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Background: Acute myelogenous leukemia (AML) is a heterogeneous disease with recurrent gene mutations and variations in disease-associated gene expression, which may be useful for prognostic prediction.

Methods: RNA matrix and clinical data of AML were downloaded from GEO, TCGA, and TARGET databases. Prognostic metabolic genes were identified by LASSO analysis to establish a metabolic model. Prognostic accuracy of the model was quantified by time-dependent receiver operating characteristic curves and the area under the curve (AUC). Survival analysis was performed by log-rank tests. Enriched pathways in different metabolic risk statuses were evaluated by gene set enrichment analyses (GSEA).

Results: We identified nine genes to construct a prognostic model of shorter survival in the high-risk vs. low-risk group. The prognostic model showed good predictive efficacy, with AUCs for 5-year overall survival of 0.78 (0.73–0.83), 0.76 (0.62–0.89), and 0.66 (0.57–0.75) in the training, adult external, and pediatric external cohorts, respectively. Multivariable analysis demonstrated that the metabolic signature had independent prognostic value with hazard ratios of 2.75 (2.06–3.66), 1.89 (1.09–3.29), and 1.96 (1.00–3.84) in the training, adult external, and pediatric external cohorts, respectively. Combining metabolic signatures and classic prognostic factors improved 5-year overall survival prediction compared to the prediction by classic prognostic factors (p < 0.05). GSEA revealed that most pathways were metabolism-related, indicating potential mechanisms.

Conclusion: We identified dysregulated metabolic features in AML and constructed a prognostic model to predict the survival of patients with AML.

Keywords: acute myelogenous leukemia, clinical prognostic model, metabolism, nomogram, gene set enrichment analysis


INTRODUCTION

Acute myelogenous leukemia (AML) is one of the most common types of adult acute leukemia (1) and shows striking heterogeneity, with recurrent gene mutations and variations in disease-associated gene expression (2). Although intensive chemotherapy and haematopoietic stem cell transplantation are the most common treatments, AML is fatal in approximately half of younger patients and ~80% of older patients because of primary refractoriness, treatment-related death, or palindromia (3). Risk stratification of leukemia is indispensable to ensure accurate treatment. Recent studies have emphasized the vital role of cytogenetics and molecular genetic analyses in hematological malignancies as a new layer of leukemia pathogenesis. Guidelines from the European leukemia network (ELN) in 2017 indicated that molecular abnormalities in genes such as NPM1, FLT3-ITD, CEBPA, RUNX1, TP53, and ASXL1 combined with karyotype abnormalities can be used as an effective and comprehensive stratification system for the diagnosis and treatment of AML (4). However, even patients in the same layer of ELN categories show different prognoses. For example, ~50% of the AML patients with t (5, 6) (q22; q22) RUNX1-RUNX1T1 have a favorable prognosis according to ELN risk stratification but show poor prognosis after intensive chemotherapy (7). Thus, additional factors for risk stratification should be identified and combined with analyses of cytogenetic and molecular abnormalities for more accurate AML prognostic stratification.

Metabolic reprogramming has recently been recognized as a vital and distinguishing feature of tumor cells (8, 9). The pathogenesis, chemoresistance, and palindromia of leukemia are also closely related to abnormal glucose metabolism, amino acid metabolism, and lipid metabolism. It has been reported that leukemia-initiating cells preferentially perform glycolysis (5) and take up amino acids, the catabolism of which is elevated in leukemia stem cells (10). A regulator of lipid metabolism, TPD52, was reported to be overexpressed and related to poor prognosis in patients with AML (11). By disrupting the tricarboxylic acid cycle and eradicating leukemia stem cells, the combination of B cell lymphoma 2 inhibitor (venetoclax) and demethylated drugs (azacytidine) was found to induce more durable remission than demethylated drugs alone in older patients with AML (12–14). The first drug targeting tumor energy metabolism approved by the US Food and Drug Administration, the isocitrate dehydrogenase 2 (IDH2) enzyme inhibitor enasidenib, also showed encouraging efficacy for treating IDH2-mutated relapsed or refractory AML (15). Metabolic processes have been shown to play important roles in the pathogenesis and progression of leukemia. However, a metabolic signature panel has not been explored to accurately stratify patients with AML to predict prognosis and for treatment management. In this study, we constructed a metabolic prognostic model from a Gene Expression Omnibus (GEO) dataset, which was further validated in two independent adult (The Cancer Genome Atlas Acute Myeloid Leukemia, TCGA-LAML) and pediatric (Therapeutically Available Research to Generate Effective and Treatments Acute Myeloid Leukemia, TARGET-AML) databases to explore an efficient metabolic signature for the more accurate stratification management of AML.



MATERIALS AND METHODS


Datasets and Data Collection

The gene expression profiles of three AML cohorts were retrieved and downloaded from the corresponding datasets. Raw microarray data of GSE37642 (16) datasets were downloaded from the GEO database (http://www.ncbi.nlm.nih.gov/geo/) and normalized between different arrays. RNA-seq data from the TCGA-LAML dataset and TARGET-AML datasets were obtained from the UCSX Xena website (https://xenabrowser.net/datapages/). Transcripts per million normalized values were employed for further analysis. Detailed clinicopathological data including patient age, sex, leukocyte count, percentage of blast cells, French-American-British classification, genetic risk category, and survival information were download from the relevant item page on the UCSX Xena or GEO dataset website. The metabolic pathway-related gene sets of “c2.cp.kegg.v7.0.symbols” in gene set enrichment analysis (GSEA) were utilized as candidate metabolic gene lists. Genes were selected for further AML-related metabolic signature identification only when they were listed in all included cohorts.



Metabolic Signature Construction and Validation

The GSE37642 dataset was used as the training cohort to construct the metabolic risk model. Least absolute shrinkage and selection operator (LASSO) Cox regression analysis was adopted to identify the optimal weighting coefficient of the prognostic metabolic genes. The metabolic model was built according to the penalized maximum likelihood estimator with 1,000-fold cross-validation. The 1-SE criteria were employed to determine the optimal values of the penalty parameter λ. TCGA-LAML and TARGET-AML datasets served as the adult and pediatric AML validation cohorts, respectively. The metabolic risk score was generated for each patient according to the unified formula determined in the training cohort. Patients were further grouped into high- and low-risk groups according to the optimal cut-off of the metabolic risk score determined by the survminer package.



GSEA

GSEA v4.0.2 software (http://software.broadinstitute.org/gsea/login.jsp) was used to identify potential biological pathways comparing the high- and low metabolic-risk groups using the c2.cp.kegg.v7.0.symbols gene sets. A metabolic signature was generated for the GSE37642 dataset using metabolic pathway-related gene sets from c2.cp.kegg.v7.0.symbols. Only validation cohorts were included for enriched pathway analysis. A nominal p < 0.05 was considered statistically significant. Gene cloud biotechnology information (GCBI) and cytoscape 3.7.2 was used to explore the interactions between model-related metabolic proteins and other known related proteins.



Statistical Analysis

Time-dependent receiver operating characteristic (ROC) curves were drawn to assess the predictive performance of the metabolic signature in the three cohorts. The area under the ROC curve (AUC) was calculated using the survival ROC package. The confidence interval was measured by the bootstrap method. Overall survival (OS) was defined as the primary outcome and calculated as the date of diagnosis or study entry to death from any cause. Kaplan–Meier curves were draw using the “survival” package and compared using the log-rank test. Clinical and genetic information were explored for prognostic performance via univariable- and multivariable Cox analyses. The χ2-test or the Fisher's exact test was performed to compare category variables. A nomogram was used to visualize and integrate the metabolic signature and classic independent risk factors, age, and genetic risk score for OS, the consistency of which was assessed by calibration. The AUC was used to evaluate and compare the prognostic value of the candidate factors. All statistical analyses were performed using R software (version 3.6.0) and SPSS version 24.0 software (SPSS, Inc., Chicago, IL, USA). A two-sided p < 0·05 was considered statistically significant.




RESULTS


Patient Selection and Characteristics

Three AML cohorts including a total of 879 patients with available survival data were included in the analysis. Seven hundred and fifty-five candidate metabolic genes were retrieved from the Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway-related gene sets. GSE37642 was utilized as a training cohort to estimate the prognostic metabolic model, and patients in the TCGA-LAML cohort and the TARGET-AML cohort served as external cohorts for metabolic model validation. The workflow of data collection has been shown in (Supplemental Figure 1). Patients from the GSE37642 and the TCGA-LAML cohorts were adults with AML with a median age of 57 (range: 18–85) years and 59 (range: 18–88) years, respectively, whereas those in the TARGET-AML datasets were pediatric patients with AML with a median age of 10 (range: 0–23) years. (Supplemental Table 1) shows the detailed patient characteristics of the three included cohorts.



Metabolic Risk Score Construction

The prognostic metabolic signature was trained using GSE37642 by the LASSO Cox regression. A penalized maximum likelihood estimator was performed with 1000 bootstrap replicates (Figure 1A). The optimal weighting coefficients were identified by the regularization parameter lambda via the 1-SE criteria (Figures 1A,B). Nine metabolic genes were selected for inclusion in the prognostic metabolic model. The formula for the metabolic model was as follows: metabolic risk score = 0·018 × ALDH2 expression – 0·103 × CYP2E1 expression + 0·078 × DNMT3B expression + 0·032 × ENPP2 expression – 0·010 × HAAO expression – 0·039 × ITPKA expression – 0·007 × PAFAH1B2 expression + 0·040 × PHGDH expression + 0·015 × PSAT1 expression. The prognostic value of the selected metabolic genes was further assessed by the log-rank test after classification as high levels and low levels based on the corresponding optimal cut-off value in the training cohort (Supplemental Figure 2).


[image: Figure 1]
FIGURE 1. Construction of the metabolic model. (A) 1,000-fold cross-validation for variable selection in the LASSO regression via 1-SE criteria. (B) LASSO coefficients of metabolism-related genes. Each curve represents a metabolic gene.




Evaluation of Metabolic Risk Score

The sensitivity and specificity of the metabolic risk model were assessed through time-dependent ROC analysis. The AUCs for 1-, 3-, and 5-year OS were 0.73 [95% confidence interval (CI): 0.69–0.77], 0.78 [95% CI: 0.74–0.83], and 0.78 [95% CI: 0.73–0.83] in the training cohort, respectively (Figure 2A). The metabolic risk score was also calculated for each patient in the other two validation cohorts by the unified formula identified in the training cohort previously mentioned herein. The AUCs for 1-, 3-, and 5-year OS were 0.68 [95% CI: 0.60–0.77], 0.71 [95% CI: 0.61–0.81], and 0.76 [95% CI: 0.62–0.89] in the adult external cohort and 0.64 [95% CI: 0.51–0.77], 0.64 [95% CI: 0.52–0.73], and 0.66 [95% CI: 0.57–0.75] in the pediatric external cohort, respectively (Figures 2B,C).


[image: Figure 2]
FIGURE 2. Time-dependent receiver operating characteristic (ROC) analysis, survival outcome analysis, and Kaplan–Meier analysis of the nine-gene signature in acute myelogenous leukemia (AML). (A–C) Time-dependent ROC analysis for 1-, 3-, and 5-year overall survival (OS) of prognostic model in training cohort, adult external cohort, and pediatric external cohort, respectively. (D–F) Distribution of risk metabolic score in survival outcome analysis for training cohort, adult external cohort, and pediatric external cohort. (G–I) Kaplan–Meier curve of the prognostic model in the training cohort, adult external cohort, and pediatric external cohort.


We further analyzed the distribution of metabolic risk scores in patients with different survival statuses using a waterfall plot. Patients with lower metabolic risk scores generally had better survival outcomes than those with high risk scores (Figures 2D–F). Patients were then divided into high- and low-metabolic risk groups with the optimal cut-off determined in each cohort. Patients with a low metabolic risk had a significantly longer OS survival than those with a high metabolic risk level in the training cohort, adult external cohort, and pediatric external cohort (Figures 2G–I). The 5-year OS rates were 14.5% [95% CI: 10.8–18.22] vs. 55.2% [95% CI: 47.6–62.8] for the high- and low-risk groups in the training cohort, 8.7% [0.0–17.5] vs. 47.4% [30.9–63.9] for the high- and low-risk groups in the adult external cohort, and 70.7% [59.3–82.1] vs. 37.7% [28.3–47.1] for the high- and low- risk groups in the pediatric external cohort, respectively. Considering the potential effect of age on the metabolic gene expression, a sensitivity analysis was also performed in the younger patients (≤ 65 years) in both the training cohort and adult external cohort. After excluding the elder patients, those AML patients with a low metabolic risk still obtain a significantly survival advantage than those with a high metabolic risk in the population ≤ 65 years (Supplemental Figure 3).



Univariate and Multivariate Analyses

In addition to the metabolic risk score, other prognostic values included age, RUNX1-RUX1T1 fusion and RUNX1 mutation in the training cohort (Figure 3A), age and cytogenetic risk category in the adult external cohort (Figure 3C), FLT3-ITD, WT1 mutation and cytogenetic risk category in the pediatric external cohort (Figure 3E). After multivariable adjustments based on the other clinical factors, the metabolic signature remained as an independent prognostic indicator with a hazard ratio of 2.75 [95% CI: 2.06–3.66] in the training cohort (Figure 3B), 1.89 [95% CI: 1.09–3.29] in the adult external cohort (Figure 3D), and 1.96 [1.00–3.84] in the pediatric external cohort (Figure 3F).


[image: Figure 3]
FIGURE 3. Forest plot of the univariate (left) and multivariate (right) Cox regression analysis in the training cohort (A,B), adult external cohort (C,D), and pediatric external cohort (E,F) for acute myelogenous leukemia (AML). BM, bone marrow; CNS, central nervous system.




Clinicopathological Characteristics for Different Metabolic Risk Levels

Patients with high metabolic risk signatures were associated with an older age, lower percentage of RUNX1_RUNX1T1_fusion, higher percentage of RUNX1 mutation, and higher platelet counts in the adult cohorts (including training or adult external cohort, Figures 4A,B and (Supplemental Table 1), as well as higher leukocyte counts and higher percentages of FIL3-ITD and blast cells in the bone marrow in the pediatric external cohort (Figure 4C and Supplemental Table 1). As expected, patients with higher metabolic risk levels had higher cytogenetic risk levels in all three cohorts (Figure 4 and Supplemental Table 1). Thirty-four paired samples from TARGET dataset were further used to analyse the metabolic risk difference between the disease at diagnosis and relapse, and results showed that the patients have a higher metabolic risk at the disease relapse compared with the status at the initial diagnosis (P = 0.022, Supplemental figure 4).


[image: Figure 4]
FIGURE 4. Heatmap of the nine-gene signature and clinicopathological characteristics at different metabolic risk levels for training cohort (A), adult external cohort (B), and pediatric external cohort (C). Each column showing gene expression or clinicopathological state represents a sample and each row represents one characteristic or gene in the model. The expression levels of the nine genes are shown in different colors. Blue and yellow indicate low- and high-risk levels, respectively. BM, bone marrow; FAB, French–American–British classification; NA, not available; CNS, central nervous system.




GSEA

GSEA was performed in the two external cohorts to validate the metabolic-related pathway and explore other pathways enriched in different metabolic signature categories. Significantly enriched pathways were observed in the high metabolic risk group, most of which were metabolism-related pathways (Figures 5A–D). Among them, the biosynthesis of unsaturated fatty acids, fatty acid metabolism, and glycine, serine, and threonine metabolism were validated as enriched in the high-risk groups in both the adult and the pediatric external cohorts. Other metabolic signature-related pathways included the JAK-STAT signaling pathway, PPAR signaling pathway, mismatch repair regulation, regulation of autophagy, RNA degradation, and DNA replication (Figures 5A–D). Forty-eight proteins were explored from GCBI, which were interact with the 8 metabolic proteins in the model (Figure 5E), except for the ITPKA. In the protein-protein interaction (PPI) network, we found that the CYP2E1 and ENPP2 is interact with the proteins of phospholipase A2 family (PLA2G10, PLA2G12A, PLA2G12B, PLA2G16, PLA2G1B, PLA2G2A, PLA2G2C, PLA2G2D, PLA2G2E, PLA2G2F, PLA2G3, PLA2G4A, PLA2G4B, PLA2G4C, PLA2G4D, PLA2G4E, PLA2G4F, PLA2G5, and PLA2G6, Figure 5E). The interaction of nine metabolic proteins were summarized alone by STRING (Figure 5F).


[image: Figure 5]
FIGURE 5. Significantly enriched KEGG pathways in adult external cohort and pediatric external cohort based on GSEA. (A) Top 20 representative KEGG pathways in high-risk patients in adult external cohort (p < 0·05). (B) Top 20 representative KEGG pathways in high-risk patients in pediatric external cohort (p < 0·05). (C) Representative metabolic pathways in high-risk patients in adult external cohort. (D) Representative metabolic pathways in high-risk patients in pediatric external cohort. (E) The protein-protein interactions between the metabolic model related proteins and the other proteins. The model related proteins are shown in blue circles, and the size of which is determined by the number of interacting proteins. ITPKA has no known interactions with other proteins. (F) The interactions of 9 metabolic proteins.




Comparisons of Prognostic Factors and Merged Risk Scores

The prognostic sensitivity and specificity of the metabolic signature were compared to those of other potential prognostic variables. The AUC for the 5-year OS showed a significantly higher metabolic risk score (0.78 [95% CI: 0.73–0.83]) compared to that with other variables such as age 0.66 [95% CI: 0.61–0.71], RUNX1-RUX1T1 fusion (0.47 [95% CI: 0.43–0.49]), and RUNX1 mutation (0.58 [95% CI: 0.56–0.61]) in the training cohort (all p < 0·001, Figure 6A). Additionally, in the adult external cohort, the metabolic risk model showed a numerically but no statistically larger AUC for the 5-year OS than the classic cytogenetic risk category (Figure 6B). In the pediatric external cohort, the 5-year AUC of the metabolic risk score was also equivalent to that of the cytogenetic risk category (Figure 6C).


[image: Figure 6]
FIGURE 6. Time-dependent receiver operating characteristic (ROC) analysis of 5-year overall survival (OS) of metabolic risk model compared to other potential prognostic factors. (A) Time-dependent ROC analysis for 5-year OS of metabolic risk model was compared to age, RUNX1-RUNX1T1, and RUNX1 mutation in the training cohort. (B) Time-dependent ROC analysis for 5-year OS of metabolic risk model was compared to age, cytogenetics risk, blast cells in bone marrow, hemoglobin, platelet, and leukocyte count in the adult external cohort. (C) Time-dependent ROC analysis for 5-year OS of metabolic risk model compared to age, blast cells in the bone marrow, cytogenetics risk, RUNX1-RUNX1T1 fusion, FLT3-ITD status, MLL-rearrangement, NPM mutation, leukocyte count, and WT1 mutation in the pediatric external cohort. BM, bone marrow.


Further, to generate a more accurate evaluation system, a nomogram was used to integrate the classic prognostic factors, age, and cytogenetic risk category and the present metabolic signature in the external cohorts (Figure 7A). The calibration plots showed that the nomogram could accurately predict the 1- and 3-year OS (Figure 7B). The AUC for the 5-year OS in the merged score was 0.78 [95% CI: 0.72–0.84], which was found to be significantly larger than that for the classic prognostic indicators including age (0.65 [95% CI: 0.60–0.69]) and cytogenetic risk category (0.69 [95% CI: 0.62–0.75]), indicating that adding the metabolic signature can increase the net benefit to predict OS compared to that with classic prognostic factors (Figure 7C).


[image: Figure 7]
FIGURE 7. Building and validation of the nomogram to predict the overall survival of patients with acute myelogenous leukemia (AML) combining the adult external cohort and pediatric external cohort. (A) Nomogram plot was built based on age, cytogenetics risk, metabolic risk score, and total points combining the adult external cohort and pediatric external cohort. (B) Calibration plot of the nomogram. (C) Time-dependent receiver operating characteristic (ROC) curves of nomograms were compared based on a 5-year OS of AML.





DISCUSSION

Cancer cells rewire metabolic pathways to adapt to their increased nutritional demands for energy, reducing equivalents, and cellular biosynthesis (17). Leukemia cells vary the body's systemic physiology by impairing both insulin secretion and insulin sensitivity in the host to provide increased glucose to leukemia cells (18). Meanwhile, metabolism plays an important role not only in the development but also in the prognosis of leukemia (19, 20). However, prognostic models based on metabolic genes are lacking.

In the present study, a significant prognostic model based on nine metabolic genes was established in a training cohort and further verified in two independent external validation sets. The group that showed a high-risk score had poor prognosis, which was consistent across the three cohorts. The metabolic model showed a stably high prognostic value for AML, particularly for the survival of adult patients with AML. Moreover, the combination of classic prognostic factors including age and cytogenetic factors with our metabolic model improved the survival prediction compared to that with single classic risk factors, supporting the contention that the prognostic metabolic model can be utilized to supplement existing prognostic models.

In the present study, nine metabolism-related genes were identified and included in the prognostic model. The expression of DNMT3B, ALDH2, ENPP2, PHGDH, and PSAT1 was negatively correlated with favorable outcomes, whereas the expression of CYP2E1, HAAO, ITPKA, and PAFAH1B2 was positively correlated with favorable outcomes. Most of the nine genes in our model have been reported to be involved in cancer. DNMT3B has been shown to play a role in genic methylation and is involved in cysteine and methionine metabolism. High expression of DNMT3B is independently associated with adverse outcomes in older patients with CN-AML (6, 21), which is consistent with our results. Another study verified that the ectopic expression of DNMT3B can promote the development of gastrointestinal cancers via the de novo methylation and transcriptional silencing of the tumor suppressor genes in mice (22). The ITPKA gene also participates in inositol phosphate metabolism, and was found to be hypermethylated in patients with AML with a normal karyotype (23). ENPP2, which encodes the enzyme autotaxin, was found to be over-expressed in various cancers (24). A previous study reported that FLT3-ITD mutations in AML are closely associated with the high expression of ENPP2 and may influence disease prognosis via the dysregulation of metabolism-related genes such as ENPP2 (25–27). As the metabolism-associated gene with the highest weight in the model, CYP2E showed a positive association with the prognosis of patients with AML in our study. This enzyme plays a vital role in the production of reactive oxygen species and is involved in drug metabolism. The PPI network in our study also suggested the interaction between the phospholipase family and CYP2E1 and ENPP2. Arachidonic acid metabolism pathway and ether lipid metabolism pathway can be the potential interaction of the phospholipase family and the two metabolic genes (28, 29). Although the role of CYP2E1 expression in the pathogenesis of AML remains unclear, polymorphisms in these gene have been shown to be associated with the risk of leukemia but not the risk of treatment-related leukemia (30–32). Decreased ALDH enzyme activity may lead to DNA damage due to the accumulation of aldehydes (33). In this study, ALDH2 was an adverse prognostic factor in the model. A decrease in the ALDH2-GA or ALDH2-AA genotype was reported to accelerate the conversion of Fanconi anemia to MDS/AML (34). PAFAH1B2, which is involved in ether lipid metabolism, may also be broadly dysregulated in many types of cancer (35) and its over-expression at the transcriptional and at the protein levels in MYC-negative high-grade B-cell lymphomas is associated with good prognosis. Interestingly, we found different expression trends for PAFAH1B2 between the childhood and adult leukemia metabolic profiles. This may be because of variations in the age-related regulation of the metabolism-related signature between adults and children. Other selected variables including HAAO, PHGDH, and PSAT were also found to predict the prognosis of AML. However, their mechanism with respect to AML remains unclear and requires further clarification.

