disorders CTCAE grade Grade 0° Grade 1-27 Grade 3-5% Total Univariate® Multivariable®

Overall, n (%) 93 (74) 20 (16) 13 (10) 126(100)
Age, n (%) <40 years 19 (83) 1(4) 3(13 23 0.413
40-60 years 48 (75) 10 (16) 6(9) 64
>60 years 26 (67) 929 4(10) 39
Sex, n (%) Male 55 (75) 15 (21) 3(4) 73 0.012 0.116
Female 38 (72) 5(9) 10 (19) 53
Diagnosis MM 53 (68) 16 (20) 9(12) 78 0.274
n (%) NHL® 22 (88) 28 1(4) 25
ALLf 18 (78) 2(9) 3(13) 23
ECOG 0 62 (77) 11(14) 709 80 0.461
1-2 31(67) 9(20) 6(13) 46
Primary refractory® 6 (60) 2 (20) 2(20) 10 0.805
Prior lines of therapy 2-4 38 (73) 9(17) 5(10) 52
>4 49 (77) 9 (14) 6(9) 64
Baseline <14ng/L 93 (75) 19 (15) 12 (10) 124 E
hs-cTnT >14ng/L 0(0) 1 (50) 1 (50) 2
Baseline Normal 92 (78) 17 (14) 9 118 =
NT-proBNP Increased” 1(12) 3(38) 4 (50) 8
Baseline <60mi/min 4(29) 4(29) 6(42) 14 <0.0001 0.031
Glomerular >60ml/min 89 (80) 16 (14) 70 12
Filtration rate
BM plasma <10% 25 (74) 720 2(6) 34 0.378
cells of MM 210% 28 (64) 9 (20) 7(16) 44
Ann Arbor Il 4(100) 0(0) 0(0) 4 =
stage of NHL M-V 18 (86) 209 1(5) 21
BM Blast <20% 10 (100) 0(0) 0(0) 10 -
of ALL 220% 8(62) 2(15) 3293 18
Lymphodepletion FC 88(73) 20 (17) 12 (10) 120 -
Regimen', n(%) Non-FC 5(83) 0() 1017) 6
CAR-T 0.8-2 66 (72) 15 (16) 11(12) 92 057
Cell Dose 36 27 (79) 5(15) 2(6) 34
Charison <2 30 (77) 4(10) 5(13) 39 0.386
Comorbidity 2-4 49 (75) 12 (19) 4(6) 65
Index! >4 14 (64) 4(18) 4(18) 22
Diabetes Yes 3(39) 4 (45) 22 9 =
No 90 (77) 16 (14) 11(9) 17
Hypertension Yes 15 (65) 6 (26) 209 23 0.333
No 78 (76) 14 (14) 11 (10) 3
Coronary artery Yes 1 (100) 0(0) 0(0) 1 -
Disease No 92 (74) 20 (16) 13 (10) 125
Chronic Heart Yes 0(0) 0() 2 (100) 2 -
Failure No 93 (75) 20 (16) 119 124
Atrial fibrillation Yes 0(0) 0(0) 1 (100) ! -
No 93 (74) 20 (16) 12 (10) 125
CRS, n (%) Grade 0 23 (100) 0(0) 0(0) 23 <0.0001 <0.0001
Grade 1-2 69(85) 12 (15) 0(0) 81
Grade 3-5 1(5) 8(36) 13 (59) 22

3Percentages are shown in parentheses.

®Two-sided P values calculated based on the Mann-Whitney test for continuous variables and based on chi-square or the Fisher exact test for categorical variables.
°Ordinal regression models were performed to assess the impact of baseline factors on the occurrence of cardiac disorders.

Imultiple myeloma.

®non-Hodgkin's lymphoma.

facute lymphoblastic leukemia.

9Refractory was defined as disease progression on or within 60 days after the last dose of the most recent drug given in each drug class.

"NT-proBNP elevation of patients < 50 years old, patients > 50 years old and patients with baseline glomerular filtration rate < 60mi/min were defined > 450 pg/mi, > 900 pg/ml
and >1200 pg/ml respectively.

IFC regimens included both fludarabine (750 mg/m?, day-5) and cyclophosphamide (30 mg/m?/d, days -5~-2).

'Charlson Comorbidity Index was scored according to consensus criteria proposed by Charlson M et al. (11) (Supplementary Table 1).

kcytokine release syndrome.
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