As expected, the most significantly enriched pathways were metabolism-related in the GSEA, confirming the metabolic-related characteristics of the nine-gene signature. The high enrichment of metabolism-related and DNA repair-related pathways in the high-risk group in both independent validation cohorts indicates the potential benefit of targeting metabolism-related genes and PAPR inhibitor therapy for this population. However, the predictive value of the metabolic signature for these therapies should be further validated based on a large cohort in prospective trials.

We first focused on the role of metabolic genes in the prognosis of AML and constructed a prenotice significant model for AML stratification. However, several issues must be resolved. First, some clinical information such as the history of metabolic disorders and therapeutic information are lacking because this information was not available in public databases. Therefore, it is difficult to evaluate the association between metabolism and therapy and to avoid the inclusion of non-leukemia-related metabolic events. Moreover, validating our model in the real world is indispensable for extrapolating the established model to other AML populations, particularly childhood AML patients. Functional experiments are also needed to determine the mechanisms underlying the effects of the prognostic metabolic genes in AML. Finally, the diagnostic value of the metabolic risk score was not evaluated in this analysis, and need to be further explored in the perspective study.



CONCLUSION

We established a prognostic metabolic model based on the metabolism-related genes in AML. The characteristic metabolic genes may reflect the disordered microenvironment of the bone marrow and may be used as potential biomarkers for AML prognosis. Validation of the model in the real world and functional experiments of the predictive metabolic genes are needed.
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T-lymphoblastic lymphoma (T-LBL) is a rare hematological malignancy with highly aggressive, unique clinical manifestations, and poor prognosis. Cell division cycle 27 (CDC27) was previously reported to be a significant subunit of the anaphase-promoting complex/cyclosome. However, the specific functions and relevant mechanisms of CDC27 in T-LBL remain unknown. Through immunohistochemistry staining, we identified that CDC27 was overexpressed in T-LBL tissues and related to tumor progression and poor survival. Functional experiments demonstrated that CDC27 promoted proliferation in vivo and in vitro. Further experiment suggested the role of CDC27 in facilitating G1/S transition and promoting the expression of Cyclin D1 and CDK4. Then the effect of CDC27 in inhibiting apoptosis was also identified. Furthermore, we found a positive correlation between the expression of CDC27 and Programmed death ligand-1 (PD-L1) by immunohistochemistry staining. The interaction between CDC27 and PD-L1 was also proved by western blot, luciferase gene reporter assay and immunofluorescence. Taken together, our results showed that CDC27 contributes to T-LBL progression and there is a positive correlation between PD-L1 and CDC27, which offers novel perspectives for future studies on targeting CDC27 in T-LBL.
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INTRODUCTION

Lymphoblastic lymphoma is a rare type of non-Hodgkin lymphoma (NHL) with biological characteristics similar to acute lymphoblastic leukemia (ALL). On the basis of the origin of tumor cells, it is primarily classified into B-cell lymphoblastic lymphoma and T-cell lymphoblastic lymphoma (T-LBL) (1). Because of the progressive improvements in therapeutic strategies, especially the wide application of targeted therapies, the prognosis of B-cell lymphoma has improved obviously. However, the clinical progression of T-LBL is rapid and the prognosis is poor. The standard NHL-like treatment plan is less effective with higher probability of recurrence and metastasis. Because of the rarity of the disease and limited materials for research, there is also a lack of knowledge about the molecular genetics and effective targeted therapies for T-LBL (2). Therefore, the molecular mechanisms related to tumor formation and progression of T-LBL should be studied to provide effective therapies for its prevention.

The anaphase-promoting complex/cyclosome (APC/C) plays an important role in the process of protein degradation during mitosis (3). APC/C is significant in a variety of cellular events, including mitotic progression, controlling differentiation, etc. (4). Moreover, the aberrant expression of APC/C is relevant to cancer occurrence (5). Cell division cycle 27 (CDC27) is a critical subunit of APC/C that is in charge of binding to two coactivators: CDH1 and cell division cycle 20 (CDC20) (6). CDH1 and CDC20 have tumor suppressor function and oncogenic function, respectively (7–9). Although many studies have shown that CDC27 mutations are detected in various cancer specimens, the role of CDC27 in cancer is uncertain, especially in lymphoma (10).

Programmed death ligand-1 (PD-L1), as the ligand of programmed cell death protein 1 (PD-1), is a key immune checkpoint molecule that is frequently overexpressed in various tumors and correlates with tumor cells evading immune surveillance (11). Therefore, blocking the PD-1/PD-L1 axis is critical for cancer immunotherapy. However, the response rates to PD-1/PD-L1 immune checkpoint blockade therapy are likely to vary widely, ~10–20% across whole tumor types (12, 13). It is urgent to find predictive molecules and relevant pathways for PD-1/PD-L1 checkpoint blockade immunotherapy to develop innovative treatments.

In our previous studies, we found some prognostic clinical indicators in T-LBL (14, 15). We also found that the novel mutation in CDC27, which ranked highly in the samples (16). However, the function of relative targeted gene or therapy, such as CDC27, is not completely clear. In the present study, we aimed to determine whether CDC27 can be used as a target for T-LBL patients by analyzing 46 cases of T-LBL tissues and the T-LBL cells. The results offer new insights into the mechanisms of T-LBL tumorigenesis and suggest that the CDC27-PD-L1 axis could be used as a target in T-LBL treatment.



MATERIALS AND METHODS


Cell Lines and Culture

Sup-T1 cells were purchased from American Type Culture Collection (Manassas, VA, USA). Jurkat and 293T cells were purchased From the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). 293T cell line was cultured in high glucose DMEM medium (Thermo Fisher Scientific), and the other cell lines were cultured in RPMI 1640 medium (Thermo Fisher Scientific). The cells were cultured in corresponding medium supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen, California, USA) in an incubator maintained at 37°C in a humidified atmosphere containing 5% CO2 and 95% air.



Patient Tissue Samples and Clinicopathological Characteristics

Forty-six T-LBL tissues and 30 reactive hyperplasia of the lymph node tissues were collected in this study. All patients were histologically and clinically diagnosed between 2014 and 2019 in the First Affiliated Hospital of Zhengzhou University (Henan, China) and signed informed consent for the collection of tissues. The protocols were confirmed by the Institutional Research Ethics Committee of the First Affiliated Hospital of Zhengzhou University (Henan, China).



Immunohistochemistry (IHC)

The detailed method has been described in a previous study (17). Sections were incubated with the primary antibodies overnight at 4°C, including CDC27 (Santa Cruz, CA, USA, sc-9972, 1:50), Ki67 (Abcam, MA, USA, ab15580, 1:100), and PD-L1 (Proteintech, Wuhan, China, 17952-1-AP, 1:100). The protein expression levels were evaluated semi-quantitatively according to the intensity and the percentage of staining area (18). The score criterion of intensity is as follows: <5%, – (negative = 0); 6–20%, + (weakly positive = 1); 21–50%, ++ (moderately positive = 2); >50%, +++ (strongly positive = 3). The scores were assessed by pathologists without prior knowledge of the patients' and the xenograft tumors' information. H-score that ranged from 0 (no staining) to 300 (maximum staining) were calculated with the following formula: 1 × (% light staining) + 2 × (% moderate staining) + 3 × (% strong staining).



Stable Cell Line Construction

To overexpress CDC27, 12 μg purified pCDH- CMV-MCS- EF1- copGFP- T2A- puro- vector or pCDH- CMV- MCS- EF1- copGFP- T2A- puro- CDC27 plasmid was cotransfected with 6 μg pMDL-G/P-RRE, 6 μg pCMV-VSVG, and 7.5 μg pRSV-REV using Lipofectamine 6000 (Introgen, Carlsbad, CA, USA) according to the manufacturer's protocol. After 72 h, the viruses were harvested and used for transduction with 8 mg/ml polybrene. Stable CDC27 knockdown cell lines were generated using lentiviral constructs expressing short hairpin RNA (shRNA) of CDC27 (target sequence: shCDC27 #1 CAAGTACCTAATCATAGTTTA; shCDC27 #2 GAGCCAATAACCCAAGAAGAA) and negative control (target sequence: TTCTCCGAACGTGTCACGT), which were synthesized by Shanghai GeneChem (Shanghai, China). Cells were infected with lentivirus (multiplicity of infection = 50) by using polybrene (5 μg/ml) for 16 h.



Cell Viability Assay

Cell proliferation was assayed by using the Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Tokyo, Japan) according to the manufacturer's protocol. First, T-LBL cells were seeded into 96-well-plates in triplicate (2 × 103 cells per well) and totally cultured for 5 days. Then, the cells were incubated with a CCK-8 solution for 2 h at 37°C in an atmosphere containing 5% CO2. Absorbance was determined at OD 450 nm using a Multiskan FC microplate reader (Thermo Scientific, Waltham, MA, USA).



Colony Formation Assays

In the colony formation assay (GENMED, SCIENTIFICS INC, USA), cells were seeded into 6-well-culture plates (1,000 cells per well) with Reagent A and incubated at 37°C for 14 days. Then, the cells were fixed and stained with 0.1% crystal violet solution (Amresco: C3886). The number of colonies containing more than 50 cells was counted.



EdU-647 Labeling

1 × 106 cells were seeded in 24-well-plates and labeled with 10 μM EdU (Click-iT™ Plus EdU Alexa Fluor™ 647 Flow Cytometry Assay Kit, lot: C10634) in 37°C for 2 h. After staining, fixation, and membrane permeability, cells were treated with 1 × Click-iT staining reaction solution for 30 min in darkness. After three washes, samples were added with 5 μl 7-AAD and analysis was performed on a flow cytometer (FACSCanto II, BD Bioscience, San Jose, CA, USA).



Cell Cycle Analysis

Cells were harvested, washed, and fixed in precooled 75% ethanol mixed with phosphate buffer saline (PBS) at 4°C overnight. The next day, the cells were washed and resuspended in 500 μl RNase and propidium Iodide (PI) mixed solution from a cell cycle detection kit (KeyGen Biotech, KGA512), and the cells were incubated at 37°C for 30 min for staining. All cell samples were harvested and analyzed on a flow cytometer.



Apoptosis Detection

Cell apoptosis was analyzed with an APC-annexin V Kit (BD Pharmingen). After 48 h of serum-starved culture, cells in each group were fully harvested and resuspended in annexin-V binding buffer. Next, cells were stained with APC-annexin V and 7-AAD Viability Staining Solution and incubated in the dark for 30 min at room temperature before being detected by a flow cytometer.



Luciferase Gene Reporter Assay

The pGL3 plasmid containing the PD-L1 promoter region and luciferase reporter gene was purchased from GeneChem (Shanghai, China). The detailed procedures of the luciferase gene reporter assay were performed as previously described (19). According to the manufacturer's instructions, 24-well-plates were used to seed a total of 1 × 105 293T cells which were co-transfected with the corresponding plasmids, including the pGL3-luciferase plasmids (control vector or containing PD-L1 promoter), the indicated silencing transfection plasmids (shNC or shCDC27#1), and pRL-TK-Renilla vector. After 48 h, firefly and Renilla luciferase activities were measured and normalized by the Dual Luciferase Assay Kit (Promega, lot: 0000322867) according to the manufacturer's recommendations.



Immunofluorescence Staining

The cells were fixed with 4% formaldehyde in PBS for 30 min at room temperature. After three washes with PBS, the cells were incubated in 0.25% Triton X-100 for 10 min to penetrate the membranes. To block the samples, the cells were treated with 5% bovine serum albumin in PBS for 1 h at room temperature. Then, the cells were incubated with the corresponding primary antibodies overnight at 4°C. Then the cells were washed and stained with a mixture of fluorescent secondary antibodies (Alexa Fluor 488 goat anti-mouse IgG, 1:100: Alexa Fluor 568 goat anti-rabbit IgG, 1:100, Life Technologies) and incubated for 1 h at room temperature in the dark. After three washes with PBS, the cells were stained with DAPI (sc-24941, Santa Cruz Biotechnology). Images were captured using a fluorescence microscope (DMI400B, Leica Company, Germany).



Western Blotting Analysis

The detailed procedures of protein extraction and western blot analyses were previously described (20). Cells were washed and lysed in RIPA buffer with protease and phosphatase inhibitor cocktail (Thermo Scientific, Waltham, MA, USA). Protein samples were loaded and separated by 10% SDS-PAGE and then transferred to PVDF membranes. The membranes were then blocked with 5% non-fat milk in TBS/Tween (0.05% Tween-20 in TBS) for 2 h. Membranes were incubated with primary antibodies including CDC27 (Santa Cruz, sc-9972; 1:200), CDK4 (Proteintech, 11026-1-AP, 1:1,000), cyclin D1 (Proteintech, 26939-1-AP, 1:1,000), cleaved PARP (Cell Signaling Technology, #5625, 1:1,000), cleaved caspase 3 (Cell Signaling Technology, #9664, 1:1,000), PD-L1 (Abcam, ab205921, 1:1,000), and GAPDH (Proteintech, 60004-1-lg, 1:10,000) overnight at 4°C and then with secondary antibodies (anti-rabbit or anti-mouse; Proteintech) for 1 h at room temperature. To quantify the relative protein levels, the band images were gathered by using a ChemiDoc™ XRS+ system (Bio-Rad Laboratories, Hercules, CA, USA).



Animal Experiment

Female BALB/c nude mice (4–5 weeks old, 15–18 g) were purchased from the GemPharmatech Company (Jiangsu, China). The nude mice were housed five per cage and fed a standard sterile laboratory diet under humidity and temperature-controlled conditions. Human tumor xenograft models were created by subcutaneous injection of 1.0 × 107 Jurkat cells (sh-NC/sh-CDC27, n = 5) in 0.1 ml of PBS/Matrigel (1:1 mixture, BD Biosciences, CA, USA) into the flank regions of the mice; tumors were allowed to form for 5 weeks. During the experiments, the tumor burden, general conditions and weight of nude mice were monitored twice daily. After 35 days, the nude mice were euthanized. The tumor volumes and tumor weights were measured. Balb/c nude mice were handled and treated under animal laboratory conditions according to the approved guidelines of the Institutional Animal Care and Use Committee of the First Affiliated Hospital of Zhengzhou University (Henan, China).



Statistical Analysis

Statistical analyses were performed using SPSS software version 19.0 (IBM Corp., Armonk, NY, USA) or GraphPad Prism version 7.01 (GraphPad Software, Inc., La Jolla, CA, USA). Data were expressed as the mean ± Standard Deviation (SD). Comparisons between two groups and among three groups were performed by using Student's t-test and one-way ANOVA, respectively. Pearson's correlation was used for correlation analysis. Protein expression and clinicopathological indicators were assessed using χ2-test. The Kaplan-Meier estimator method and log-rank test were used to analyze survival data. A value of p < 0.05 was considered statistically significant.




RESULTS


CDC27 Is Overexpressed and Correlated With Progression in T-LBL

Firstly, we used immunohistochemistry to evaluate CDC27 expression in tumor tissues from 46 T-LBL patients and 30 cases of reactive hyperplasia of the lymph node tissues. The results showed that CDC27 was mainly expressed in the nucleus. Compared with the reactive hyperplasia of the lymph node tissues, the tumor tissues had stronger staining intensity (Figures 1A,B). To analyze the relationship between CDC27 expression and the clinicopathological characteristics, we summarized the clinical information of the 46 cases of T-LBL in Table 1. There were 29 cases of tumor samples (63.1%) that were highly positive (Figure 1C). Further study showed that the expression of CDC27 had a significant correlation with the stage of disease (p = 0.014), which revealed that CDC27 expression may be associated with T-LBL progression. Then we investigated the correlation between CDC27 and the survival of T-LBL patients. The results of Kaplan-Meier survival analysis and log-rank tests in Figure 1D showed that T-LBL patients with high CDC27 expression exhibited significantly shorter overall survival (OS) than patients with low CDC27 expression (p < 0.01, hazard ratio = 5.182, CI = 1.871–14.35). And the correlation between CDC27 expression and progression free survival (PFS) was not statistically significant (p = 0.064, hazard ratio = 2.681, CI = 1.032–6.968; Figure 1E). The results demonstrated that high expression of CDC27 in T-LBL may be associated with poor prognosis to some extent.


[image: Figure 1]
FIGURE 1. CDC27 is overexpressed in patient tumor samples and predicts decreased survival in T-LBL. (A) Representative images of CDC27 expression in T-LBL tissues (n = 46) and reactive hyperplasia (n = 30) of the lymph node tissues by IHC (×400 magnification). (B) Relative immunohistochemistry analysis for CDC27 expression T-LBL tissues and reactive hyperplasia of the lymph node tissues.-20 ***P < 0.001. (C) Representative images by IHC (×400 magnification) of T-LBL tissues which were divided into high score group (score = 2 or 3) or low score group (score = 0 or 1). (D,E) Kaplan-Meier analysis of OS and PFS in T-LBL patients.



Table 1. Clinicopathological findings and correlation with CDC27 expression in T-LBL.
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CDC27 Promotes Cell Growth in T-LBL Cell Lines

To test whether CDC27 alterations could affect the proliferation of T-LBL, we first examined the expression of CDC27 in five T cell lymphoma cell lines and primary normal T cells extracted from peripheral blood mononuclear cells using western blotting (Figure 2A). According to the results, we constructed stable CDC27-downregulated Jurkat cell lines that were transfected with shRNAs targeting CDC27 (sh1-CDC27, sh2-CDC27) or negative control shRNA (shNC-CDC27). In addition, we constructed a control Sup-T1 cell lines (control) and stable Sup-T1 cell line overexpressing CDC27 (CDC27). Western blotting was used to confirm the efficiency of knockdown and overexpression of CDC27 in these stable cell lines (Figure 2B). The results of the cell proliferation assay shown in Figures 2C,D indicated that the cell survival, or optic density (OD) value, was significantly decreased in the CDC27 shRNA-expressing Jurkat cells and increased in CDC27-overexpressing SUP-T1 cells. In addition, the sh-CDC27 group had weaker colony formation ability than the shNC group of Jurkat cells (Figure 2E). Furthermore, exogenous CDC27 expression also increased the colony formation capacity in Sup-T1 cells (Figure 2F). The results above indicated that CDC27 promotes cell growth in T-LBL.


[image: Figure 2]
FIGURE 2. CDC27 promotes proliferation of CRC cells. (A) Protein expression was identified by western blotting analysis in T cell lymphoma cell lines. (B) The efficient overexpression or suppression of CDC27 was detected by western blotting. (C,D) Effects of CDC27 knockdown and over-expression on the proliferation of T-LBL cells (Jurkat and Sup-T1) in vitro by CCK-8 assay. *P < 0.05, **P < 0.01. (E) Colony formation number decreased under CDC27 knockdown in Jurkat cells. *P < 0.05, **P < 0.01. (F) CDC27 overexpression promoted cell growth in colony formation assays. *P < 0.05.




CDC27 Promotes G1/S Transition in the Cell Cycle

EdU cell staining and cell cycle detection assays were performed to verify whether the cell proliferation induced by CDC27 was related to cell cycle progression. The results of the EdU assay demonstrated that CDC27 knockdown decreased the S-phase proportion of Jurkat cells (Figure 3A). Overexpression of CDC27 promoted EdU synthesis in S-phase in Sup-T1 cells (Figure 3B). Furthermore, the results of the cell cycle assay showed that compared with Jurkat-shNC cells, Jurkat-shCDC27 had a significantly increased number of cells in G1 phase and a decreased the number of cells in S phase (Figure 3C). In stable Sup-T1 cells, CDC27 overexpression facilitated the G1/S transition (Figure 3D). Next, the level of G1/S-related cyclin D1 and CDK4 protein were detected by western blot. CDC27 knockdown decreased CyclinD1 and CDK4 expression (Figure 3E). In CDC27 overexpressing Sup-T1 cells, the expression level of CDK4 and cyclin D1 increased significantly (Figure 3F).


[image: Figure 3]
FIGURE 3. CDC27 influence the G1/S phase transition. (A,B) Cell proliferation were assessed by EdU incorporation assay. Data are representative of at least three independent experiments. **P < 0.01, *P < 0.05. (C,D) Flow cytometry was used to examine the cell cycle by PI staining of both Jurkat and Sup-T1 cells. Images and qualification of the cell cycle distribution in three independent experiments are shown. *P < 0.05, ***P < 0.001. N.S., not significant. (E,F) Western blot was performed to detect the expression levels of cell cycle related proteins in both Jurkat and Sup-T1 cells, respectively.




CDC27-Knockdown Facilitates T-LBL Cell Apoptosis

To clarify whether CDC27 knockdown influenced the apoptosis of T-LBL cell lines, Jurkat and Sup-T1 cells were starved for 48 h and subjected to Annexin V/7-AAD staining analysis. The percentage of apoptotic cells were counted as the sum of early apoptotic cells (quadrants Q4) and late apoptotic cells (quadrants Q2). The results showed that the proportion of apoptotic cells was significantly higher in CDC27 shRNA-expressing Jurkat and lower in CDC27 overexpressing SUP-T1 cells than in control cells (Figures 4A,B). We next verified the effect of CDC27 on several apoptosis-related proteins (Figures 4C,D). Given that PARP (poly ADP-ribose polymerase) is a kind of DNA repair enzyme that plays a significant role in DNA damage repair and apoptosis, the overexpression of CDC27 induced an obvious decrease in the levels of cleaved PARP. In addition, the expression of cleaved PARP remarkably increased in the shCDC27 group compared with the shNC group. The same trend in the expression of cleaved caspase 3 was also identified. These results suggested that CDC27 may influence the progression of T-LBL by regulating apoptosis.


[image: Figure 4]
FIGURE 4. CDC27 inhibits cell apoptosis in T-LBL cells. (A,B) Flow cytometry was used to examine the apoptosis as the sum of both Q2 and Q4 quadrants (early + late apoptosis) by Annexin V/7-AAD staining of both Jurkat and Sup-T1 cells. Apoptosis rates were expressed as the mean (Q2 + Q4) ± SD of values from experiments performed in triplicate by using Student's t-test. *P < 0.05, **P < 0.01. (C,D) Western blot was performed to detect the expression levels of apoptotic related proteins in both Jurkat and Sup-T1 cells, respectively.




The Effect of CDC27 on PD-L1 Expression

Given that APC/CCdh1 can influence the expression of PD-L1 via degradation of SPOP, we wondered whether CDC27 can regulate PD-L1 in T-LBL cells (21). Firstly, we found a positive correlation between CDC27 and PD-L1 expression in human T-LBL tissues by IHC. The results showed that tissues with a higher score for CDC27 also had a higher level of PD-L1 expression (Figures 5A,B). There was an obvious positive correlation between CDC27 expression and PD-L1 expression in T-LBL tissues. In addition, the protein expression level of PD-L1 was significantly decreased in shCDC27 Jurkat cells compared with the control cells (Figure 5C). And in CDC27-overexpressing cells, the expression level of PD-L1 increased (Figure 5D). Moreover, 293T cells were transfected with luciferase reporter plasmids driven by the PD-L1 promoter (Figures 5E,F). Western blotting was used to confirm the efficiency of knockdown of CDC27 in 293T cells (Figure 5E). The results indicated that silencing CDC27 inhibited the activity of the PD-L1 promoter which demonstrated that CDC27 can regulate PD-L1 expression at transcriptional level at least in part (Figure 5F). We also found that PD-L1 protein expression was increased in high-CDC27 expression areas of the tumor cells by an immunofluorescence assay (Figures 5G,H). All the results suggested a positive correlation between CDC27 and PD-L1 in T-LBL.


[image: Figure 5]
FIGURE 5. The effect of CDC27 on PD-L1 expression. (A,B) Representative IHC images and interaction plots of serial sections derived from patients with T-LBL (n = 46) were stained for CDC27 and PD-L1. (C) The protein expression of PD-L1 in shCDC27 Jurkat cells compared to control. (D) The protein expression of PD-L1 in CDC27 overexpression Sup-T1 cells compared to control. (E) The reduction of CDC27 protein levels in shCDC27-transfected 293T cells was detected by western blotting. (F) Luciferase reporter assays were performed to detect PD-L1 expression in the indicated cells with CDC27 suppressed. ***P < 0.001. N.S., not significant. (G,H) Immunofluorescence analysis of CDC27 and PD-L1 expression in Jurkat and Sup-T1 cells, respectively.




CDC27 Promotes Tumor growth in a Xenograft Mouse Model

Then, we used stable Jurkat cell lines to establish a BALB/c nude mouse xenograft model. ShNC or shCDC27 Jurkat cells were injected subcutaneously into female nude mice. Tumor volume was calculated according to the measured tumor size. After 5 weeks, the mice were killed and then the tumors were collected and weighed. The results showed that compared with the control group, knockdown of CDC27 in stable Jurkat cell contributed to a marked decrease in both tumor weight and volume (n = 5, Figures 6A–C). Next, we detected the expression of Ki67, which is a marker of nuclear cell proliferation, in excised mouse tumors by IHC. The staining intensity of Ki67 in the Jurkat-shCDC27 group was weaker than that in the control group (Figure 6D). In addition, the results of IHC also showed that the expression of PD-L1 had a positive correlation with CDC27 expression in tumors (Figures 6D,E). The results demonstrated that CDC27 is not only related to tumor proliferation but also affects PD-L1 expression in T-LBL.


[image: Figure 6]
FIGURE 6. CDC27 promotes tumor growth in vivo. (A) Representative images of xenograft tumors Jukat cells with expression of shNC and shCDC27 (n = 5 in each group). (B,C) Tumor volume and tumor weight were analyzed. **P < 0.01, ***P < 0.001. (D) Representative H&E staining and immunohistochemistry staining of Ki67, CDC27, and PD-L1 in the xenograft tumor tissues (×200 magnification). (E) Correlations between CDC27 and PD-L1 expression in the xenograft tumor tissues were analyzed by Pearson's test.





DISCUSSION

The deregulation of APC/C has been reported to be connected with the genomic instability of tumor cells (22). As a core subunit of APC/C, CDC27 can bind CDH1 or CDC20, playing a key role in the process of recognizing and degrading target substrates. In recent years, several studies have reported that CDC27 can facilitate cell proliferation, migration and invasion in some types of cancers (23–25). Nevertheless, few studies indicated the opposite influence of CDC27 on cell functions and patients' survival analysis (26, 27). The expression and effect of CDC27 in lymphoma has not been reported or clarified. In our present study, CDC27 regulated the proliferation, apoptosis, and the cell cycle. By means of in vitro and in vivo experiments as well as clinical information analysis, we claimed that targeting CDC27 might offer new thoughts to the treatment of T-LBL.

Our study found that the expression of CDC27 was significantly unregulated in T-LBL tissues compared with the control tissues, which suggested that CDC27 may facilitate tumorigenesis of T-LBL and laid a foundation for further study. First, the proliferative effect of CDC27 was proven by cell viability assay and in vivo study. EdU-647 labeling assays and cell cycle assays revealed that the cancer-promoting function of CDC27 may be primarily because of the promotion of the G1/S phase transition. In addition, through the apoptosis detection test and western blotting experiments, we found that CDC27 could inhibit the apoptosis of T-LBL cells, which might be connected with the upregulation of related proteins in the apoptosis pathway. All of our functional studies in T-LBL cells demonstrated that CDC27 could promote tumor progression in various aspects. Intriguingly, Qiu et al. did not find evidence to prove that CDC27 is associated with apoptosis in colorectal cancer cells (23). This may be due to the tumor heterogeneity and more experiments are needed to confirm this point.

Although intensive chemotherapy has been applied in treating T-LBL patients, the 5-year OS is <67%, and the recurrence rate is over 30% (28). In this study, majority of T-LBL patients received regimens including dose-adjusted BFM-90 (prednisone, Vincristine, daunorubicin, L-Asaraginase, cyclophosphamide, cytarabine, bleomycin) or Hyper CVAD (cyclophosphamide, vincristine, doxorubicin, and dexamethasone, alternating with methotrexate and cytarabine). No research reported that the drugs mentioned above targeted CDC27. Our study revealed that CDC27 was overexpressed in T-LBL tumor tissues and correlated with OS. As for the negative results of PFS, it may be due to the limited number of cases that could be included in this study. Collectively, the detection of CDC27 expression could help to evaluate tumor staging and prognosis in T-LBL to a certain extent.

In recent years, immune checkpoint inhibition has been considered as a novel treatment method (29). PD-1 is one of the immune checkpoints responsible for regulating the immune response. Its ligand on tumor cells, PD-L1, can bind PD-1 and transmit suppression signals to T cells (30). Therefore, it is important to reverse immune escape by inhibiting the interaction between PD-1 and PD-L1. Nevertheless, most of patients fail to respond to PD-1/PD-L1 axis inhibitors. The abnormal expression of PD-L1 can be used as a predictive or prognostic marker of PD-1/PD-L1 inhibition therapy for patients (31–33). However, few studies have studied the expression and regulatory mechanisms of PD-1 or PD-L1 expression in T- LBL (34, 35). In this study, we first found a prominent positive relationship between tumor CDC27 and PD-L1 expression by IHC staining of T-LBL tissues. To further investigate and prove this connection, we also performed the western blotting, luciferase gene reporter assays and immunofluorescence staining, the results of which also proved our assumption that the expression of CDC27 is indirectly associated with PD-L1 in T-LBL tumor cells. However, the regulatory mechanisms between CDC27 and PD-L1 is uncertain, which may consist of a meshwork of proteins and pathways. A study of Zhang et al. showed that the activation of APC/CCdh1 can promote the degradation of SPOP, which reduces ubiquitination-mediated PD-L1 degradation, resulting in increased PD-L1 levels (21). This study provided strong support that CDC27, as the most notable APC/C subunit, may participate in the regulation of PD-L1. Furthermore, Zhang et al. also indicated that CDK inhibitor plays a key facilitating role in the whole process (21). Recently, several studies indicated that CDK family had a close correlation with PD-L1 expression and immune escape (36–38). It gave clues that CDC27 may influence PD-L1 expression via modulating certain potential CDKs and their cell cycle or apoptosis related downstream molecules in the tumor microenvironment. Besides, previous studies have proved that TGF-β signaling can facilitate the activation of APC/C via CDC27, which allowing the transcription of genes necessary for growth inhibition and in turn leads to the transactivation of TGF-β-responsive genes for cell cycle arrest or apoptosis (39). Notably, the activation of TGF-β pathway can also induce the expression of PD-L1 and promote the occurrence of immunosuppression (33, 40, 41). Collectively, crosstalk among TGF-β signaling pathway may play a significant role in the regulation network of CDC27-PD-L1, which needs to be tested in the future.

The research findings above indicated that CDC27 may be involved in the progression and prognosis of T-LBL patients and is expected to become a promising novel target for the treatment. Based on current experimental basis, we hope that special inhibitors against CDC27 or its regulators can reactivate the anti-cancer effect of immune cells in T-LBL by reducing PD-L1 expression. And the CDC27 blockades can be designed and tested in conjunction with immune checkpoint inhibitors to overcome the therapeutic resistance. With the development of sequencing technologies, the personalized combination therapy will be feasible in the near future. A study showed that the pre-therapy tumor clone with mutations in CDC27 could not be detected after anti-PD-1 treatment in patients with hyperprogressive disease (42). In addition, CDC27 was also reported to be the most frequently mutated gene of resistant clones in a patient with exceptional response to immune checkpoint inhibitor (43). Therefore, it is worth to investigate whether the newly discovered “partner molecule” of PD-L1 can be served as a biomarker to predict the response of T-LBL patients to immunotherapy.

However, this study also has some limitations. Firstly, in recent years, CDC27 mutations have been found in some cancers (44–46). A study has identified mutated CDC27 as a tumor antigen which leaded to massive changes of chromosomal number (47). The mutated CDC27, which has not been investigated thoroughly by a conventional approach, may play an important role in cancer development. We tried to investigate the presence of alleles related to T-LBL. However, we have not found the key mutations of CDC27 that can influence the tumor progression or tumorigenesis until now. This need to be confirmed by rigorous experiments and larger cohort studies in the future. Secondly, because of the low incidence of T-LBL, the number of patients included in the study was limited. Some intriguing molecular genetics of T-LBL patients are not well-characterized, mainly due to the scarcity of samples. Hence, more researches with larger sample sizes are needed to verify our conclusions and explore novel fields. Thirdly, there may be various mediators and additional mechanisms involved in PD-L1 regulation by CDC27. Further studies are required to identify more target proteins in CDC27-PD-L1 axis.



CONCLUSION

CDC27 is overexpressed in T-LBL tissues and influences the cell functions as well as PD-L1 expression, suggesting a novel insight into tumor progression and a new regulatory axis with potential therapeutic utility.
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A Corrigendum on 


CDC27 Promotes Tumor Progression and Affects PD-L1 Expression in T-Cell Lymphoblastic Lymphoma 
Song Y, Song W, Li Z, Song W, Wen Y, Li J, Xia Q and Zhang M (2020). Front. Oncol. 10:488. doi: 10.3389/fonc.2020.00488


In the original article, there was a mistake in Figure 3 and Figure 4 as published. In Figure 3, we put the wrong picture of EdU result in shNC group. In Figure 4B, we put the wrong picture of Apoptosis result in Control group. The correct Figure 3 and Figure 4 appear below. And in the Materials and Methods parts, we give a supplementary statement that cell lines used for Immunofluorescence were transfected with plasmid without GFP tag.




Figure 3 | CDC27 influence the G1/S phase transition. (A, B) Cell proliferation were assessed by EdU incorporation assay. Data are representative of at least three independent experiments. **P < 0.01, *P < 0.05. (C, D) Flow cytometry was used to examine the cell cycle by PI staining of both Jurkat and Sup-T1 cells. Images and qualification of the cell cycle distribution in three independent experiments are shown. *P < 0.05, ***P < 0.001. N.S., not significant. (E, F) Western blot was performed to detect the expression levels of cell cycle related proteins in both Jurkat and Sup-T1 cells, respectively.






Figure 4 | CDC27 inhibits cell apoptosis in T-LBL cells. (A, B) Flow cytometry was used to examine the apoptosis as the sum of both Q2 and Q4 quadrants (early + late apoptosis) by Annexin V/7-AAD staining of both Jurkat and Sup-T1 cells. Apoptosis rates were expressed as the mean (Q2 + Q4) ± SD of values from experiments performed in triplicate by using Student’s t-test. *P < 0.05, **P < 0.01. (C, D) Western blot was performed to detect the expression levels of apoptotic related proteins in both Jurkat and Sup-T1 cells, respectively.



The authors apologize for these errors and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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The cell-microenvironment communication is essential for homing of hematopoietic stem cells in stromal niches. Recent evidences support the involvement of epithelial-to-mesenchymal (EMT) process in hematopoietic stem cell homeostasis as well as in leukemia cells invasiveness and migration capability. Here, we demonstrate that the alteration of iron homeostasis and the consequent increase of redox metabolism, mediated by the stable knock down of ferritin heavy chain (FtH), enhances the expression of CXCR4 in K562 erythroleukemia cells, thus promoting CXCL12-mediated motility. Indeed, addition of the CXCR4 receptor antagonist AMD3100 reverts this effect. Upon FtH knock down K562 cells also acquire an “EMT-like” phenotype, characterized by the increase of Snail, Slug and Vimentin with the parallel loss of E-cadherin. By using fibronectin as substrate, the cell adhesion assay further shows a reduction of cell adhesion capability in FtH-silenced K562 cells. Accordingly, confocal microscopy shows that adherent K562 control cells display a variety of protrusions while FtH-silenced K562 cells remain roundish. These phenomena are largely due to the reactive oxygen species (ROS)-mediated up-regulation of HIF-1α/CXCR4 axis which, in turn, promotes the activation of NF-κB and the enhancement of EMT features. These data are confirmed by treatments with either N-acetylcysteine (NAC) or AMD3100 or NF-κB inhibitor IκB-alpha which revert the FtH-silenced K562 invasive phenotype. Overall, our findings demonstrate the existence of a direct relationship among iron metabolism, redox homeostasis and EMT in the hematological malignancies. The effects of FtH dysregulation on CXCR4/CXCL12-mediated K562 cell motility extend the meaning of iron homeostasis in the leukemia cell microenvironment.
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INTRODUCTION

The tumor microenvironment (TME) is a major player in cancer progression and several signals, such as oxygen supply, cytokines, and chemokines drive the communication between TME and tumor cells (1–3). The CXCL12/CXCR4 axis promotes tumor cell growth and propagation of distant metastases through the activation of epithelial-to-mesenchymal transition (EMT) (4). During EMT, cancer cells acquire features of mesenchymal-like cells including enhanced migratory and invasive abilities, changes in cellular adhesion and remodeling of the extracellular matrix (5, 6). Cancer cells expressing CXCR4 tend to home to secondary organs where its ligand CXCL12 is actively secreted, mainly by mesenchymal stromal cells (7).

Tumors rapidly exhaust the local oxygen supply creating a hypoxic environment which, in turn, promotes the overproduction of reactive oxygen species (ROS) (8). ROS can induce EMT, but the specificity of their action in the regulation of given EMT markers is dependent on the cellular context and the type of tissue (9–12). Numerous studies have explored the role of ROS in inducing both cell migration and EMT in solid cancer (13, 14). In this regard, we and others have previously reported that the knock down of ferritin heavy chain (FtH), the catalytic subunit of the human ferritin, promotes cell motility through either the activation of CXCR4 signaling or the induction of EMT in a variety of solid cancer in vitro models including breast and lung cancer cell lines (15–17).

The trafficking of tumor cells represents a key process that contributes to progression also of hematological malignancies such as myeloid and lymphoid leukemias or multiple myeloma (18, 19). A common feature of these tumors is the homing and infiltration of hematological cancer cells into the bone marrow (BM) which supports initiation, maintenance and proliferation of the malignant cells (7). Both homing and migration of leukemic stem cells are regulated by niche cells living in the BM through the activation of the CXCL12/CXCR4 axis signaling (20–22). Indeed, blocking CXCL12 binding to CXCR4 with the specific CXCR4 inhibitor AMD3100 disrupts hematological neoplastic cells interaction with the BM microenvironment (21).

In chronic myelogenous leukemia (CML) cells, CXCR4 activates PI3K/AKT signaling pathway and promotes the translocation of NF-κB complexes into nucleus thereby decreasing the expression of pro-apoptotic proteins (23, 24). Moreover, CXCL12 activates pro-survival signal pathways including those mediated by MAPK, S-6-kinase, STAT3 and STAT5, and in vitro treatment with CXCR4 antagonists inhibits cell growth and induces cell death (25, 26). The molecular mechanisms regulating the expression of CXCR4 in hematological malignancies have therefore been largely investigated. Numerous evidences show that hypoxia in BM leads to increased HIF-1α transcriptional activity on CXCR4 expression resulting in enhanced migration and homing of circulating malignant cells to new BM niches (27–29).

During the last decade, EMT has gained increasing attention also in hematological malignancies. Few reports indicate that EMT-transcription factors (TFs), including Twist-1 and Slug, are implicated in hematopoietic stem cell self-renewal by interacting with stemness signaling key factors c-Myc and c-Kit (30, 31) while Slug up-regulation promotes leukemogenesis and confers resistance to apoptosis in leukemia cells (32). In addition, imatinib-resistant CML cells exhibit a so-called “EMT-like” phenotype along with increased invasion and migration properties both in vitro and in vivo (33). Overall these data suggest that EMT might play significant role in inducing tumor dissemination and thus chemoresistance also in hematological malignancies; however, this topic still has remarkable gaps to overwhelm.

In this study, we address for the first time the role of FtH-induced ROS increase in bestowing mesenchymal properties to hematological cells. To achieve this goal, we defined the effects of FtH knock down in the induction of EMT markers, activation of CXCR4/CXCL12 signaling pathway and migration of K562 erythroleukemia cells, and further attempted to understand the molecular mechanisms involved.



MATERIALS AND METHODS


Cell Culture and Treatment

K562, a human erythroleukemia cell line (ATCC number CCL-243), was cultured as described in Di Sanzo et al. (34). The human stromal cells HS5, were cultured in DMEM medium supplemented with 10% fetal bovine serum and antibiotics at 37°C in an atmosphere of humidified air containing 5% CO2. Lentiviral preparations and transductions were performed as previously described using a shRNA as control (K562shRNA) or a shRNA that targets the 196–210 region of the FtH mRNA (K562shFtH) (35). All the experiments were performed using a puromycin-selected pool of clones (1 μg/mL) (Sigma Aldrich, St. Louis, MI, USA). K562 cells were transfected using the Nucleofector system from Amaxa (Lonza, Basel, Switzerland) according to the manufacturer's optimized protocol. To evaluate the role of NF-κB in inducing EMT-like features, we over-expressed the NF-κB inhibitor IκB-α using a homemade pRc/CMV-HA-IκB-α plasmid and its empty control kindly provided by Prof. Ileana Quinto (Magna Graecia University of Catanzaro, Italy) as previously described by Aversa et al. (36). CXCL12 was added to K562 cell culture medium at a final concentration of 100 ng/ml. N-acetylcysteine (NAC) was added to the K562 cell culture medium at a final concentration of 5 mM for 2 h. Plerixafor (AMD3100) was added to the K562 cell culture medium at a final concentration of 10 μM for 1 h.



Protein Extractions

Protein extractions were performed on K562shRNA, K562shFtH, K562shFtH/pRc/CMV, K562shFtH/pRc/CMV−3HA−IκB and NAC treated cells. Briefly, for total protein extractions, K562 cells were lysed in ice-cold radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors as described by Zolea et al. (37). For the quantification of nuclear p65 amounts, protein extraction from nucleus was performed as previously described by Aversa et al. (36).



Western Blotting Analysis

A total of 40 μg protein extract was boiled for 10 min in SDS sample buffer, separated by 12% SDS-PAGE and transferred to a nitrocellulose membrane by electroblotting as reported in Di Sanzo et al. (38). The nitrocellulose membranes were incubated overnight at 4°C with the following antibodies: (a) anti-CXCR4 (1:500; Abcam), (b) anti-HIF-1α (H-206) (1:200; Santa Cruz Biotechnology), (c) anti-p65 (C-20) (sc-372, 1:1,000; Santa Cruz Biotechnology), (d) anti-HDAC (1:5,000; Sigma-Aldrich), (e) anti-HA probe (F-7) (1:1,000; Santa Cruz Biotechnology), (f) anti-Vimentin, (g) anti-E-cadherin, (h) anti-Snail, (i) anti-Slug (1:1,000; Cell Signaling Technology, Danvers, MA, USA), (l) anti-FtH (1:200; Santa Cruz Biotechnology), (m) anti-γ-Tubulin (C-20) (1:2,000; Santa Cruz Biotechnology), (n) anti-Nucleolin (D4C7O) (1:1,000; Cell Signaling Technology) over-night at 4°C, followed by incubation with goat anti-rabbit and mouse anti-goat secondary antibodies (1:5,000; Santa Cruz Biotechnology). Membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies and immunoreactive bands were visualized with the ECL Western blotting detection system (BioRad, Hercules, CA, USA).



Quantification of CXCR4 Surface Expression

K562 cells (2 × 105) were harvested and rinsed once. Then, the cells were incubated with anti-CXCR4 antibody (1:400; Abcam) for 1 h at 4°C. After primary antibody incubation, the cells were rinsed with 1X PBS and incubated for 30 min with Alexa Fluor 633 donkey anti-goat antibody (H+L) (1:400) resuspended in 5 mg/ml BSA and 0.76 mg/ml EDTA. The cells were rinsed with 1X PBS, resuspended in 300 μl 1X PBS and evaluated by a FACS BD LSRFortessaTM X-20 cytofluorometer (BD Biosciences, San Jose, CA, USA).



Immunofluorescence

K562 cells were cultured on cover slip coated with fibronectin for 24 h. Samples preparation was performed as reported in Biamonte et al. (39). Thereafter, these cover slips were incubated for 1 h with primary antibodies anti-Vimentin (clone V9, ready to use, Dako) and 1 h with secondary antibody FITC-conjugated anti-mouse diluted in blocking buffer. For E-cadherin staining, the cover slips were incubated overnight at 4°C with primary antibody (clone 24E10, 1:200, Cell Signaling) in a humidified room, and for 1 h with Alexa Fluor 488-conjugated anti-rabbit, both diluted in blocking buffer. To stain actin filaments, cells were incubated for 30 min in this buffer containing Alexa Fluor 488 phalloidin at 1:40 dilution (Thermo Fisher Scientific, Waltham, Massachusetts, USA). After 3 washes with PBS, nuclear DAPI (1:500, Invitrogen, Carlsbad, CA) was added for 20 min. The samples were mounted on microscope slides using a mounting solution ProLong Gold antifade reagent (Thermo Fisher Scientific). Images were collected using a Leica DM-IRB/TC-SP2 confocal microscopy system (63× objective).



Cell Adhesion Assay

K562shRNA, K562shFtH and K562shFtH NAC-treated cells were subjected to adhesion assays using Fibronectin as an adhesion substrate. Briefly, 6-well flat-bottom plates were incubated overnight at 37°C with 5 μg/cm2 of Fibronectin in PBS. After gentle washing with PBS and incubation with 1% BSA for 1 h at room temperature, cells (3 × 104 cells/well) were added and allowed to adhere for 24 h at 37°C. Non-adherent cells were then removed by washing each well with PBS and adherent cells were counted using the cell count function in Image J 1.42 software, on ten fields per well. Each field consisted of a photo obtained at 200× magnification.



Migration Assay

K562shRNA, K562shFtH and K562shFtH NAC-treated cells were used to the migration assay using as chemoattractant CXCL12 chemokine as already described by Aversa et al. (15). After 18 h of incubation, the upper chambers were removed, and the cells in the lower chambers were counted using an optical microscope. Migration assay using the conditioned media derived from stromal cells HS5 (HS5-CM) was assessed in 24-well plate and polycarbonate filters with an 8.0 μm pore size. First, the supernatant media of HS5 cells was collected after 12 h and passed through a 0.45 μm filter. Briefly, 2 × 105 K562 cells were harvested, suspended in 200 μl serum-free RPMI with 1% BSA and placed in the upper chamber. The lower chambers contained 500 μl of HS5-CM. The plates were incubated at 37°C in 5 % CO2 for 8 h. The upper chambers were removed, and the cells in the lower chambers were counted using an optical microscope. The cell migration is expressed as the percentage of increase compared with the corresponding control.



ROS Detection

ROS were determined by incubating 2 × 105 K562shRNA, K562shFtH and K562shFtH cells NAC-treated with 1μM redox-sensitive probe 2′-7′-DCF (CM-H2CFDA; MolecularProbes, Eugene, OR, USA) for 30 min at 37°C. Afterward, pellet was washed twice with 1X PBS, then the pellet was resuspended in 1X PBS and analyzed using a FACS BD LSRFortessaTM X-20 cytofluorometer (BD Biosciences).



RNA Isolation and qPCR Analysis

Total RNA isolation was performed as previously reported in Sottile et al. (40). Gene expression analysis was assessed by real-time PCR using the cDNA obtained from K562shRNA, K562shFtH, K562shFtH/pRc/CMV, K562shFtH/pRc/CMV−3HA−IκB cells and K562shFtH cells treated with NAC.

Real time PCR was performed ad reported in Biamonte et al. (41). Briefly, 50 ng of cDNA was amplified in 20 μl of reaction mix containing Power SYBR Green PCR Master mix (Thermo Fisher Scientific) and the expression of CXCR4, FtH, E-cadherin, HIF-1α, Snail, Slug and Vimentin were analyzed. The human GAPDH cDNA fragment was amplified as the internal control. Data analysis was performed using the 2−ΔΔCt.



Statistical Analysis

All experiments were conducted at least three times, and the results are reported as mean values ± standard deviations (SD). Data analysis was performed by Student's-t-test assuming equal variances. p-values ≤ 0.05 were considered statistically significant.




RESULTS


FtH Knock Down Promotes CXCL12/CXCR4 Axis Activation and Motility in K562 Cells

Earlier studies by others and us indicate that FtH interacts with internalized olo-CXCR4 receptor thereby suppressing the downstream signaling pathway in a variety of epithelial tumor cells (15, 16). As experimental model we used a pool of erythroleukemia K562 cell clones stably silenced for FtH (K562shFtH). FtH mRNA and protein expression levels in K562shFtH and in K562shRNA control cells are reported in Figure S1A. To assess the role of FtH on CXCR4 signaling in hematological tumors, we first measured CXCR4 levels in K562shFtH and in K562shRNA and we found that FtH knock down significantly enhanced CXCR4 expression at both mRNA and protein levels (Figure 1A). Flow cytometry analysis revealed an increase of about 25% in CXCR4 cell surface expression in K562shFtH cells compared to K562shRNA control cells (Figure 1B). Next, to determine whether the CXCR4 increase modulates the cell migration ability, we cultured both K562shRNA and K562shFtH cells either in RPMI medium supplemented with 100 ng/ml CXCL12 or in a HS5 mesenchymal stromal cells-conditioned medium for 8 h. As controls, we prepared parallel cultures of K562 cells with RPMI complete medium alone (data not shown). Cell migration assays demonstrate that K562shFtH cells exhibit a higher migration ability of about 5-fold compared to K562 control cells upon exposure to both CXCL12 or HS5-conditioned medium. Accordingly, treatment with the specific CXCR4 inhibitor AMD3100 (10 μM for 8 h) significantly decreased the migration of K562shFtH in both modified culture media (Figures 1C,D).


[image: Figure 1]
FIGURE 1. CXCR4/CXCL12 axis is activated in K562shFtH cells. (A) qPCR and western blot analysis of CXCR4 in K562shRNA and K562shFtH cells. Final results represent mean ± SD of three independent experiments, *p < 0.05. γ-Tubulin was used as loading control in WB experiments (B) Flow cytometry analysis of CXCR4 in K562shRNA and K562shFtH cells. Data are representative of three independent experiments (C) CXCL12 dependent-cell migration was examined in 24-well plates. Cells were placed in the upper chamber (8 μm) in nude RPMI. After 8 h, cells migrated toward medium containing CXCL12 (100 ng/ml) were counted using an optical microscope. Data are reported percentage of migrated cells. Final results represent mean ± SD of three independent experiments, *p < 0.05. (D) Migration analysis of K562shRNA and K562shFtH cells performed in 24-well plates. Cells were allowed to migrate for 8 h into the lower chamber containing conditioned medium of HS5 cells. Migrated cells were counted, and the percentage of migrated cells was calculated. Final results represent mean ± SD of three independent experiments, *p < 0.05.




FtH Silencing Induces Mesenchymal-Like Features in K562 Cells

We then explored the effect of FtH knock down on the classic EMT markers E-cadherin and Vimentin, as well as on the two EMT-transcription factors (EMT-Tfs) Snail and Slug. Real-time PCR and WB analyses clearly indicate a consistent increase in the steady-state amounts of both EMT-Tfs in K562shFtH cells compared to K562shRNA cells (Figures 2A,B). Accordingly, upon FtH silencing, the expression of Vimentin appears roughly triplicated in parallel with a significant decrease of E-cadherin amounts either at mRNA or protein level (Figures 2C–F).


[image: Figure 2]
FIGURE 2. Analysis of EMT markers in K562 cells upon FtH silencing. qPCR and Western Blot analysis of (A) Snail, (B) Slug, (C) Vimentin and (E) E-Cadherin in K562shRNA and K562shFtH cells. Final results are reported as mean ± SD of three independent experiments, *p < 0.05. γ-Tubulin was used as loading control in WB experiments. Immunofluorescence staining for (D) Vimentin and (F) E-Cadherin in K562shRNA and K562shFtH cells. Images were collected using a Leica TCS SP2 confocal microscopy system (63X). Data are representative of three independent experiments (E). (G) Cell adhesion assay in K562shRNA and K562shFtH cells performed in a 6-well plate coated with 5 μg/mL fibronectin. Results are reported as the mean number of adherent cells counted per field upon 24 h through the optical microscope, **p < 0.01 (upper panel). A representative image of adherent K562shRNA and K562shFtH cells obtained from optical microscope (lower panel). (H) Representative images of immunofluorescence staining for Phalloidin in K562shRNA and K562shFtH cells. Images were collected using a Leica TCS SP2 confocal microscopy system (63X).


Besides increased motility, reduced cell-cell adhesion capability is a key feature of the EMT process. By using fibronectin as substrate, we analyzed the adhesion ability of K562shFtH and control cells, founding that the FtH-silenced cells halved their capability to adhere to the substrate (Figure 2G, upper panel). Optical imaging of K562shRNA cells reveals that they behave as adherent cells stucking to fibronectin through cell protrusion, while the fraction of adherent K562shFtH remains roundish (Figure 2G, lower panel). Confocal microscopy shows F-actin aggregates, cell-surface protrusions and/or extensions with a complex network of actin filaments (pseudopodia, lamellipodia) and actin bundles (filopodia) in K562shRNA cells. In K562shFtH cells, instead, F-actin is organized in a three-dimensional network beneath the plasma membrane, which likely accounts for the rounded shape of these cells (Figure 2H).



ROS Increase Induces CXCR4 Signaling and EMT Trans-Differentiation Process in K562shFtH Cells

We have already reported that FtH-silencing induces, in a variety of cell types including K562, a dysregulation of redox homeostasis ending in a consistent ROS overproduction (15, 36, 42, 43). Given the role of ROS in mediating the communication between tumor cell and tumor microenvironment (TME), we sought to explore the effects of the antioxidant agent NAC on both CXCR4 activation and EMT trans-differentiation process of K562shFtH. To this, we first re-determined the intracellular levels of ROS by using the DCF-DA assay. As shown in Figure 3A, a 4 h treatment with 5 mM NAC strongly reduced the amounts of ROS in the silenced cells. The decrease of ROS is accompanied by the reversal of the majority of the phenomena induced by FtH-silencing; indeed, the intracellular protein amount of CXCR4 is consistently reduced (Figure 3B) as well as its messenger RNA (Figure 3C) while its cell surface expression is only slightly affected (data not shown). Accordingly, EMT markers expression is down-regulated, with the exception of E-cadherin (Figure 3D), and the migratory ability is also consistently impaired (Figure 3E). The percentage of K562shFtH cells adherent to fibronectin substrate is increased (Figure 3F, upper panel), together with the lack of roundish morphology and with a partial recovery of cell protrusions (Figure 3F, lower panel).


[image: Figure 3]
FIGURE 3. Effects of NAC treatment on EMT transdifferentiation in K562shFtH cells. (A) Flow cytometry analysis of ROS in K562shRNA and K562shFtH cells treated and not treated with 5 mM NAC for 2 h. Cells were labeled with H2DCFDA and the assay was performed in triplicate. (B) Western blot analysis (lower panel) and optical densitometry (upper panel) of CXCR4 in K562shRNA and K562shFtH cells treated and not treated with 5 mM NAC. Final results are reported as mean ± SD of three independent experiments, *p < 0.05. γ-Tubulin was used as loading control. (C) qPCR analysis of CXCR4 in K562shRNA and K562shFtH cells treated and not treated with 5 mM NAC. Final results represent mean ± SD of three independent experiments, *p < 0.05; **p < 0.01. (D) qPCR analysis of Snail, Slug, Vimentin, and E-Cadherin mRNA expression in K562shRNA, K562shFtH and K562shFtH cells treated with NAC. Final results represent mean ± SD of three independent experiments, *p < 0.05 compared to K562shRNA cells. °p < 0.05, °°p < 0.01 compared to K562shFtH cells. n.s., not significant. (E) Migration analysis in K562shRNA and K562shFtH cells treated and not treated with NAC was examined in 24-well plates. After 8 h, cells migrated toward CXCL12 (100 ng/ml) were counted using an optical microscope. Data are reported as the percentage of migrated cells. Final results represent mean ± SD of three independent experiments, *p < 0.05. (F) Cell adhesion assay in K562shRNA, K562shFtH and K562shFtH cells treated with NAC were cultured in a 6-well plate coated with 5 μg/mL fibronectin. After 24 h adherent cells were counted using an optical microscope; data are reported as mean of the number of adherent cells per field (upper panel), *p < 0.05. A representative image of adherent K562shRNA, K562shFtH and K562shFtH cells treated with NAC obtained from optical microscope (lower panel).




ROS Orchestrate EMT Trans-Differentiation Process by Acting on HIF-1α/CXCR4/NF-κB Axis in K562shFtH Cells

Next, we analyzed HIF-1α expression levels in the FtH silenced cells, given its function as transcriptional factor of CXCR4. As shown in Figures 4A,B, FtH silencing induced HIF-1α up-regulation at both mRNA and protein levels and this effect was significantly attenuated by treatment with 5 mM NAC for 2 h. It has been recently found that CXCR4 modulates PI3K/Akt/NF-κB signaling pathway and that both NF-κB and CXCR4 belong to a regulatory network driving the migration of cancer stem cells (24). Moreover, NF-κB is currently considered a master regulator of cancer cells aggressive phenotype through the direct transcriptional activation of EMT genes in solid tumors (10, 44, 45), and we recently demonstrated its ROS-mediated activation in K562shFtH cells (36).


[image: Figure 4]
FIGURE 4. ROS/ HIF-1α/ CXCR4/ NF-kB axis activates EMT in K562shFtH cells. (A) qPCR analysis of HIF-1α in K562shRNA and K562shFtH cells treated and not treated with NAC. Final results represent mean ± SD of three independent experiments, *p < 0.05. (B) Western Blot analysis of HIF-1α (lower panel) and optical densitometry (upper panel) in K562shRNA and K562shFtH cells treated and not treated with NAC. Final results are reported as mean ± SD of three independent experiments, *p < 0.05. γ-Tubulin was used as loading control. (C) Western Blot analysis of p65 (lower panel) and optical densitometry (upper panel) in K562shRNA and K562shFtH cells treated and not treated with AMD3100. Final results are reported as mean ± SD of three independent experiments, *p < 0.05. HDAC was used as loading control of nuclear protein fraction. (D) qPCR analysis of Snail, Slug, Vimentin, and E-Cadherin mRNA expression in K562shRNA and K562shFtH cells treated and not treated with AMD3100. Final results represent mean ± SD of three independent experiments, *p < 0.05, compared to K562shRNA cells. °p < 0.05, °°p < 0.01, compared to KK562shFtH cells. n.s., not significant. (E) qPCR analysis of Snail, Slug, Vimentin, E-Cadherin, and CXCR4 mRNA expression in K562shRNA, K562shFtH and K562shFtH/Rc/CMV−HA−Ik−Bα cells. Final results represent mean ± SD of three independent experiments, *p < 0.05, compared to K562shRNA cells. °p < 0.05, compared to K562shFtH cells. n.s., not significant. (F) Cartoon of ROS/ HIF-1α/ CXCR4/ NF-kB axis activating EMT in K562shFtH cells.


Therefore, we assessed the effects of the CXCR4 inhibitor AMD3100 on the phenotype acquired by K562 cells upon FtH silencing. As shown in Figures 4C,D, p65 nuclear accumulation in K562shFtH cells was significantly reduced upon AMD3100 treatment and this was accompanied by a consistent decrease of all the EMT markers except for E-Cadherin that appeared unaffected. This effect was dependent on NF-κB transcriptional activity since blocking NF-κB with the specific inhibitor Ik-Bα suppressed Snail, Slug and Vimentin upregulation in K562shFtH cells (Figure 4E). The expression of Ik-Bα in K562shFtH cells is reported in Figure S1B.

These results strongly suggest that FtH is involved in bestowing K562 cells with more migratory and more mesenchymal-like features through the hypoxia-induced activation of CXCR4 and p65 transcriptional activation of selected EMT markers (Figure 4F).




DISCUSSION

Tumor cell migration is a critical process that contributes to the development and progression of both solid and hematological malignancies (46, 47). In solid tumors, the EMT process enhances the metastatic potential converting polarized epithelial cells into non-polarized mesenchymal cells thus promoting cell mobility, invasion and resistance to apoptotic stimuli (48–50). In hematological malignancies, the blasts move from BM into peripheral blood and colonize distant sites such as liver and spleen, a process reminiscent of EMT in metastatic solid tumors (51–53). Moreover, it has been recently demonstrated that EMT transcription factors are critical in promoting leukemia and lymphoma progression (6, 18).

Many of the molecules driving homing and retention of leukemic cells in tissues have been identified (54, 55); among them, the CXCL12/CXCR4 axis has been shown to be essential for hematopoietic stem cell (HSC) migration and homing and also for cancer cell migration and metastasis (3, 20, 56). In particular, CXCR4 expression is necessary to keep the leukemic cells in the CXCL12-enriched BM microenvironment, and the efficient blockade of CXCR4 mobilizes the cells from the BM into the circulation (3, 19, 22).

In solid cancers, a tumor microenvironment that is rich in reactive oxygen species (ROS) promotes the binding of the hypoxia inducible factor subunit HIF-1α to its response element (HRE) in the promoter region of CXCR4, thus critically influencing CXCR4-mediated expression and functions, and ultimately encouraging cancer metastasis (27, 28). Hypoxia represents a key driver of metabolic reprograming also in the leukemic BM niche where it is often associated with increased production of ROS (27, 57). This feature has been observed in numerous leukemic cell lines and also in cells from patients with CML and AML (58–60). Growing evidences suggest the role of ROS-mediated metabolic alterations in triggering hematopoietic cancer cell mobilization (54, 61).

In the last years, we and others have demonstrated that the knock down of ferritin heavy chain (FtH) induces EMT in epithelial derived cell lines, mainly though not exclusively by increasing ROS production (15, 17). The role of ferritin in hematological malignancies has been explored as well (42, 62, 63). In chronic myelogenous leukemia K562 cells FtH-silencing, by altering the redox metabolism, triggers p65 nuclear activation and resistance to doxorubicin (36).

In this study, we demonstrate that FtH knock-down promotes a quasi-mesenchymal phenotype and enhances mobility in K562 cells through the activation of a molecular axis arising from ROS mediated-induction of HIF-1α/CXCR4 and ending in p65-mediated transcriptional activation of the mesenchymal markers Snail, Slug and Vimentin.

In detail, K562 cells react to FtH knock down-induced oxidative stress by enhancing the expression of the regulatory HIF-1α subunit that, in turn, acts as a transcription factor for CXCR4. According to these results, ROS attenuation with NAC specifically reduced CXCR4 mRNA and protein levels induced by hypoxia. In K562shFtH cells, CXCR4 up-regulation promotes the nuclear translocation of p65 subunit belonging to the transcriptional complex NF-κB. There is increasing evidence suggesting a reciprocal interplay between CXCR4 and NF-κB signaling in fine tuning cancer cellular signaling pathways (23, 24). Although the vast majority of data report that NF-κB contributes to the increase in CXCR4 expression (64), few recent reports suggest the possible existence of a regulatory feedback loop (24). Our results highlight that, besides being redox sensitive, the activation of NF-κB in K562shFtH cells is also dependent on CXCR4 increase, being reversible upon AMD3100 inhibitor treatment.

A positive correlation between NF-κB activation and EMT has been described in several human solid tumors including breast cancer (44), prostate cancer (65), renal carcinoma (66) and head and neck squamous cell carcinomas (67). A number of studies have also recently demonstrated that NF-κB regulates the transcription of EMT-inducing factors Slug, Twist and Sip1 (68). Our results provide further evidence regarding NF-κB's involvement in EMT regulation also in the hematological malignancies since, in K562shFtH cells, p65 nuclear translocation is accompanied by the over expression of the two key EMT-TF Snail and Slug and of the major mesenchymal marker Vimentin in association with the break-down of the epithelial marker E-cadherin. These molecular rearrangements are mirrored by cytoskeletal remodeling along with increased cell motility and reduced cell adhesion capability to fibronectin substrate. The assessment of the EMT transdifferentiation highlights that either NAC or AMD3100 or IκB alpha treatment is able to attenuate the increase of Snail, Slug and Vimentin as well as the migratory and the adhesion abilities of K562 lacking of FtH expression. On the contrary, none of the above mentioned treatments restore E-cadherin levels in K562shFtH cells suggesting the non-involvement of ROS/CXCR4/NF-κB molecular axis in the regulation of this marker but rather the existence of other underlying molecular regulatory mechanisms such as the previously reported epigenetic imprinting (69).

To the best of our knowledge this is one of the few reports highlighting the role of ROS in the acquisition of characteristics ascribable to EMT phenotype in cells of hematological origins. Moreover, we describe a link between iron metabolism and CXCR4 in the hematological malignancies which may suggest a potential mechanism through which leukemic cells acquire a metastatic phenotype and a tendency to move to a distal organ. Finally, we believe that iron metabolism might be considered as part of the dynamic crosstalk between hematopoietic cancer cells and their microenvironment and that a perturbation of this crosstalk affects the metastatic potential in the hematological malignancies. Clearly, the cellular context of iron/redox metabolism in the modulation of this phenotype is important; hence, cell- or leukemia-subtype specific dependence of this new molecular axis would be the focus of future studies.
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Currently, the prognosis of Ph+ acute lymphoblastic leukemia (Ph+ ALL) patients relapsing after an allogenic hematopoietic stem cell transplantation (allo-SCT) remains poor, with few therapeutic options available. Here we present the case of a 32 years old patient with dasatinib-resistant post-transplant molecular relapse of ALL, who received, as second-line therapy, the combination of ponatinib and donor lymphocyte infusion (DLI). The therapy was safe and the patient achieved a sustained minimal residual disease negative disease, still ongoing after 22 months, which was accompanied by several changes in the immune populations distribution within the bone marrow (i.e., the increase in the CD8/CD4 lymphocytes ratio). Our report provides evidence of the efficacy of the third generation TKI inhibitor ponatinib in combination with DLI as second line therapy for Ph+ ALL relapsing after an allo-SCT.

Keywords: T lymphocytes, donor lymphocyte infusion (DLI), ponatinib, bone marrow microenviroment, acute lymhoblastic leukemia


BACKGROUND

B cell Acute lymphoblastic leukemia (B-ALL) is a hematologic malignancy arising from B-cell progenitors that accounts for 20% of adult leukemias (1). Among ALL adult patients, approximately 25% presents an acquired chromosomal abnormality, the Philadelphia chromosome (Ph), resulting from a balanced translocation between chromosome 9 and 22 (2, 3), which leads to the formation of the hybrid BCR-ABL transcript. The occurrence of Ph chromosome increases with age and is associated with a worse prognosis (4). From a clinical point of view, Ph+ ALL usually presents with a higher white blood cell count (as compare to Ph- ALL) and with a 5% risk of central nervous system involvement at diagnosis (3). The 5 year survival rate range from about 40% for people aged 25–64 years to <15% for patients over 65 years (1). Tyrosine kinase inhibitors (TKIs) directed to BCR-ABL fusion protein (imatinib, dasatinib, ponatinib) represent the backbone of current therapy, achieving, when used alone or in combinatory schedules including chemotherapy, a hematological remission rate of about 90%. Allogenic hematopoietic stem cell transplantation (allo-SCT) still remains the only potentially curative treatment for patients in first remission; it should be noted, however, that it relies on patient “fitness” as well as on the availability of suitable donors, and is associated with a significant risk of morbidity and mortality (1). Despite the advances made since TKIs introduction, disease relapse remains the main cause of treatment failure. Indeed, relapsed or refractory ALL patients have dismal outcome with a median overall survival (OS) shorter than 1 year and a 3 year OS of <25% (5). To date, various therapeutic strategies are available for these patients including immunotherapy [donor lymphocyte infusions (DLI), blinatumomab, inotuzumab ozogamicin, or chimeric antigen receptor T cells (CAR-T)] as well as conventional cytarabine-based chemotherapy (CHT) regimens, a second allo-SCT, participation in a clinical trial or supportive care (5). DLI could induce remission in some patients by restoring the graft-vs.-tumor response; the anti-CD22 antibody-drug-conjugated (ADC) inotuzumab and the bispecific T cell engager (BiTE) blinatumomab demonstrated improved outcome as compared to standard salvage chemotherapy; the CD19-directed CAR-T tisagenlecleucel achieved 83% remission rate in pluri-treated young and adult patients with precursor B-ALL (5). Any of the previously described new drugs brings a series of new adverse events spanning from graft-vs.-host disease (GVHD) (with DLI) to cytokine release syndrome (CRS) and neurotoxicity (with blinatumomab and CAR-T) that could be life-threatening and should be carefully took into account during the decision-making phase.

In this case report, we describe a young woman presenting with molecular relapsed Ph+ B-cell ALL initially treated with CHT+TKI induction regimen followed by a matched related donor allo-SCT and maintenance treatment with TKI until relapse occurred. The patient achieved then a long term complete molecular and cytogenetic remission following Ponatinib+DLI with minimal toxicity.



CASE PRESENTATION

A 32 year-old woman without significant comorbidities (with the exception of favism) presented to the emergency room with asthenia in March 2016 (all information reported in Table 1). Routine blood count showed lymphocytosis (white blood cell count: 40,000/mmc; platelets: 87,000/mmc; hemoglobin: 8.7 g/dl) with 80% lymphoid blasts in a peripheral blood smear. The subsequent bone marrow (BM) aspiration confirmed the diagnosis, showing the presence of aberrant cells with a B precursor immunophenotype (CD19+CD20–CD10brightCD45dimCD34+CD58+CD5–CD38low) (Figure 1A) and expression of the BCR-ABL1 p210 fusion gene. Flow cytometric analysis of cerebrospinal fluid revealed no central nervous system involvement. On May 5, 2016, the patient started an induction treatment with Vincristine 2 mg weekly (4 administrations), methylprednisolone (60 mg/m2/day for 28 days) and dasatinib 140 mg daily (early switch from imatinib due to intolerance after the first 7 days of treatment), associated with the intrathecal administration of cytarabine and methylprednisolone as a prophylaxis, which resulted in a rapid hematological complete response and BM negative minimal residual disease (MRD) (10−4.2 in PCR, 10−4.5 in FCM) after 5 months (Figure 1B). On October 2016, the patient underwent an allo-SCT (4.6 × 106 CD34+ cells /Kg) from a HLA-matched relative (brother), after a myeloablative conditioning regimen that included busulfan and cyclophosphamide (BuCy2) plus antithymoglobulin (ATG). As graft-vs.-host disease (GVHD) prophylaxis the patient received cyclosporine and methotrexate. Grade 2 fever and grade 1 mucositis and diarrhea were the main acute toxicities observed during hospitalization. On February 2017, for the reappearance of BCR-ABL1 transcript (BCR-ABL/ABL ratio in peripheral blood: 0.079%), the patient stopped (progressively) cyclosporine treatment and re-started dasatinib. On day 200 after transplant the detected chimerism was 100%. MRD negativity was then maintained until February 2018, when the patient experienced a molecular relapse while staying in morphological CR (BCR-ABL/ABL ratio in peripheral blood: 0.025%). Of note, the patient was negative for the T315I mutation (conventional Sanger sequencing). The therapeutic decision, at this point, was to change the TKI, by switching to ponatinib (45 mg once a day), and to begin DLI (5 consecutive infusions until September 2018). The patient quickly achieved a complete molecular response (CMR) (MR4.5) but experienced signs of GVHD with the development of progressively expanding dyskeratosis and dry eye (confirmed with Schirmer test) for which begun a treatment with steroids and cyclosporin. Central nervous system evaluation through MNR and cerebrospinal fluid analysis reveal no signs of leukemic involvement. Interestingly, this clinical picture was accompanied by a substantial increase in normal B cell progenitors, an inversion between CD58+ and CD58– T/NK lymphocytes distribution (Figure 2A) and by an inversion of the CD8/CD4 ratio (Figure 2B) within the BM. At the last evaluation, done on December 2019, the patient is continuing therapy with ponatinib 45 mg once a day with reasonable tolerance and still maintains a MR4.5 (response maintained for 22+ months).


Table 1. Patient's main characteristics at baseline and along the treatment.
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FIGURE 1. (A) Leukemic phenotype at baseline. The histograms report both the leukemic clone (in red) and the normal B cell compartment (in green) to underscore the expression of aberrant markers. (B) minimal residual disease (MRD) evaluation performed at 4 different timepoints (the number on the top of each panel represents the number of months from diagnosis) and compared with baseline phenotype. Dotplots are represented with a dimensionality reduction approach (principal component analysis or automatic population separator (APS) in infinicyt software, Cytognos) which allow the identification of the different immune population within the bone marrow (L, lymphocytes; ER, erythroblasts; N, granulocytes; M, monocytes; E, eosinophils; ALL, leukemic clone).
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FIGURE 2. (A) Trends in BCR-ABL transcript levels in peripheral blood coupled with different normal immune populations distribution within the bone marrow along disease evolution and in response to different treatments. BCR-ABL/ABL ratio values are reported on the left vertical axis while cell population abundance refers to the right axis. (B) T, NK, and B cell representation within the whole lymphocyte group at baseline and after ponatinib + donor lymphocytes infusion (DLI). Notably, within the T cell compartment we observed an inversion in the CD8/CD4 ratio, favoring the CD8 compartment after DLI treatment.




DISCUSSION

The management of allo-SCT relapsed Ph+ ALL patients represents a great challenge due to few active therapeutic regimens that rarely are successful, rendering the prognosis very poor (6). Indeed, contrary to what happens in chronic myelogenous leukemia (CML), TKIs are less effective in B-ALL scenario due to the rapid onset of drug resistance (7). Additionally, molecular detection of relapse (such as in the case of MRD reappearance) could help to identify patients who could potentially benefit from an early salvage therapy. This point is currently under active investigation, with increasing data suggesting that after an allo-SCT, the loss of MRD negativity, as measured by reappearance of BCR-ABL transcript within the bone marrow, precedes hematologic relapse, therefore justifying an early initiation of the treatment (8, 9). In this regard, in both Ph– and Ph+ ALL and detectable MRD, therapy with blinatumomab (alone or in combination with TKI, respectively) has shown encouraging results, and larger clinical trials are ongoing (10, 11). However, as previously discussed, Ph+ ALL patients relapsing after an allo-SCT, currently undergo a second line therapy which could include (1) an alternative TKI (alone or in combination with chemotherapy or steroids); (2) blinatumumab; or (3) the anti-CD22 (if present on leukemic clone) inotuzumab ozogamicin, being the latter two indicated for TKIs intolerant or refractory patients only. Tisagenlecleucel represents a further therapeutic option for Ph+ ALL patients up to 25 years after at least 2 relapses or failure of 2 TKIs. Additionally, a second allogenic allo-SCT or DLI could be considered for relapsed patients, even if data are currently unclear. Here we reported a case of a post-transplant molecular relapsed ALL patient treated with the combo ponatinib-DLI, who achieved a sustained long-term response with MRD negativity (+22 months). TKI inhibitors are known to be unable to eradicate leukemic clones, mainly due to the fact that stem leukemic clones are often Ph- or BCR-ABL independent, thus being not targetable with current drugs (12). On the other hands, the infusion of DLI from an allogeneic donor could induce deep remissions but at the cost of significant toxicity (such as GVHD) (13, 14). On these bases, the combination of a TKI inhibitor (to deeply reduce tumor burden) with DLI (to try to eradicate residual clonal cells) could represent a reasonable option to produce long lasting remissions. Previous case reports explored the feasibility of the combination of both 1st and 2nd generation TKI with DLI (5, 15–17), with alternate results (Table 2). Specifically, imatinib + DLI used at first relapse after allo-SCT (but not at late relapse) was followed by CMR achievement lasting over 24 months with negligible signs of GVHD (15). Furthermore, in imatinib resistant patients, the combination of 2nd generation TKI Dasatinib or Nilotinib + DLI achieved MRD negativity and CMR, respectively. Interestingly, Nilotinib + DLI used at 4th relapse, surprisingly induced a CMR lasting over 10 months, with a manageable grade 1 cutaneous and hepatic GVHD (16). Along this line, in our scenario (Dasatinib-resistant patient), the combination of the 3rd generation TKI inhibitor ponatinib with DLI represented an attractive therapeutic opportunity.


Table 2. Comparison of published case reports on the combination of DLI+TKI in T-ALL.
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Accordingly, we quickly achieved a molecular response with no signs of acute GVHD other than a manageable cutaneous dyskeratosis, and the patients received 5 consecutive DLI injections, continuing to maintain a complete molecular response. Interestingly, the treatment combination produced several immune changes within the BM, that are in line with the reported immunomodulatory activity of this class of drugs (18, 19). We indeed observed a “normalization” in bone marrow composition (including a repopulation in precursor and naïve b and T cells) coupled with an unbalance in the CD8/CD4 ratio in favor of the cytotoxic CD8 T cell population, known to be essential for anticancer response (20). As a result, the patient achieved a quick and sustained complete molecular response with the development along the time, of manageable dyskeratosis and is still in complete molecular remission. Summarizing, we believe ponatinib in combination with DLI a very active regimen in ALL patients after the failure of a first line TKI and allo-SCT. Clinical trials are eagerly awaited to confirm its therapeutic potential in this setting.
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Peripheral T cell lymphoma (PTCL) is an alloplasm group of aggressive and lymphoproliferative tumors with heterogeneous morphological changes of mature T cell immunophenotype. It has multiple subtypes and most of them have poor prognosis. Interleukin 10 (IL-10) is one kind of multi-cell-derived and multifunctional cytokine. It regulates the growth and differentiation of cells, participates in inflammation and immune response, plays an important role in tumor and infection, and is closely related to blood system diseases. Therefore, we implemented a retrospective study of 205 patients who were newly diagnosed with PTCL to explore the relationship between IL-10 and prognosis and early recurrence. We found patients with IL-10 ≥3.6 pg/ml achieved a lower CR rate and higher 1-year recurrence rate than patients with IL-10 <3.6 pg/ml (14.4 vs. 51.9%; 17.6 vs. 49.5%). On multivariate analysis, moreover, elevated IL-10 is an extremely important prognostic factor in PTCL, which can lead to worsening of overall survival (OS), low complete response (CR) rate and higher early relapse rate. Therefore, measurement of IL-10 levels in peripheral blood at the initial stage are useful for predicting the prognosis and helping us to make different treatment plans for individual patients. In the near future, IL-10 inhibitors or antagonists may become a new method of immunotargeting therapy for patients with PTCL.




Keywords: peripheral T-cell lymphoma, interleukin-10, complete response, prognosis, early recurrence



Introduction

Peripheral T cell lymphoma (PTCL) is a group of rare lymphoid malignancies with heterogeneous morphological that originating from post-thymic T cells or mature natural killer (NK) cells, accounting for about 10% of all non-Hodgkin’s lymphomas (NHL) in Western countries (1). However, the morbidity of PTCL is higher in Asia, it makes up 25–30% of NHL in China (2). According to the WHO classification, PTCL can be further distinguished based on their immunophenotypical, morphological, biological, and clinical features (3). The most common subtypes include PTCL-not otherwise specified (PTCL-NOS), extra-nodal natural killer (NK)/T cell lymphoma, nasal type (ENKTL), angioimmunoblastic T-cell lymphoma (AITL), anaplastic large-cell lymphoma (ALCL), include ALCL anaplastic lymphoma kinase positive(ALCL, ALK +), and ALCL anaplastic lymphoma kinase negative (ALCL, ALK-). Relatively uncommon subtypes include monomorphic epitheliotropic intestinal T-cell lymphoma (MEITL), T-cell Large Granular Lymphocytic Leukemia (T-LGLL), subcutaneous panniculitis like T-cell lymphoma (SPTCL), mycosisfungoides/Sezary’s syndrome (MF/SS), Hepatosplenic T-cell lymphoma (HSTCL), and so on. The overall characteristics of them are aggressive clinical course and poor response to therapy. Due to its rarity and heterogeneity, prognostic studies on PTCL are relatively scarce.

The development of science and technology as a whole society has promoted the development of molecular biology and the understanding of PTCL is greatly improved, particularly in tumor micro-environment. Interleukin 10 (IL-10) is one kind of multi-cell-derived and multifunctional cytokine. It regulates the growth and differentiation of cells, participates in inflammation and immune response, plays an important role in tumor and infection, and is closely related to blood system diseases. It is mainly excreted by activated T cells, monocytes, B cells, macrophages, certain tumor cells and so on. Not only that, various studies have shown that IL-10 can promote the development of tumor cells. Studies have shown that some malignant T cells can grow and survive well, but they are mainly closely related to (M2) macrophages that are alternately activated within the microenvironment. Moreover, IL-10 will have an enhanced effect to some extent (4). In addition, the abnormality of JAK/STAT pathway will promote IL-10-mediated lymphoid hyperplasia by M2 macrophages (5). The GATA-binding protein 3 (GATA3) is a transcription factor related to the type 2 helper (Th2) cell. If GATA3 is overexpressed, it will affect the survival rate of PTCL, to be precise, it will reduce the survival rate (6). Not only that, it also induces the expression of Th2-related cytokines, such as IL-10 (7). In this way, IL-10 has more ways to help malignant lymphocytes express genetic material, achieve the purpose of reproduction, and promote immune escape of tumor. Because previous studies had shown that IL-10 is associated with abnormal proliferation of cancer cells in a variety of cancers (breast cancer, cervical cancer, thyroid cancer, etc.) (8–10). Moreover, the role of IL-10 in Hodgkin’s lymphoma, diffuse large B-cell lymphoma (DLBCL) and Burkitt’s lymphoma had also been extensively studied (11, 12). However, little is known about the effects of IL-10 on response and prognosis, especially the early recurrence or progression of PTCL patients. Consequently, we retrospectively analyzed 205 PTCL patients, and aimed to study the significance of IL-10 in their treatment response, survival rate, and early relapse.

The writing of our article refers to the Reporting Recommendations for Tumor Marker Prognostic Studies (REMARK): Explanation and Elaboration guidelines (13).



Materials and Methods


Patients and Control Subjects

This is a single-center retrospective cohort analysis of 205 newly diagnosed PTCL patients at the First Affiliated Hospital of Zhejiang University School of Medicine from January 2014 to June 2019. The inclusion criteria for this retrospective study were as follows: (1) Age ≥18 years; (2) Pathological diagnosis of PTCL; (3) No long-term glucocorticoid treatment or chemotherapy before collecting clinical data; (4) Complete Clinical data. According to the Helsinki statement, all patients in our study signed an informed consent form before peripheral blood was drawn. Although the treatment regimens of PTCL patients in our study were inconsistent, most patients received combination chemotherapy, including cyclophosphamide-doxorubicin-vincristine-prednisone (CHOP) or CHOP-like regimens, and all the ENKTL patients’ chemotherapy containing Pegaspargase. The final observation time was January 2020, and the median follow-up time was 14 months.



Measurement and Evaluation Indicators

We reviewed medical records, physical examinations, laboratory results, pathology reports, and radiological findings to reanalyze the clinical data of these patients. The following experimental and clinical data were collected: age at diagnosis, sex, International Prognostic Index (oncology) (IPI) score, Eastern Cooperative Oncology Group (ECOG), Ann Arbor stage, B symptoms (fever, night sweating, or weight loss), serum albumin level, bone marrow involvement, Hemophagocytic syndrome (HPS), serum interleukin-6 level (IL-6), serum interleukin-10 level (IL-10), serum interferon γ level (IFN γ), Epstein-Barr virus(EBV) infection, number of involved extra-nodal sites, serum lactate dehydrogenase (LDH), beta-2 micro-globulin(β2-MG) and serum ferritin (SF). Regular imaging examinations were performed after treatment, and disease status were recorded and analyzed. Follow-up was performed by making phone calls or reviewing medical records. Progression was defined as an increase in volume of the original focus or the development of a new focus. Early recurrence was defined as relapse or progressive disease occurrence within 1-year post-chemotherapy. OS was defined as the time from diagnosis to death for any reasons or last follow-up.



Detection of Cytokines in Peripheral Blood of Patients

The levels of cytokines in peripheral blood were detected by CBA (cytomic beam array system) flow cytometry according to the manufacturer’s instructions.



Statistical Analysis

Post hoc power analyses were conducted with GPOWER (Faul, Erdfelder, Lang, & Buchner, 2007) in order to estimate the probability of occurrence of effects in the sample. The optimal cut-off values of interleukin 10, interleukin 6, and interferon gamma levels were determined by receiver operating characteristic (ROC) curve analysis. They were associated with survival status of patients. Through the normal distribution test, the continuous variables included in this study all conform to the normal distribution. Continuous variables were grouped according to the usual clinical threshold and were presented as frequencies and percentages (n, %) in company with categorical variables. All hierarchical and categorical variables were compared by Pearson’s chi-square test. Among them, histological subtypes were performed bonferroni-post-hoc-correction. The survival curve was attained via Kaplan-Meier method and the log-rank test. Univariate and multivariate logistic regression models were used to evaluate the relevance between clinical variables and complete remission (CR) and 1-year recurrence or progression. Cox proportional hazards regression model was used to analyze univariate and multivariate of OS. All statistical analyses were calculated by statistical software package SPSS 23.0. In all comparisons, p<0.05 was considered to be statistically significant.




Results


Patients Characteristics and Clinical Outcomes According to the Different Levels of IL-10

According to the criteria, we selected 205 patients with PTCL from January 2014 to June 2019. Table 1 lists the clinical characteristics and laboratory data of all enrolled patients. The median age at diagnosis was 56 years (range: 18–79 years), and the ratio of male to female was 1.8:1. Eighty point five percent of these patients were in stage III-IV, and 55.1% of them had B symptoms. ENKTL accounted for 33.6% of all pathological subtypes, PTCL-NOS, AITL and ALCL accounted for 21.8, 27.5, and 12.7% respectively. In addition, there were 68 cases of bone marrow involvement, and 24 cases of HPS. More than one extranodal location was involved in 98 patients, and 120 patients were infected with EBV at the first diagnosis. The serum LDH levels were increased in 66.3% of the patients, meanwhile the levels of β2-MG were increased in 63.9%. According to the IPI risk classification, 54.1% of patients (n = 111) were at high or high-moderate risk. Table 1 shows the clinical characteristics of patients with different IL-10 levels. It shows that patients with IL-10 levels exceeding 3.6 pg/ml have higher IPI scores and ECOG scores, and the proportion of B symptoms and HPS were significantly higher than those with IL-10 levels less than 3.6 pg/ml. Patients with IL-10 levels higher than 3.6 pg/ml had higher proportion of LDH, β2-MG, and SF. However, the different subtypes of PTCL did not show statistical significance in the stratification of IL-10 in our study, either by Pearson’s chi square test (P = 0.287) or performing bonferroni-post-hoc-correction(P = 0.288).


Table 1 | Analysis of clinical and laboratory characteristics of IL-10 stratification in 205 patients with PTCL.






Association of Serum Cytokines With Survival Outcome and Early Recurrence

We had analyzed six cytokines: IL-4, IL-6, IL-10, TNFα, IFNγ, and IL-17A. Only IL-6, IL-10, and IFNγ were found to have statistical significance on the survival and prognosis of PTCL patients and the median value and range of serum levels of these three cytokines were as follows: IL-10 (3.13 pg/ml, range: 0.1–8536.4 pg/ml), IL-6 (6.65 pg/ml, range: 0.1–815.2 pg/ml), and IFN-γ (1.44 pg/ml, range: 0–1330.9 pg/ml), respectively. According to the ROC curve, the cutoff values of IL-6, IL-10, and IFNγ were determined to be 2.2 pg/ml, 3.6 pg/ml and 3.0 pg/ml, respectively. The area under the curve are 0.572, 0.736, 0.634 for the IL-6, IL-10 and IFNγ (Figure 1). Therefore, the high group and low group were defined as being greater than or equal to the cutoff value and less than the cutoff value, respectively. Post hoc analysis demonstrated sufficient power to distinguish the significant differences (power = 0.945). Patients with IL-10 ≥3.6 pg/ml, only 14.4% of them achieved CR after treatment, but the rate of recurrence or progression within one year was nearly half, reaching 49.5%. In the group of patients with IL-10 <3.6 pg/ml, more than half of them achieved CR (51.9%) after treatment, and only 17.6% of patients relapsed or progressed within one year. Therefore, it is not difficult to speculate that patients with IL-10 ≥3.6 pg/ml may have poor therapeutic effect and are prone to early recurrence (Table 1). Also, the patients with IL-10 ≥3.6 pg/ml achieved lower OS and higher early recurrence or progression rate (Figures 2A, B, P value < 0.001). In addition, the cumulative survival rate and cumulative 1-year recurrence or progression rate between the high IL-6 and low IL-6 groups and the high IFNγ and low IFNγ groups were statistically significant (Figures 2C–F, all P value<0.001). To our disappointment, they were not independent factors (Tables 3, 4).




Figure 1 | Receiver operating characteristic (ROC) curves of serum IL-10, IL-6, and IFN γ levels of patients with PTCL. The AUC of IL-10, IL-6 and IFN γ were 0.736 (95% CI: 0.668–0.805), 0.572(95% CI: 0.485–0.659), 0.634(95% CI: 0.554–0.713)..






Figure 2 | OS: Overall survival. (A) OS for different serum levels of IL-10; (B) Recurrence/progression in one year for different serum levels of IL-10. (C) OS for different serum levels of IL-6; (D) Recurrence/progression in one year for different serum levels of IL-6; (E) OS for different serum levels of IFN γ; (F) Recurrence/progression in one year for different serum levels of IFN γ.



In univariate logistic regression analysis, lower CR rate was related to male, first diagnosis older than 60 years, stage III-IV, B symptoms, bone marrow involvement, IPI ≥3, ECOG ≥3, EBV infection, Extra-nodal ≥1, IL-10 ≥3.6 pg/ml, IL-6 ≥2.2 pg/ml, IFN γ ≥3.0 pg/ml, decreased LDH and decreased β2-MG (Table 2). Nevertheless, in the multivariate logistic regression analysis, only ECOG ≥3, EBV infection, IL-10 ≥3.6 pg/ml were statistically significant (Table 2).


Table 2 | Univariate and multivariate logistic regression models of complete response (CR) in PTCL patients.



In univariate logistic regression analysis, higher 1-year recurrence or progression rate was associated with stage III-IV, B symptoms, bone marrow involvement, IPI ≥3, ECOG ≥3, decreased albumin, Extra-nodal ≥1, IL-10 ≥3.6 pg/ml, IL-6 ≥2.2 pg/ml, IFN γ ≥3.0 pg/ml, decreased SF (Table 3, Figures 2B, D, E). However, only bone marrow involvement (OR = 3.799, 95% CI 1.630–8.854, p = 0.002), ECOG ≥3(OR = 5.873, 95% CI 2.464–13.997, p < 0.001), IL-10 ≥3.6 pg/ml(OR = 2.008, 95% CI 0.876–4.601, p = 0.009) had statistically significant in the multivariate logistic regression analysis (Table 3).


Table 3 | Univariate and multivariate logistic regression models for recurrence or progression within one year in PTCL patients.





Univariate and Multivariate Cox Proportional Hazards Regression Analysis of OS in PTCL Patients

In our study, recurrence or progression occurred in 67 patients within one year, accounting for 32.7%. The median survival time in the groups with IL-10 ≥3.6 pg/ml and IL-10 <3.6 pg/ml were 6 months and 26 months (Figure 2A), respectively. Compared with patients with IL-10 <3.6 pg/ml, 1-year OS and 2-year OS were lower in patients with IL-10 ≥3.6 pg/ml (80.6 vs. 20.6%, p < 0.001; 54.6 vs. 11.3%, p < 0.001, Figure 2A). The univariate analysis showed that stage III-IV, B symptoms, bone marrow involvement, IPI ≥3, ECOG ≥3, decreased albumin, EBV infection, Extra-nodal ≥1, HPS, IL-10 ≥3.6 pg/ml, IL-6 ≥2.2 pg/ml, IFN γ ≥3.0 pg/ml, decreased LDH and decreased serum ferritin were prognostic indicators of OS (Table 4, Figures 2C, E). Then, multivariate analysis was showed that patients with poor OS had ECOG ≥3 (HR = 4.314, 95% CI 2.462–7.559, p < 0.001), Extra-nodal ≥1 (HR = 2.126, 95% CI 1.142–3.958, p = 0.017), IL-10 ≥3.6 pg/ml (HR = 6.428, 95% CI 3.369–12.266, p < 0.001), and IL-6 ≥2.2 pg/ml (HR = 2.050, 95% CI 1.122–3.745, p = 0.020).


Table 4 | Univariate and multivariate Cox proportional hazard regression models for overall survival (OS) in PTCL patients.



Thus, it can be seen that among the three cytokines included in our studies, only IL-10 was significant and independent prognostic factor in both univariate and multivariate analyses of treatment response, survival, and early recurrence in PTCL patients. IL-6 had an independent effect on OS in multivariate analyses as well. The results of Cox regression analysis were present in Table 4.




Discussion

Benefit from the oceans of studies about tumor micro-environment, tremendous progress has been made in predicting the prognosis of PTCL. Nevertheless, poor response, high mortality, and relapse remain primary challenges, so new prognostic factors need to be explored to further predict and improve the prognosis of PTCL patients. According to the established tumor models, Sato T et al. found that IL-10 has tumor-promoting and anti-tumor effects in vivo (14). Herein, we retrospectively analyzed six cytokines of 205 patients with PTCL and discovered that patients with IL-10 ≥3.6 pg/ml had both low CR rate, low OS rate but high 1-year recurrence or progression rate as an independent effect in multivariate analyses. Therefore, from our retrospective clinical studies, IL-10 may play a role as pro-tumor effects in vivo.

C. Andrew Stewart et al. observed that the majority of tumor- associated IL-10 was produced by activated Tregs. Components of the type I IFN signaling pathway, including Ifnar1, Stat1 and Stat2, were essential for the accumulation and activation of Tregs and production of IL-10 (15). In cancer-related preclinical and therapeutic models, Tregs limits the production of Th1 responses that drive CD8 + T cells and IFN γ dependent anti-tumor immunity (16, 17). Th17 cells occur in most human tumors frequently. Th17 related inflammation may lead to tumor growth or autoimmunity. The production of IL-10 limits the quantities and activity of Th17 cells in tumors, which promotes the growth of tumors (18).

The poor response of immunotherapy in most tumors were bound up with tumor-associated macrophages (TAM), Tregs and myeloid-derived suppressor cells (MDSCs). MDSCs can induce the production of Tregs and lead Tregs to tumor tissues, thus promoting the production of IL-10 (19). TAM were related to the poor clinical prognosis of various human tumors by promoting angiogenesis, local invasion and metastasis (20–23). It has been confirmed that the growth and survival of malignant T cells depend on alternately activated (M2) macrophages in the micro-environment, and the growth of alternately activated (M2) macrophages was affected by the presence of TAMs (4, 24). Sam T. Hwang found that alternately activated (M2) macrophages can affect the polarization of undifferentiated macrophages in the way specified (25). In a mouse model study, M2 macrophages can increase the secretion of IL-10 by macrophages which is necessary for the maximum growth of human cutaneous T-cell lymphoma (25). Kim SJ and Ham JS analyzed the serum cytokines and CD68- and CD163- positive macrophage in tumor tissue of 37 AITL patients after CHOP chemotherapy, and found that high IL-10 and M2 macrophage tissue infiltration all indicated low OS and poor response to treatment (26). In subsequent studies, this team further tested 34 cytokines in 121 patients with PTCL, and analyzed the correlation between overall survival rate and complete remission rate. They found that patients with AITL had higher serum cytokine levels, and IL-10 levels higher than 3.8 pg/ml were associated with adverse outcomes, which was very close to our cut-off value. In addition to IL-10, IFN γ, IL-8, IL-17, IL-23, monocyte chemoattractant protein-1 and macrophage inflammatory protein-1β, and RANTES negatively also have negative effects on clinical prognosis in patients with ALK- anaplastic large cell lymphoma (27). Li Li and Zhang Jun found that the released IL-10 made the JAK2/STAT3 pathway sensitive, leading to STAT3-induced PD-L1 expression (28). At the same time, they confirmed PD-L1 signaling network in 2 main 428 and 350 DLBCL cohorts, and showed a significant correlation among IL-10, STAT3, and PD-L1 (28). H. Dean et al. conducted genetic analysis of 20 single nucleotide polymorphisms (SNPs) in IL-10 and TNF/LTA loci in three independent case-control studies (2,635 cases and 4,234 controls), discovered IL-10 rs1800896 was related to DLBCL, as well as T-cell lymphoma (29). It was confirmed that genetic variations of immune-related genes (such as IL-10) were related to the occurrence of T-cell lymphoma in Asian populations (29). To sum up, it had been proved that IL-10 was related to the prognosis of malignant T-cell lymphoma in both gene and molecular studies and animal experimental studies. It promoted tumor cells to evade immune surveillance by regulating antigen presentation and immune cell differentiation (30). Mona R. Hassuneh et al. used LSA (a T-cell lymphoma cell line expressing IL-10) to study the role of IL-10 in tumorigenesis. Interestingly, the administration of anti-IL-10 antibodies significantly inhibited the growth of tumors in LSA (31).

Previously, stage was well recognized as having a prognostic impact in PTCL, and it had been included in previously reported indices in subsequent studies (32), indicating that it was highly significant predictor of OS. In our study, stage III–IV was associated with low response rate, early recurrence and poor OS, which was consistent with previous studies. In Table 1, it is easy to find that in patients with IL-10 levels higher than 3.6 pg/ml, the proportion of stage III–IV is significantly higher than that of stage I–II (95.9 vs 4.1%). It is further suggested that the increase of IL-10 levels might be related to distant metastasis and immune escape.

IL-10 has strong immunosuppression. It inhibits the proliferation of T cells (33). Thus, overexpression of IL-10 by PTCL lymphoma cells may damage the host’s immune system, resulting in immunosuppression and tumor escape. At the same time, it will also provide a selective survival advantage for the PTCL cells in the host. What is more, serum IL-10 concentration is also an important prognostic factor for various tumors, such as diffuse large B-cell lymphoma (DLBCL) and adult T-cell leukemia/lymphoma (ATL) (12, 20, 34). Our study proved that IL-10 plays an important role in the treatment response, survival and early recurrence or progression of PTCL patients. In multivariate regression analysis, patients with IL-10 ≥3.6 pg/ml had a lower CR rate and a higher recurrence rate. In univariate and multivariate survival analysis, patients with IL-10 ≥3.6 pg/ml had poorer OS. To the best of our knowledge, this retrospective clinical study is the first to confirm the effect of IL-10 on the treatment response, survival, and early recurrence of Chinese PTCL patients. Insaki Atsushi et al. analyzed the serum IL-10 levels in 94 cases of ATL and found that high IL-10 levels were an important adverse prognostic factor in ATL. However, the critical value of IL-10 in our study is different from the results of Atsushi Inagaki et al. (34). They mainly target ATL patients between the ages of 38–89 and the number of cases in their study is less than 100, however our study contained the five major PTCL subtypes and the five rare subtypes of MEITL, T-LGLL, SPTCL, MF/SS, and HSTCL with age range of 18–79 years old, and we have more than twice as many cases as they have. Perhaps, the different number of cases, disease types and inclusive criteria that led to the different cutoff values. Similarly, IL-10 is still an independent prognostic factor for survival and early recurrence in patients with PTCL.

In addition, we were surprised to find that there was a gender difference between the high IL-10 group and the low IL-10 group. The proportion of female patients was significantly lower than the male patients in high IL-10 group (26.8 vs 73.2%), and the treatment response of female patients was better than that of the male (Table 2). It aroused our interest, and we specially reviewed some similar previous studies. Previous studies had shown the differences in immune function between age and gender. These differences were believed to be caused by hormone discrepancies, especially the loss of estradiol caused the reversal of immune response in elderly females (35). Interestingly, the inhibitory effect of female derived MDSCs on T cells proliferation were stronger than that of male. Transplantation of female derived MDSCs significantly increased the frequency and absolute number of Tregs and CD4 + IL-10 + T cells (36). However, in tumor environment, MDSCs not only have characteristics of M2 macrophages (such as the expression of arginase-1 and NOS2), but also play a role as the progenitor cells of tumor associated macrophages. Moreover, MDSCs can further regulate the cytotoxicity mediated by macrophages (37, 38).

Hemophagocytic syndrome (HPS) is an immune-mediated life-threatening disease that affects 1% of adults with hematological cancers, and its prevalence rises to 20% in patients with NHL, especially PTCL (39). Qi An et al. found that median serum concentrations of IFN γ and IL-10 were significantly higher in children with HPS compared to healthy controls (40). In our study, there were 24 patients with HPS, accounting for 11.7%, and the median serum of IL-10 and IFN γ were higher than the patients without HPS (54.02 vs. 2.70 pg/ml, p < 0.001; 12.42 vs. 1.02pg/ml, p < 0.001). Importantly, although the OS of PTCL patients with HPS decreased significantly, HPS was not an independent predictor for OS of PTCL patients after univariate and multivariate analysis in our study.

Our study still has some limitations. Firstly, the retrospective study may be biased in the selection of patients. Secondly, the dynamic changes of patients during treatment did not take into account during analysis. Thirdly, due to the limitation of the number of cases, the conclusions of this study are only verified in three common subtypes of PTCL-NOS, ENKTL, and AITL. Therefore, more in-depth studies are needed to confirm the role of IL-10 in the prognosis of patients with PTCL.



Conclusions

All in all, increased serum levels of IL-10 at diagnosis is related to the survival and early recurrence of PTCL patients. IL-10 ≥3.6 pg/ml is significantly correlated with lower CR rate, higher recurrence rate and lower OS rate. Furthermore, univariate and multivariate analysis indicated that IL-10 ≥3.6 pg/ml is an independent prognostic factor. In short, the serum level of IL-10 in the peripheral blood at the initial stage can be added to the prognostic tool to play its prognostic role in PTCL. In addition, the determination of serum cytokine levels is quick and convenient. Only a small amount of serum samples can be used to complete the detection. This is very useful to help us formulate different treatment strategies for individuals with PTCL, because it can predict the prognosis before treatment. In the near future, IL-10 inhibitors or antagonists may become a new method of Immunotargeting therapy for PTCL patients.
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Subsets of non-acute promyelocytic leukemia (APL) acute myelogenous leukemia (AML) exhibit aberrant retinoid signaling and demonstrate sensitivity to retinoids in vitro. We present the results of a phase 1 dose-escalation study that evaluated the safety, pharmacodynamics, and efficacy of IRX195183, a novel retinoic acid receptor α agonist, in patients with relapsed or refractory myelodysplastic syndrome (MDS) or AML. In this single center, single arm study, eleven patients with relapsed or refractory MDS/AML were enrolled and treated. Oral IRX195183 was administered at two dose levels: 50 mg daily or 75 mg daily for a total of two 28-day cycles. Patients with stable disease or better were allowed to continue on the drug for four additional 28-day cycles. Common adverse events included hypertriglyceridemia, fatigue, dyspnea, and edema. Three patients at the first dose level developed asymptomatic Grade 3 hypertriglyceridemia. The maximally tolerated dose was not reached. Four of the eleven patients had (36%) stable disease or better. One had a morphological complete remission with incomplete hematologic recovery while on the study drug. Two patients had evidence of in vivo leukemic blast maturation, as reflected by increased CD38 expression. In a pharmacodynamics study, plasma samples from four patients treated at the lowest dose level demonstrated the capacity to differentiate leukemic cells from the NB4 cell line in vitro. These results suggest that IRX195183 is safe, achieves biologically meaningful plasma concentrations and may be efficacious in a subset of patients with MDS/AML. Clinical Trial Registration: clinicaltrials.gov, identifier NCT02749708.
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Introduction

Acute myeloid leukemia (AML) is a clonal process that arises out of sequential genetic and epigenetic alterations that cause an arrest of differentiation and unfettered proliferation. The retinoid signaling pathway is essential to hematopoietic differentiation and its disruption can contribute to leukemogenesis (1). This is exemplified by the t(15;17) translocation in acute promyelocytic leukemia (APL) that juxtaposes the promyelocytic leukemia protein (PML) gene with the retinoic acid receptor α gene. The resulting PML-RARA fusion protein acts as a dominant negative, disrupting the activities of WT RARα and RARγ, leading to a block in differentiation at the level of the promyelocyte (2). All-trans-retinoic acid (ATRA) is a natural retinoid that restores normal retinoic acid signaling and promotes the differentiation of leukemic blasts. It now forms the cornerstone of APL treatment.

Aberrant retinoic acid signaling has been demonstrated in other subsets of AML (3–5). In vitro, ATRA is capable of inducing differentiation and apoptosis of most non-APL AML cell lines (6). Furthermore, expression profiling predicts in vitro sensitivity to retinoid analogs (4). In clinical trials, however, ATRA has not shown consistent clinical benefit in non-APL AML (7–13).

These lackluster results may be a result of the unique pharmacologic properties of ATRA. ATRA induces its own catabolism by stimulating upregulation of its metabolizing enzyme, CYP26, which is most prominently expressed in the liver (14–17); this leads to a reduction in the Cmax of ATRA with prolonged administration. CYP26 is also produced by the bone marrow stroma where it plays an essential role in endogenous retinoid homeostasis (6, 17, 18). Stromal CYP26 establishes a low retinoid environment within the stem cell niche, which is necessary for the maintenance of a pool of quiescent, long term hematopoietic stem cells (HSCs) (18). In the setting of AML, stromal upregulation of CYP26 in response to exogenous ATRA shields leukemic stem cells (LSCs) from its differentiating effects (17).

IRX195183 is a synthetic retinoid that specifically binds to the retinoic acid receptor α and is resistant to metabolism by CYP26 (17). Pharmacokinetics from the first in-human trial of IRX195183 demonstrated a steady improvement of Cmax and AUC from D0 to D28 across a range of doses from 15mg/m2/day to 60mg/m2/day (described in the publicly available study protocol)1. This contrasts with the blunted rise in Cmax and AUC that is observed with prolonged ATRA administration (19). suggesting that IRX195183 does not induce its own auto-catabolism. In both in vitro and in vivo mouse models, the effects of ATRA are attenuated by the presence of CYP26-producing mesenchymal stromal cells, whereas the effects of IRX195183 are unmitigated (17).

IRX195183’s superior pharmacokinetic and pharmacodynamic profile make it a promising drug for the treatment of patients with myeloid malignancies. The previously conducted phase 1 study of the drug was performed in patients with hepatocellular carcinoma. Grade 3 elevations of transaminases were frequently observed in that study, but accurate attribution of this adverse effect was complicated by the high burden of liver disease in this patient population. We designed a phase I/II study of IRX195183 in the treatment of relapsed and refractory high-grade myelodysplastic syndrome (MDS) and AML. Due to the unavailability of the drug, we were unable to proceed with the phase 2 expansion cohort. Herein, we describe the design and results of the phase I portion of the study.



Materials and Methods

The clinical trial registration number is NCT02749708. The study protocol was approved by the Johns Hopkins Institutional Review Board and was conducted in accordance with the Declaration of Helsinki.


Patient Population

Patients between the ages of 18 and 60 years of age with pathologically confirmed AML, MDS, chronic myelomonocytic leukemia (CMML), or MDS/MPN overlap syndrome were considered for enrollment. AML patients must have had either 1) relapsed or refractory disease after receiving one or more courses of induction chemotherapy, hypomethylating agent therapy, or bone marrow transplant or 2) de novo AML not deemed to be a candidate for conventional therapy based on age, co-morbidities, or patient preference. Patients with MDS, CMML, or MDS/MPN had to have high-risk features, defined as follows: 1) relapsed after initial response or were refractory after receiving at least four cycles of HMA therapy or 2) had de novo MDS but refused HMA therapy. High-risk features included at least one of the following: International Prognostic Scoring System (IPSS) of INT-2 or higher; Revised-IPSS (IPSS-R) of high or very high; secondary MDS; INT-1 IPSS or INT R-IPSS with excess blasts (≥5% blasts on bone marrow biopsy) or with transfusion dependency; or CMML or MDS/MPN with excess blasts, transfusion-dependency, abnormal karyotype, or proliferative features.

Patients were required to have an ECOG ≤ 2 or Karnofsky ≥ 60%; creatinine level of 3mg/dL or lower; total bilirubin ≤ 3mg/dL unless due to Gilbert’s syndrome, hemolysis or ineffective hematopoiesis; AST (SGOT) and ALT (SGPT) ≤ 3 x the upper limit of normal (ULN); white blood cell (WBC) count ≤10,000/μl; and if the patient was a woman of childbearing age, they were required to have a negative serum or urine pregnancy test within 72 h of the start of the study drug. Patients who had received prior therapies were required to undergo a 3-week washout period and had to have recovered from all toxicities prior to the initiation of therapy. Patients requiring hydroxyurea to bring the WBC below 10,000/μl were required to have a 48 h wash out period.

Major exclusion criteria included any serious medical condition or uncontrolled concurrent illness including active infection, symptomatic congestive heart failure, unstable angina pectoris, cardiac arrhythmia, or laboratory abnormality that would limit compliance with the study requirements or preclude informed consent from being obtained; leukemic involvement of the central nervous system (CNS); pulmonary leukostasis; or disseminated intravascular coagulation (DIC).



Study Design and Treatment

This was a single-center, single-arm prospective phase I study. The treatment schema is summarized in Figure 1. The dose escalation phase used a 3 + 3 design with three dose levels (DL): DL1 was 50mg, DL2 was 75 mg, and DL3 was 100 mg. For induction therapy, IRX195183 was administered orally once daily for two 28-day cycles. Patients who had stable disease (SD) or better were eligible to continue on consolidation/maintenance, which consisted of up to four continuous 28-day cycles using the same dose they had previously received. There was no intra-patient dose escalation. IRX5183 was provided by Io Therapeutics, Inc.




Figure 1 | Treatment schema of phase I clinical trial using IRX195183 in patients with high risk MDS and relapsed/refractory AML.





Assessment of Safety and Efficacy

The primary objective was to evaluate the safety and toxicity of IRX195183 and to determine the recommended phase 2 dose. The primary endpoint was toxicity of IRX195183, determined by grading a tabulation using the National Cancer Institute Common Toxicity Criteria, Version 5.0, in order to determine dose-limiting toxicities (DLTs) and the recommended phase 2 dose. DLTs were defined as Grade 3 or higher non-hematologic toxicities, any toxicity that resulted in a delay of therapy for 2 weeks or greater, and Grade 4 treatment-associated aplasia that persists beyond 4 weeks. Exceptions included transient laboratory abnormalities that could be treated or resolved to Grade 2 or less within 1 week from holding the study drug, toxicities associated with differentiation syndrome that resolved within 2 weeks of steroid therapy to Grade 1, and asymptomatic Grade 3 hypertriglyceridemia. Grade 3 hypertriglyceridemia was initially considered a DLT, but the protocol was later amended to exclude asymptomatic Grade 3 hypertriglyceridemia. Patients with Grade 3 hypertriglyceridemia were allowed to continue on study after initiating treatment with the triglyceride lowering agent gemfibrozil.

Efficacy was a secondary endpoint of phase I and patients who received at least 1 dose were included in efficacy analyses. Bone marrow response assessments were performed at baseline and then after each cycle. Clinical responses were defined according to the Modified International Working Group-2003 criteria for AML (20) and the Modified International Working Group-2006 criteria for MDS (21).



Processing of Patient Blood Samples

Whole blood samples were centrifuged at 500 g in a clinical centrifuge, and the plasma layer was carefully removed, aliquoted, and stored at -80°C. Frozen plasma samples were thawed and clarified by centrifugation at 16,000 g for 2 min.



Cell Culture

The mouse mesenchymal stroma OP9 cells were cultured in in α-MEM with 2 mM L-glutamine (Life Technologies, Thermo Fisher Scientific), 100 μg/ml penicillin-streptomycin (P/S) (Gibco, Thermo Fisher Scientific), and 20% fetal calf serum (FCS) (Sigma-Aldrich). The APL cells from the NB4 cell line were cultured in RPMI 1640, L-glutamine, P/S, and with 10% and 20% FCS (R20). The cell line was purchased from ATCC and recently tested negative for Mycoplasma.



Co-Culture System

The co-culture model has previously been described (6, 22). Briefly, 24-well plates were coated with 0.1% gelatin (Sigma-Aldrich) in PBS for at least 30 min at 37˚C. The gelatin was then removed and 5x104 stromal cells per well were cultured overnight to obtain a confluent monolayer. At that time, media was removed, and leukemia cells were added to the culture at a density of 5x104 cells/well and incubated with in various conditions for 72 h.



Flow Cytometry for Bone Marrow Aspirate Samples

Flow cytometric immunophenotyping was performed on fresh bone marrow aspirates. The material was collected in EDTA or heparin anticoagulant and processed routinely using an RBC lysis method. Cell suspensions were incubated with combinations of monoclonal antibodies (Becton Dickinson) that were used at concentrations titrated for optimal staining. Specimens were subjected to a myeloid leukemia panel that included CD7, CD10, CD11b, CD13, CD14, CD15, CD16, CD33, CD34, CD38, CD45, CD56, CD64, CD71, CD117, CD123, and HLA-DR. CD38 was conjugated to PerCP-Cy5.5. The data were analyzed on BD FACSCanto 10-color system (BD Biosciences). List mode data files were acquired and analyzed for each specimen using BD FACSDiva (BD Biosciences) and Infinicyt (Cytognos) for data acquisition and analysis, respectively.



Flow Cytometry for Cell Lines

Cell lines in the plasma differentiation assay were analyzed for expression of cell surface antigens using FACS Calibur (BD Biosciences, CA, USA). Treated cells were removed from the plate, washed with PBS and counted using Trypan Blue. For flow cytometry, cells were washed with PBS containing 0.2% BSA (Sigma-Aldrich) and stained with the appropriate antibodies for 15 min at room temperature (PE-conjugated mouse anti-human CD11b IgG1, FITC-conjugated mouse anti-human CD34 IgG1, PE-conjugated mouse anti-human CD38 IgG2α, and APC-conjugated mouse anti-human CD45 IgG2β antibodies, BD Biosciences). All antibodies were purchased from BD Biosciences. Cells were then washed with PBS and evaluated by FACS Calibur (BD Biosciences) with a minimum acquisition of 10,000 events.



In Vivo Induction of Terminal Differentiation

We performed flow cytometry to assess CD11b and CD38 expression, markers of terminal differentiation, on bone marrow biopsy specimens obtained at baseline and after each cycle of therapy for every patient enrolled in the study.



Plasma Differentiation Assay

Blood samples were collected from the first four patients enrolled in the study on day 14 of treatment, 2 h after the dose of IRX195183 was administered. NB4 cells were cultured in RPMI 1640 supplemented with L-glutamine, P/S and with 10% (R10) complete media supplemented with either 1%, 5%, or 10% patient plasma in the presence or absence of OP9 stroma cells. The degree of differentiation was then determined by measuring CD11b expression by flow cytometry and clonogenic activity in a colony forming assay. Data were normalized to NB4 cells incubated in plasma from untreated controls. For comparison, we used plasma derived from three patients with APL treated with ATRA per standard of care.



Statistical Analysis

Pre-clinical data were analyzed using unpaired, 2-tailed Student’s t tests to compare differences between drug treatment groups.




Results


Patient Characteristics

Eleven patients were enrolled between February 2017 and August 2018. The initial cohort of three patients received IRX195183 50 mg daily in 28-day cycles. A flow chart for the study conduct is displayed in Figure 2. One patient had asymptomatic Grade 3 hypertriglyceridemia triggering the enrollment of three more patients at the same dose level. The protocol was then amended to exclude asymptomatic Grade 3 hypertriglyceridemia as a DLT. Symptomatic Grade 3 hypertriglyceridemia and any Grade 4 hypertriglyceridemia remained DLTs. Using this new definition of DLT, patients were then enrolled at the next dose level.




Figure 2 | Flow chart diagramming patient enrollment. DLT, Dose-limiting toxicity.



Patient characteristics are summarized in Table 1. The average age was 69 years and 55% of the patients were male. Eight patients had secondary AML. The remaining three patients had primary AML, MDS with excess blasts, and CMML. All but one patient had received at least one line of prior standard-of-care therapy.


Table 1 | Baseline patient characteristics.



Patients were assessed regularly for safety as well as disease status. All six patients in DL1 completed at least one cycle of therapy and could be assessed for tolerability and response. After the DL1 cohort was completed and the drug was deemed to be safe at this level, three patients were enrolled in the DL2 cohort and received IRX195183 75 mg daily. One of the three went off study due to infection before DLTs could adequately be assessed, so two additional patients were enrolled before the study was terminated due to inadequate supply of the study drug. No dose escalations or reductions were made during the course of the trial for any individual patient.



Safety and Toxicity

Table 2 summarizes the treatment-emergent adverse events at least possibly related to IRX195183. A total of six patients developed hypertriglyceridemia. Three patients had Grades 1–2 hypertriglyceridemia and three had Grades 3–4 hypertriglyceridemia. Five of the six patients were treated with lipid modifying therapies including gemfibrozil and omega-3-acid ethyl esters. Once initiated, lipid modifying therapies were continued until the study drug was discontinued. For all three patients with Grade 3 hypertriglyceridemia, the study drug was held until the hypertriglyceridemia improved. One patient was able to resume therapy after initiation of after initiating lipid modifying therapy, whereas hypertriglyceridemia led to permanent discontinuation of the study drug in the remaining two patients. All three patients who experienced grade 3 hypertriglyceridemia were treated at the first dose level, whereas none of the patients treated at the second dose level developed Grades 3–4 hypertriglyceridemia. All six patients with hypertriglyceridemia were asymptomatic and none suffered adverse consequences such as hepatosplenomegaly, acute pancreatitis, dyspnea, or neurological symptoms. There were no other DLTs and no other patients discontinued the study due to study drug-related adverse events.


Table 2 | Treatment emergent adverse events possibly related to IRX195183.



Patient 2 developed Grade 3 elevations of her transaminases in the setting of hospitalization, but they returned to normal levels without discontinuation of the study drug. Two patients developed leukocytosis (>10,000/cc mm) for which hydroxyurea was initiated. Another patient, Patient 2, developed Grade 3 hypoxia for which differentiation syndrome (DS) was considered a possible etiology. Her shortness of breath was accompanied by a small pleural effusion, but no other manifestations of DS. She was briefly treated with steroids and furosemide while the study drug was continued, and she clinically improved. Patient 6 developed grade 3 hyponatremia with a nadir sodium of 129 mmol/L. The patient’s hyponatremia was preceded by several days of poor oral intake and it resolved with administration of IV fluids. Two patients experienced Grade 3 fatigue. The remainder of the Grade 3–4 AEs were hematologic and attributed to the underlying leukemia. There were no serious adverse events. Five patients died within 30 days of withdrawal from the study. Two deaths occurred as a result of infection and three were attributed to progressive leukemia.



Responses

One patient (Patient 5) achieved a morphological complete remission with incomplete hematologic recovery. He had AML secondary to MDS and had not responded to seven cycles of azacitidine 75 mg/m2, days 1–7. At baseline, he was pancytopenic, had 21% circulating blasts, and was red blood cell transfusion-dependent. Within 2 weeks of initiation of the study drug, his absolute neutrophil, and platelet counts had normalized. He also developed a leukocytosis with neutrophilic predominance, so he was treated with hydroxyurea. A bone marrow biopsy at 2 weeks demonstrated 15% blasts by immunohistochemistry and 33% by flow cytometry. At 1 month, his bone marrow biopsy demonstrated a hypercellular marrow with normal maturation and no morphological evidence of leukemia. Flow cytometric analysis detected 0.13% residual leukemic blasts, though the blasts demonstrated significantly increased expression of CD38, suggestive of maturation (Figure 3D). Although he developed recurrent thrombocytopenia before completion of cycle 1, he achieved transfusion independence, which he maintained for 2 months while on study. The study drug was held for Grade 3 hypertriglyceridemia on cycle 3 day 1. On cycle 3 day 9, he developed progressive disease and went off trial.




Figure 3 | Differentiation activity of plasma from patients treated with IRX195183. (A) Representative flow plots of CD11b expression of NB4 cells cultured in the presence of 10% plasma from patients treated with ATRA (1st and 3rd) or IRX195183 (2nd and 4th) in the presence or absence of bone marrow stroma. (B, C) Differentiation activity on plasma from patients treated with either ATRA or IRX195183 as measured by upregulation of CD11b expression (B) and decreased clonogenic activity (C) of NB4 cells. Data represents mean ± SEM, n = 4 independent patients, *p < 0.05, **p < 0.01. P was calculated using unpaired, 2-tailed Student’s t test. (D) CD38 expression on the leukemic blasts from patient #3 and patient #5 treated with IRX195183.



Two patients with MDS or CMML had stable disease while on IRX195183. Patient 6 had CMML with a baseline bone marrow demonstrating 2% blasts. He was treated on study for 63 days but withdrew from the study due to recurrent Grade 3 hypertriglyceridemia. His final bone marrow assessment showed CMML with no evidence of increased blasts, consistent with stable disease. Patient 8 had MDS that was unresponsive to six cycles of azacitidine prior to enrollment in the IRX195183 study. He was treated on study for five cycles and maintained stable disease until finally progressing to AML.

Two patients with AML had stable disease on their 1 month bone marrow specimens. Patient 1 withdrew from the study due to recurrent line-associated bacteremia. Patient 3 stopped the study drug due to hypertriglyceridemia and lack of response; however, she had evidence of significantly increased CD38 expression on the leukemic blasts from the bone marrow aspirate obtained at the end of cycle 1, suggestive of leukemic blast maturation (Figure 3D). Four patients discontinued the study drug due to progressive disease. Two patients were treated for less than one cycle due to infection and could not be formally evaluated for response, but they were considered non-responders for the purposes of the efficacy analysis.



Plasma Differentiation Assay

To investigate if patients receiving IRX195183 achieve biologically meaningful plasma concentrations of this drug, we designed a functional assay to determine to what extent plasma from these patients can trigger differentiation in vitro. Using NB4 cells as a read out, 10% plasma from patients treated with IRX195183 induced a 5.8 ± 0.2 fold upregulation of CD11b expression and 52% (± 16%) decreased clonogenic activity compared to the control (Figures 3A–C). Plasma from patients with APL treated with ATRA had similar effects on NB4 cells, while plasma from normal volunteers had no discernable differentiation potential. For these experiments, we used plasma from Patients 1, 2, 3, and 4 both in DL1 and receiving 50 mg daily of IRX195183 and equivalent of 25 mg/m2 and 28 mg/m2, respectively. For comparison, we used plasma from patients with low-intermediate risk APL who received 45 mg/m2 of ATRA as part of standard-of-care Arsenic Trioxide (ATO) plus ATRA. The characteristics of the ATRA-treated patients and the timing of plasma sampling is shown in Table 3. Of note, at the time of plasma collection, these patients had yet received treatment with arsenic trioxide. Consistent with our previous observations that mesenchymal stroma cells block ATRA induced differentiation of APL cells, plasma from patients treated with ATRA showed no pro-differentiation activity on NB4 cells in the presence of stroma. In contrast, plasma from patients treated with IRX195183 continue to show induction of CD11b expression and reduction of clonogenic activity of NB4 cells in the presence of bone marrow stroma (Figures 3A–C). Compared to the effects of plasma from patients treated with ATRA, IRX195183 induced a greater increase in CD11b expression (t-test p < 0.01, Wilcoxon p = 0.057) and reduction in clonogenic activity (t-test p = 0.02, Wilcoxon p = 0.57) on NB4 cells cultured on bone marrow stroma.


Table 3 | Characteristics of ATRA-treated patients from whom plasma samples were obtained and the timing of plasma sampling relative to last ATRA dose.






Discussion

In this phase 1 study, IRX195183 had a manageable toxicity profile and led to one short-lived morphological CRi response. The most significant toxicity associated with the drug was hypertriglyceridemia. This adverse effect led three patients to withdraw from the study, though none of these patients suffered adverse clinical sequelae. The incidence of hypertriglyceridemia observed in this study is comparable to the 47% incidence reported in studies of single-agent ATRA for the treatment of APL and to the 64% incidence reported in studies of single agent tamibarotene in patients with relapsed/refractory AML (23, 24). Anticipation of this adverse effect and prophylactic use of lipid modifying agents may be effective in mitigating this complication in future studies. Elevated liver enzymes were rare and self-limited in this study, in contrast to the results of an unpublished phase 1 clinical trial conducted in patients with hepatocellular carcinoma. There were no other DLTs or treatment-related deaths on study. Notably, the maximally tolerated dose of the drug was not reached in this study due to limited supply.

Furthermore, two patients showed in vivo maturation of their leukemic blasts, providing evidence that IRX195183 is clinically active. One of these patients also experienced a CRi response with an improvement in blood counts and transfusion independence at 1 month. The second patient did not respond clinically.

Nevertheless, we demonstrated that IRX195183 administered at the lowest dose level achieves concentrations sufficient to differentiate leukemic blasts in vitro. In contrast to plasma from patients who received ATRA, the differentiating effect of plasma from patients on IRX195183 was unaffected by the presence of stroma. The implication of this finding is that IRX195183 may be more effective at differentiating leukemic blasts within the bone marrow, a site that otherwise serves as a sanctuary site for residual disease.

Our study was limited primarily by its early termination due to the inadequate supply of study drug. As a result, the study did not meet its target for enrollment in phase I, and it was unable to proceed onto the phase II expansion cohort. The availability of the drug for future investigative and clinical uses is uncertain, however our experience with IRX195183 may inform the design of future studies aiming to incorporate retinoid analogs into the treatment of non-APL AML. In addition, the plasma differentiation potential assay described here captures the significant impact that bone marrow stroma has on retinoids pharmacodynamics and may serve as a platform for interrogating the biological activity of other novel differentiating agents.

Our group has recently demonstrated the mitigating effect of bone marrow stroma on the differentiating capacity of retinoids, an effect that is mediated by CYP26 expression. IRX195183 is resistant to metabolism by CYP26 and is selective for RARα and therefore does not trigger upregulation of CYP expression in the liver and bone marrow stroma (17, 25). The result is better maintenance of the systemic Cmax and AUC than ATRA (see protocol for NCT02749708 on Clinicaltrials.gov). These properties may translate into higher concentrations within the bone marrow microenvironment, resulting in more effective differentiation of residual leukemic blasts within this compartment (26, 27). Tamibarotene is another novel retinoid-agonist with increased specificity and potency for RARα (28). Its plasma concentrations do not decline overtime, as is seen with ATRA, and it has a lower affinity for cellular retinoic acid binding protein, which is expressed as a resistance mechanism in ATRA-resistant APL (29). Tamibarotene has shown efficacy in relapsed/refractory APL and better outcomes in the maintenance setting in comparison to ATRA (24, 30, 31). The increased selectivity demonstrated by both IRX195183 and tamibarotene may reduce off target activation of other retinoic acid receptors, reducing the burden of adverse effects associated with retinoid therapy.

Our findings suggest that IRX195183 is a safe and potentially effective agent in the treatment of retinoid-sensitive AMLs. Further studies of the efficacy of IRX195183 and other retinoic acid agonists either as single agents or in combination with other therapies in the treatment of biologically defined non-APL AML are warranted.
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Two mechanisms are involved in the immune escape of cancer cells: the immunoediting of tumor cells and the suppression of the immune system. Both processes have been revealed in multiple myeloma (MM). Complex interactions between tumor plasma cells and the bone marrow (BM) microenvironment contribute to generate an immunosuppressive milieu characterized by high concentration of immunosuppressive factors, loss of effective antigen presentation, effector cell dysfunction, and expansion of immunosuppressive cell populations, such as myeloid-derived suppressor cells, regulatory T cells and T cells expressing checkpoint molecules such as programmed cell death 1. Considering the great immunosuppressive impact of BM myeloma microenvironment, many strategies to overcome it and restore myeloma immunosurveillance have been elaborated. The most successful ones are combined approaches such as checkpoint inhibitors in combination with immunomodulatory drugs, anti-monoclonal antibodies, and proteasome inhibitors as well as chimeric antigen receptor (CAR) T cell therapy. How best to combine anti-MM therapies and what is the optimal timing to treat the patient are important questions to be addressed in future trials. Moreover, intratumor MM heterogeneity suggests the crucial importance of tailored therapies to identify patients who might benefit the most from immunotherapy, reaching deeper and more durable responses.
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Introduction

Multiple myeloma (MM) is a malignant plasma cell disease mainly located in the bone marrow (BM) in multiple ‘niches’. These provide a microenvironment that promotes tumor survival and progression. Within BM niches, normal and tumor plasma cells can survive for years, even for decades. Moreover, the observation that tumor plasma cells do not grow and expand when cultured alone suggests the huge resilience of these cells within the BM microenvironment (1). The BM milieu consists of a cluster of cells such as immune cells, stromal cells, endothelial cells (ECs), and bone cells, soluble factors (cytokines, chemokines, and growth factors), and non-cellular matrix (2). It is highly vascularized by blood vessels and is a part of the lymphocyte re-circulation network. Cells re-circulating into and out of the BM have the potential to regulate tumor plasma cell growth and progression through a composite array of indirect and direct interactions involving cytokines as well as surface (3) and soluble molecules (4). In this context, the immune system plays a central and multifaceted role.

A multistep development model indicates that MM progresses from a stable premalignant plasma cell clonal expansion termed monoclonal gammopathy of undetermined significance (MGUS). This asymptomatic preneoplastic condition is characterized by a perfect equilibrium between tumor and immune system which allows disease to remain stable and does not develop to MM. Immune cells control, but not eliminate MGUS plasma cells. These findings suggest that malignant transformation depends not only on the features of the tumor cells themselves but also on the surrounding microenvironment and its effects on tumor cells. Complex cancer–immune system interactions generate both pro- and anti-tumor effects whose balance can be altered in favor of an immunosuppressive environment which promote tumor progression (5, 6). On one hand, innate and adaptive immune cells are able to detect tumor plasma cells; tumor-specific cytotoxic T cells can be found in the BM of MGUS and MM patients (7, 8). On the other hand, tumor plasma cells have the ability to promote a tolerant microenvironment and the activation of immunosuppressive mechanisms to counteract effective immune responses. These include impairment of antigen processing and presentation, and T cell response, NK and NKT cell dysfunctions, local recruitment, expansion and activation of immune suppressor cells like T regulatory cells (Tregs) and myeloid derived suppressor cells (MDSCs), and differentiation of the protumoral tumor-associated macrophages and Th17 cells (9–11) (Figure 1).




Figure 1 | The MM BM microenvironment. On one hand, innate and adaptive immune cells are able to recognize myeloma plasma cells (PC) and generate a weak immune response against tumor. Mature dendritic cells (mDCs) activate tumor-specific T cells that along with natural killer (NK), NKT and gamma delta (γδ) T cells produce low amount of interferon (IFN)-γ. On the other hand, myeloma PCs are able to promote an immunosuppressive microenvironment. They produce immunosuppressive factors including transforming growth factor (TGF)-β, interleukin (IL)-10 and IL-6. PC–immature DC (iDC) interaction stimulates TGF-β production by DC inducing T regulatory (Treg) proliferation with enhancement of levels of TGF-β and IL-10. Immature DCs produce also indoleamine 2,3-dioxygenase (IDO) that causes anergy in activated T cells. The latter exhibits exhaustion markers such as programmed cell death-1 (PD-1), cytotoxic T lymphocyte antigen-4 (CTLA-4), T cell immunoglobulin-3 (TIM-3), and lymphocyte-activation gene 3 (LAG3), and high levels of the senescence markers killer-cell lectin like receptor G1 (KLRG1) and CD160. PD-1 is greatly expressed also by γδ T cells and NK cells and interacts with its ligand, programmed death ligand 1 (PD-L1), expressed by myeloma PC, DC, and myeloid derived suppressor cells (MDSCs) downregulating immune response. Myeloma PC–mature DC interaction, involving the CD28 receptor and the CD80/CD86 ligands respectively, downregulates proteasome subunit expression in tumor PC and decreases the processing and presentation of tumor antigens thus reducing myeloma PC recognition by cytotoxic CD8+ T cells. Myeloma PC-tumor-associated macrophage (TAM) interaction involving P-selectin glycoprotein ligand 1 (PSGL-1) and intercellular adhesion molecule-1 (ICAM-1) on myeloma PC and E/P selectins and CD18 on TAM confers multidrug resistance to MM PC. Within myeloma niche, TAMs release great amount of IL-6 and IL-10 and contribute to MM-associated neovascularization by vasculogenic mimicry and indirectly by secreting vascular endothelial growth factor (VEGF), IL-8, fibroblast growth factor-2 (FGF-2), metalloproteinases (MMPs), cycloxygenase-2 (COX-2), and colony-stimulating factor-1 (CSF-1). Neutrophils release high amount of IFN-γ that supports their promotion of pro-inflammatory and survival signals within the plasma cell niche and produces arginase that inhibits T cell activation and proliferation. MDSCs also produce high amounts of arginase and reactive oxygen species (ROS) that contribute to T cell suppression, induce anergy of NK cell through membrane-bound TGF-β1 and promote tumor angiogenesis by MMP secretion or direct differentiation into endothelial cells (ECs). Furthermore, ECs can act as semi-professional antigen presenting cells (APCs) stimulating a regulatory tumor-specific T cell population. Within BM, the elevated levels of IL-6, TGF-β, and IL-1β promote T helper IL-17-producing (Th17) cell polarization which release high levels of IL-17 favoring MM plasma cell growth and inhibiting immune system.



Here we describe interactions between BM tumor plasma cells and different immune cells and provide an overview of the current knowledge on immunotherapeutic strategies.



Myeloma Plasma Cell Immunogenicity

The hallmark of MGUS and MM plasma cells is the production and the surface expression of a monoclonal immunoglobulin (Ig) carrying unique antigenic (idiotypic or Id) determinants in the variable heavy (VH) (12). Thus, the Ig idiotypic structure is a tumor-specific antigen of the myeloma cell clone, distinct from normal cells or normal plasma cells that can be presented as whole molecule on the cell surface or as peptides in the groove of the of major histocompatibility complex (MHC) molecules (13, 14).

Several studies have described idiotype-specific cytotoxic T lymphocytes in MM patients with the capacity to lyse autologous primary tumor plasma cells. Many potential T cell epitopes have been identified within the tumor-derived Ig-VH region, nonetheless, the majority of them didn’t trigger high affinity T cell responses (15). Two peptide prediction algorithms, BIMAS and SYFPEITHI, have also confirmed the poor immunogenicity of human idiotypes with a low binding half-life (BIMAS) and a low/intermediate score (SYFPEITHI) on most T cell interaction human leukocyte antigen (HLA) modules (16, 17). Additionally, idiotypic vaccination in MM has been examined in clinical trials where immunologic responses occurred in <50% of patients, and clinical responses have been infrequent (18).

Within the universal tumor antigens, many myeloma-associated antigens (e.g. human telomerase reverse transcriptase (hTERT) (19), surviving (20), new york esophageal squamous cell carcinoma 1 (NY-ESO1) (21) mucin-1 (MUC-1) (22), junctional adhesion molecule-A (JAM-A) (23, 24) and the receptor for hyaluronic acid-mediated motility (RHAMM) (25) have been identified as targets recognized by T lymphocytes and used in many vaccination strategies, but in most cases failed to produce clinically meaningful responses. However, many obstacles need to be overcome. The most important one is the myeloma plasma cell escape of tumor-specific immune response. Our group demonstrated that the binding of CD28 expressed on myeloma plasma cells with its ligands CD80/CD86 expressed on BM dendritic cells (DCs) results in downregulation of the expression of proteasome subunits, alteration of the antigen repertoire displayed on myeloma plasma cell surface, and reduced recognition of tumor plasma cells by cytotoxic CD8+ T cells (10).



Tumor-Specific Cytotoxic CD8+ T Cells

The mechanisms underlying MGUS to MM progression are incompletely understood. Tumor plasma cell specific CD8+ T cells have been detected in both MGUS and MM patients (8, 26, 27), thereby establishing that there is no tolerance to plasma cell tumors. Nonetheless, in MM, myeloma plasma cell proliferation is not counteracted by CD8+ T cells. These observations have rekindled interest in the immunosurveillance mechanisms of tumor growth (28). Although MM plasma cells do not significantly differ from their premalignant MGUS precursors with respect to cytogenetic abnormalities (29, 30) and gene expression profiles (31), CD8+ T cells have been uncovered to fail to limit the clonal expansion of tumor plasma cells in MM. Our studies have shown that malignant transformation of plasma cells is associated with altered expression of HLA class I antigen processing presenting machinery (APM) components. These alterations are detectable ex vivo, occur at the transcriptional level, and, in some cases, are enhanced by IL-6, an essential MM cytokine. For some APM components, changes correlate with the extent of the plasma cells’ lysis by CD8+ T cells and with variations in the serum level of the M component in MGUS patients (8). Downregulation of proteasome subunits, in particular, is higher in plasma cells from MM patients than in those from MGUS patients and MM plasma cells are less readily lysed by autologous, in vitro-expanded cytotoxic CD8+ T cells than are MGUS plasma cells. This difference in cytotoxicity is evident at the epitope level and is not due to the intrinsic features of CD8+ T cells, given that no difference is observed when CD8+ T cells are tested against HLA-matched target cells that are not plasma cells (8). These findings support the hypothesis that proteasome subunit downregulation decreases expression of tumor antigen peptides on tumor plasma cells, enabling them to evade CD8+ T cell recognition and killing (10). Moreover, these alterations in the expression of APM components are specific of each premalignant and malignant plasma cell clone, suggesting that the myeloma-specific T cell response can differ from one patient to another. Indeed, CD8+ T cells isolated from MGUS and MM patients can be activated ex vivo by DC loaded with autologous but not allogeneic tumor lysates (7, 27, 32). The finding that the impairment of T cell response is restricted to myeloma antigens is supported also by the absence of a clinical T cell immunodeficiency. Myeloma patients show an appropriate T cell immunity against external antigens and do not show an increased incidence of mycobacterial infections or virus associated second malignancies (33).

Some shared antigens have been identified as targets of a spontaneous immune response in MGUS but not MM patients suggesting the capacity of the immune system to recognize premalignant lesions. For instance, the clonogenic CD138− compartment in MGUS patients expresses SOX2, an embryonal stem cell protein involved in the tumor-initiating potential and self-renewal of tumor cells. The expression of this antigen identifies potential MM progenitors and detection of anti-SOX2 T cells is associated with an improved clinical outcome in patients with asymptomatic plasma cell disorders. SOX2 is also expressed by CD138+ cells in patients with active MM, who do not develop anti-SOX2 immunity (34).

Recent evidence also indicates that MM-specific cytotoxic CD8+ T cells do not express CD28 and express low levels of programmed cell death-1 (PD-1), cytotoxic T lymphocyte antigen-4 (CTLA-4), lymphocyte-activation gene 3 (LAG3), and T cell immunoglobulin-3 (TIM-3) (35). These characteristics further strengthen the idea that MM-specific CD8+ T cells are not anergic or exhausted. Instead, they seem to be “senescent” given that they express high levels of CD57, CD160, and killer-cell lectin like receptor G1 (KLRG1), do not express CD27 and CD28, and display weak proliferation after antigen stimulation (35). So basically, MM-specific CD8+ T cells appear late-differentiated and suspended in a hypo-responsive, non-proliferative state. Interestingly, this state would be telomere-independent and potentially reversible (35) since MM-specific CD8+ T cells have normal-for-age telomere lengths and long-surviving MM patients retain cytotoxic T cell clones with conserved proliferative capacity (36).



CD4+ T Helper Cells

The role of CD4+ T helper cells in MM is still unclear; controversial data may be justified by differences between BM and peripheral blood, or by different quantification method (absolute count versus percentage), or by changes in Th1/Th2 polarization during the course of the disease. While some authors reported an altered Th1/Th2 balance strongly supported by IL-6, with increased production of Th2 cytokines, such as IL-10 and IL-4 and decreased production of Th1 cytokines, such as IL-2 and IFN-γ (37, 38), others described an elevated Th1/Th2 ratio in MM patients at diagnosis and in refractory phase, pointing towards a close relation to the clinical features (39–41).

Furthermore, increased levels of PD-1 on CD4+ cells have been observed in MM patients with persistent minimal residual disease (MRD) and at relapse compared with T cells of first diagnosed MGUS and MM patient (42). BM myeloma PD-1 expressing CD4+ T cells interact with plasma cells and DCs that display on their surface programmed death ligand 1 (PD-L1) promoting T cell suppression and MM progression (43).



T Helper 17 Cells

Elevated levels of interleukin (IL)-6, transforming growth factor (TGF)-β, and IL-1β in myeloma BM microenvironment promote T helper IL-17-producing (Th17) cell polarization with consequent increased of IL-17 levels in BM and peripheral blood of MM patients (36, 44–46). IL-17 induces myeloma cell growth and colony formation via IL-17 receptor and inhibits Th1 immune response (45). The amount of Th17 cells in the BM positively correlates with clinicopathological characteristics in MM, like clinical tumor stage, serum lactate dehydrogenase concentration, and serum creatinine concentration (46). In addition, IL-17 plays a role in osteoclast-mediated lytic bone disease (44). Recently, the existence of a direct immunological link between the gut and the BM in MM involving Th17 cells has been proposed. Using a Vk*MYC mouse model, it has been provided that the gut microbiota induces the differentiation of Th17 cells in the gut that are able to migrate to the BM, where they promote MM progression (47). In the BM, IL-17 activates also eosinophils involved in plasma cell homing to the BM and in their accumulation in the BM niche (47, 48).



Regulatory T Cells

There is considerable controversy regarding regulatory T (Treg) cell frequency and function in MM due to their source (peripheral blood versus BM), differences in assays, purification techniques, and markers used to identify these cells. Treg population is described as reduced and/or dysfunctional (39, 49, 50) or increased and/or functional (36, 51–57) in MM patients compared to MGUS patients or normal controls. Moreover, the increased frequency of CD4+ and CD8+ Treg cells in MM patients correlated with the active phase (54) and a reduced survival (55, 58). MM plasma cells can directly induce functional Treg in a contact dependent manner acting as immature and tolerogenic antigen presenting cells (APCs) (54) as well as in an APC independent manner by the expression of the inducible T cell co-stimulator ligand (ICOSL) (59). It is possible that the mutual and dynamic interactions among cells of the BM microenvironment along with cytokine release modulate the frequency and the suppressive activity of Treg cells. In coculture experiments, cytokines such as IL-10 and TGF-β and human myeloid immature DCs are the most efficacious for induction and expansion of Treg population (60, 61). Tumor cell–immature DC interaction stimulates TGF-β production by DC inducing Treg proliferation (62). Our study demonstrated that EC can act as semi-professional APC stimulating a regulatory tumor-specific CD8+ T cell population with suppressive function within BM of MM patients (11). Moreover, human leukocyte antigen G (HLA-G)+ T cells with an inhibitory activity comparable to natural Treg can be generated in BM of MM patients after tumor plasma cell–T cell interaction by trogocytosis of immunosuppressive molecules such as HLA-G (63).



γδ T Cells

BM MM microenvironment is extremely immunosuppressive and greatly influences gamma delta (γδ) T cells. Indeed, BM derived Vγ9Vδ2 T cells, the main subset of γδ T cells, become more dysfunctional than those isolated from the peripheral blood of MM patients. The functional exhaustion of BM Vγ9Vδ2 T cells occurs early during disease progression and does not disappear in clinical remission. Upregulation of PD-1 expression on γδ T cells is already found in MGUS patients and persists in the remission phase and further increases in the relapse (64). One possible explanation is the great concentration of phosphoantigens in the tumor microenvironment and the consequent prolonged TCR engagement. High amounts of isopentenyl pyrophosphate, the prototypic phosphoantigen recognized by Vγ9Vδ2 T cells via TCR, are produced by both BM myeloma plasma cells and stromal cells leading to chronic TCR engagement, upregulation of PD-1 expression, and functional exhaustion of γδ T cells (65). Moreover, many cell subsets including MM plasma cells, myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), and BM-derived stromal cells are implicated in Vγ9Vδ2 T cell hampering through the excessive expression of immune checkpoints (ICP)/ICP-ligands (65).



Dendritic Cells

The role of DC in MM progression is controversial. Some investigators reported impaired functionality and phenotypic profile, while others found that these cells are normal (9). We have demonstrated that BM DCs are functional and play a dual, but opposing role in MM. DCs are concentrated in the BM during the MGUS-to-MM progression and interact with both T cells and myeloma plasma cells. On one hand, DCs are able to uptake apoptotic myeloma plasma cells, mature and process myeloma antigens, cross-present them and successfully activate myeloma-specific BM-infiltrating CD8+ T cells. On the other hand, by using their surface CD80/86 molecules, DCs interact with non-apoptotic tumor plasma cells by the CD28 receptor that is upregulated on their surface, promoting a downregulation of proteasome subunit expression and a consequent escape of myeloma plasma cells from CD8+ T cell recognition and killing (10). Moreover, plasmacytoid DCs promote tumor plasma cell growth, survival, and drug resistance (66) and express high surface levels of programmed death-ligand 1 (PD-L1) conferring T cell and NK cell immune suppression by engaging ICP via PD1-PD-L1 signaling axis (67, 68). Myeloid CD141+ DCs also express PD-L1, and the proportion of these cells correlate with the percentage of PD-L1+ plasma cells, suggesting that both cell subsets support anti-tumor T cell response inhibition in MM (68). DCs can also indirectly favor the osteoclastogenesis process by inducing Th17 cell expansion in BM myeloma microenvironment (69) followed by IL-17 accumulation, a potent pro-osteoclastogenic factor (70).



Macrophages

Tumor-associated macrophages (TAMs) constitute an abundant component of myeloma microenvironment that induce myeloma plasma cell survival through both contact-dependent and -independent mechanisms. For instance, a direct physical interaction involving E/P selectins and CD18 on macrophages and P-selectin glycoprotein ligand 1 (PSGL-1) and intercellular adhesion molecule-1 (ICAM-1) on myeloma cells protects plasma cells from drug-induced apoptosis (71–73). Within myeloma niche, after interaction with BM-derived mesenchymal stromal cells, TAMs acquire a secretory profile characterized by a great production of IL-6 and IL-10 and poor production of IL-12 and TNF-α, providing a suitable milieu for myeloma plasma cell growth (74). TAMs also contribute to MM-associated neovascularization by vasculogenic mimicry and indirectly by secreting a wide range of proangiogenic factors, such as vascular endothelial growth factor (VEGF), IL-8, and fibroblast growth factor-2 (FGF-2) as well as metalloproteinases (MMPs), cycloxygenase-2 (COX-2), and colony-stimulating factor-1 (CSF-1). Moreover, they resemble M2-like macrophage population with a reduced cytotoxic capacity for tumor cells and a decreased antigen-presenting capability (75).

A very recent single-cell RNA sequencing study revealed that mature CD14+ monocytes/macrophages lose HLA class II surface expression as early as in the MGUS phase resulting in T cell suppression (76).



NK Cells

Natural killer (NK) cell differentiation, activation, and cytotoxic ability are strongly compromised during MM progression (77). BM myeloma plasma cells from early-stage patients display low levels of MHC class I molecules and high levels of MHC class I related chain A (MICA) and are readily recognized by NK cells (78). Nevertheless, elevated numbers of NK cells in the BM and blood of MM patients were associated with worse prognoses (79). Myeloma cell recognition and killing by NK cells involve a broad array of activating receptors including the natural killer group 2D (NKG2D), DNAX accessory molecule-1 (DNAM-1), and the natural cytotoxicity receptors (NCR) NKp46, NKp30, and NKp44 (78, 80). Changes in the expression of these NK receptors and NK cell receptor ligands have been observed in BM samples of MGUS and MM patients, suggesting a role of NK cell dysfunction during MGUS-to-MM progression (81). In addition, following an extensive interaction with cytotoxic T and NK cells, myeloma plasma cells obtained from patients with active disease exhibit the MHC class Ibright/MICAdim/−/CD95dim/− immunophenotype that compromises NK cell function (78, 82, 83). Likewise, the number of effector NK cells localized within the BM progressively decreases during MM growth and correlates with reduced BM NK cell degranulation in MM-bearing mice (84). Moreover, MICA shedding from the surface of myeloma plasma cells may promote downregulation of NKG2D expression on the surface of NK cells weakening the NK-mediated anti-tumor response (83, 85). Defective NK cell functions can be also explained by PD-1 expression on NK cells of MM patients that interact with its ligands PD-L1 on tumor plasma cells downregulating NK cell function (86). Also, the release of soluble factors in the BM microenvironment can influence NK cell activity. For instance, an inflammatory milieu rich in IFN-γ secreted by immune cells strongly increases PD-L1 expression (87). In addition, primary myeloma plasma cells express high levels of HLA-E molecules which bind to the inhibitory NK cell receptor NKG2A hampering NK cell effector functions (80, 88–90).



NKT Cells

NKT dysfunction has been recognized as potentially important in disease predisposition and progression (91). A progressive decrease of NKT cells and a loss of both peripheral blood and BM NKT cell activity in MM patients have been described by many groups, with disease progression correlating with a reduction of IFN-γ production by NKT cells (26, 92, 93). Likewise, a loss of CD1d expression by myeloma plasma cells has been demonstrated during disease progression with consequent dysfunction of NKT cells (26, 92, 94, 95).

A recent study has demonstrated an enrichment of inflammation-associated lysophosphatidylcholine molecules in MM patient serum compared with healthy donors alongside with an increase of frequency of lisophosphatidylcholine-recognizing CD1d-restricted type II NKT cells. These cells release high amounts of the IL-13, an immunosuppressive cytokine involved in tumor-promoting inflammation and angiogenesis, thus supporting their role in disease progression (96). Furthermore, type II NKT cells may also promote plasma cell differentiation and play a role in the initiation of MM (97, 98).



Myeloid-Derived Suppressor Cells

In humans, two main subsets of myeloid derived suppressor cells (MDSCs) with the same level of suppressive activity can be identified based on CD14 positivity, granulocyte-MDSCs (G-MDSCs) that are CD11b+CD14−CD33+CD15+HLA-DR−/low and monocytic-MDSCs (M-MDSCs) that are CD11b+CD14+CD33+HLA-DR−/low (99). The involvement of these subsets in the pathogenesis of MM is still not clear. Several studies found a significant increase in G-MDSCs in the peripheral blood and BM of newly diagnosed, relapsed, and relapsed/refractory MM patients compared with healthy donors (100–102), while others described an increase of M-MDSCs in first diagnosed and relapsed MM patients compared with those in remission and healthy donors (103, 104). Moreover, the level of M-MDSC correlates with disease progression (104).

Because of their capacity to suppress T cell-mediated immunity, MDSCs play an important role in favoring tumor escape from immunosurveillance (101, 102). MDSCs secrete high amount of arginase which sequestrates L-arginine, an essential amino acid for T cell activity (105). Moreover, MDSCs can inhibit T cell receptor by nitrosylation and reactive oxygen species release (106) and express on their surface high levels of PD-L1 which can interact with PD-1 express on T cells (64).

In addition, MDSCs induce Treg differentiation through TGF-β-dependent and -independent mechanisms involving CD40 or IL-10 and IFN-γ, respectively (100, 106), induce NK cell anergy through membrane-bound TGF-β1 (107, 108), promote tumor angiogenesis by MMP-9 secretion or direct differentiation into EC (109), and stimulate tumor growth through the release of cytokines and growth factors (101).

Using immunocompetent mouse models, it has been demonstrated that MDSC immunosuppression occurs early in MM disease; MDSCs accumulated in the BM of mice as early as one week after tumor inoculation and when these mice were engineered to lose their ability to accumulate MDSC, growth of MM plasma cells was significantly reduced confirming the critical role of MDSC accumulation at early stages of MM progression (102).



Neutrophils

Neutrophils are essential for clearance of extracellular pathogens, as they effectively fight them by releasing cytotoxic granules, toxic enzymes, inflammatory mediators, and reactive oxygen species (110, 111). Thanks to a large number of integrins and molecules expressed on their surface, neutrophils can establish interactions with other immune cells (e.g., T, B, and NK cells, monocytes, macrophages, DCs), can act as weak antigen presenting cells, promote angiogenesis and inflammation, and regulate hematopoiesis (112). In MM, as a consequence of BM infiltration by tumor plasma cells, functional defects of neutrophils including reduced lysozyme activity and increased secretion of the amino acid degrading enzyme, arginase, have been described (113, 114). An involvement of neutrophils in immune suppression via IFN-γ signaling has been also revealed since the early asymptomatic phase of MGUS (115). Specifically, Romano et al. (115) have demonstrated that neutrophils from MGUS and MM are chronically activated because of increased signaling through IFN-γ and Toll-like receptors that trigger a chronic inflammatory response via STAT protein activation. Compared with neutrophils from healthy patients, neutrophils from MGUS and MM patients show immunosuppressive features. They display an impairment in the FC-γ-receptor I (CD64) mediated phagocytosis under control of IFN-γ and increased secretion of arginase-1, target of STAT proteins (116–118), resulting in inhibition of T cell activation and proliferation (115). Furthermore, during MGUS-to-MM progression, neutrophils progressively enhance the production of IFN-γ in response to MM soluble factors resulting in increased autophagy flux and JAK-2/STAT3 pathway activation, which support their promotion of pro-inflammatory and survival signals within MM niches (119).

In addition, the neutrophil to lymphocyte ratio (NLR) at diagnosis or after 100 days from autologous stem cell transplantation (SCT) can predict outcome in newly diagnosed MM patients treated upfront with novel agents (120–122). Interestingly, NLR could be combined with international staging system (ISS) to better evaluate the risk profile of non-elderly (<65 years) MM patients, to identify patients with poor outcome, and to personalize MM therapy (121).



Immune Checkpoints in Multiple Myeloma

The main ICP pathways CTLA-4 and PD-1/PD-L1 have emerged as major immune escape mechanisms in MM. These pathways are crucial in the physiological setting for maintaining the immune equilibrium after the initial T cell response and preventing over-activation of the immune system and tissue damage. Tumor cells upregulate these biologic mechanisms of tolerance and exploit them to elude host immunity (123). Regarding MM, contradictory results exist in this field, due mainly to the different analyzed sources (peripheral blood versus BM) suggesting a fundamental role of the local milieu in the regulation of immune ICP cell expression.

Several studies have found an increased number of CTLA4+ Treg cells in the BM of MM patients compared with MGUS patients and healthy donors (52, 56, 124), with a correlation between the proportion of cells simultaneously positive for CTLA4 and Foxp3 and the disease stage (54).

PD-1 expression is increased on NK and γδ T cells isolated from MM patients and correlates with loss of effector cell function (64, 86). CD4+ and CD8+ T cells express low level of PD-1 in MGUS and newly diagnosed MM patients, suggesting that downregulation of their effector function is partly due to senescence rather than PD-1 mediated exhaustion (35, 124, 125). Paiva et al. have reported increased PD-1 expression levels on CD4+ and CD8+ T cells only in relapsed or relapsed/refractory MM and in patients with a minimal residual disease (42).

PD-L1 is greatly expressed on plasma cells obtained from MM patients with active, relapsed, and refractory disease, whereas low expression has been found on plasma cells from MGUS patients or healthy donors, suggesting that PD-L1 expression is associated with MM progression and drug resistance (42, 68, 126–128). Moreover, soluble factors such as IFN-γ, IL-6, and indoleamine 2,3-dioxygenase (IDO), detected at high level in myeloma BM microenvironment, upregulate the expression of PD-L1 on myeloma plasma cells (126, 127, 129). PD-L1 is also expressed by other cells of myeloma BM microenvironment, including plasmacytoid DC, NK cells, and MDSCs, according to their immunoregulatory functions (67, 68, 86, 100, 127).



Immunosuppressive Factors

Along with the crosstalk between tumor plasma cells and BM niche cells, a high concentration of immunosuppressive factors including TGF-β, IL-10, IL-6, and prostaglandin E2 in the MM BM microenvironment promotes tumor propagation and survival and at the same time generates great immune dysfunction (130). In addition, the cellular contact of myeloma plasma cells with BM immature DCs, through CD47–thrombospondin-1 interaction, leads to spontaneous DC fusion and trans-differentiation into osteoclasts (131, 132), which, beside their role in bone lesions, promote suppressive immune BM microenvironment inducing T cell apoptosis by the overexpression of ICP molecules and the release of IDO and APRIL (129). Moreover, IDO causes anergy in activated T cells, induces them to become Treg, and generates a nutritionally depleted niche favoring survival of myeloma cells which have a low proliferative index and are less sensitive to tryptophan depletion (133); APRIL enhances PD-L1 expression on MM cells supplying immune suppression (129). Simultaneously, the establishment of a chronic inflammatory status contributes also to disease progression (134). Increased levels of inflammatory cytokines, such as IL-1, IL-6, IL-12, IL-15, IL-17, IL-18, IL-22, IL-23, TNF-α, and IFN-γ have been revealed in BM serum of MM patients (135), and an eight-gene signature (IL-8, IL-10, IL-17, CCL3, CCL5, VEGFA, EBI3, and NOS2) involved in B-cell inflammation has been described able to distinguish the different phases of disease progression (MGUS/smoldering/symptomatic-MM) with 84% accuracy (134). Moreover, inflammation can lead to high levels of bioactive lipids, such as several species of lysophosphatidylcholine, which can bind to CD1d molecules resulting in dysregulation of lipid-reactive immune cells, activation of CD1d-restricted type II NKT cells, and production of high amount of the immunosuppressive cytokine IL-13 (96).



Targeting Immune System as an Effective Approach to Treat Multiple Myeloma

Considering the great immunosuppressive impact of BM myeloma microenvironment, many strategies to overcome it and restore myeloma immunosurveillance have been elaborated (Figure 2). Autologous SCT following myeloablative treatment allows the introduction of a new immune system and has significantly contributed to improve survival of MM patients in the last 15 years (136). Unfortunately, the graft versus-myeloma (GvM) response is usually weak and most patients relapse. An alternative is the adoptive therapy with BM infiltrating lymphocytes enriched in myeloma-specific T cells that enhances the anti-tumor immunity, but has a poor durability of the clinical response (137), or the allogeneic SCT which provides a new T cell repertoire, triggers a potent GvM response, but it is limited by the high transplant-related mortality (138).




Figure 2 | Targeting immune system to induce anti-MM responses. MM immunosuppressive microenvironment remains the major hurdle to achieve a long lasting response along with low toxicity. Vaccination strategies have shown no clear clinical efficacy. Autologous and allogeneic stem cell transplantation (SCT) following myeloablative treatment allows introduction of a new immune system, but generates a very weak anti-tumor immune response. Immune checkpoint inhibitors, immunomodulatory drugs (IMiDs), and monoclonal antibodies (mAbs) used as single agents provided unsatisfactory results. Immunotherapy with adoptively transferred chimeric antigen receptor (CAR) T cells and new bi-specific antibodies are currently being tested in clinical trials, and initial results have been encouraging. Moreover, newer approaches based on the combination of immunotherapeutic strategies are achieving promising results with acceptable safety and durable responses. DC, dendritic cells; γδ, gamma delta T cells; MDSC, myeloid derived suppressor cells; MHC-I, major histocompatibility complex-class I; NK, natural killer cells; NKT, natural killer T cells; PC, plasma cells; PD-1, programmed cell death-1; PD-L1, programmed death ligand 1; SLAMF7, family member 7 of the signaling lymphocytic activation molecule; TCR, T cell receptor; Treg, regulatory T cells.



The emergence of ICP blockade therapies over the last decade raised great interest also in MM. Despite at first, in vitro and in vivo studies showed that PD-1/PD-L1 blockade enhanced T and NK cell mediated anti-myeloma immune responses (42, 64, 86, 139–141) suggesting that ICP inhibition may be a promising therapeutic strategy against MM, clinical trials have provided unsatisfactory results (125). A possible explanation is that myeloma-specific T cells have an anergic or senescent phenotype rather than an exhausted phenotype, a prerequisite for the success of ICP blockade therapies.

Current lines of evidence indicate that the senescent phenotype could be reversed by immunomodulatory drugs (IMiDs), thalidomide, and its analogs lenalidomide and pomalidomide, or histone deacetylase inhibitors (35). Besides their direct anti-tumor effects (142), IMiDs promote immune activation including functional enhancement of T, NK, and NKT cells, increase of Th1 cytokine production, reduction of Treg activity, improvement of DC maturation and functions, and enhancement of anti-MM antibody dependent cell-mediated cytotoxicity (ADCC) (143–145). Therefore, IMiDs exert anti-angiogenic and anti-inflammatory effects and can disrupt plasma cell–BM microenvironment interactions (146). Interestingly, in vitro studies have demonstrated that lenalidomide treatment reduces PD-1 expression on T and NK cells and PD-L1 expression on tumor plasma cells and MDSCs (86) suggesting that IMiDs could enhance the effect of the ICP inhibitor (139). Indeed, combined therapeutic strategies with IMiDs and ICP inhibitors achieved promising results with acceptable safety and durable responses. A phase II study (NCT02289222) combining the anti-PD-1 pembrolizumab with pomalidomide and low-dose dexamethasone in 48 patients with relapsed/refractory MM resulted in an objective response of 60% including stringent complete response/complete response (8%), very good partial response (19%), and partial response (33%), with a median duration of response of 14.7 months (147). Next phase III studies of pembrolizumab in combination with pomalidomide and dexamethasone (NCT02576977) or lenalidomide and dexamethasone (NCT02579863) have been halted by the US Food and Drug Administration because of unsatisfactory results in terms of objective response and high mortality (148). A phase I trial of the anti-PD-1 nivolumab in combination with IMiDs, daratumumab, and proteasome inhibitors uncovered this combined therapy to be effective with a low toxicity profile in highly pretreated and refractory MM patients (149). Further clinical studies are ongoing to investigate the efficacy and the toxicity of nivolumab in combination with other anti-myeloma drugs in earlier stages of disease and in low-risk MM patients. In addition, clinical trials of anti-PD-L1 monoclonal antibodies (mAbs) (atezolizumab and durvalumab) alone or in combination with other anti-myeloma agents are highly expected (150).

The use of mAbs targeting CD38, daratumumab, and isatuximab is also potentially useful for treatment of relapsed/refractory MM who have received two or more prior lines of therapy (151–153). The effect of drugs alone is enhanced by the addition of IMiDs or proteasome inhibitors. Phase III trials comparing the combination of daratumumab with bortezomib and dexamethasone or lenalidomide and dexamethasone versus the drugs alone showed improved progression-free survival and overall response (154–157). The improvement of response and progression-free survival with acceptable safety has been recently achieved also in newly-diagnosed transplant-eligible patients by using daratumumab in combination with bortezomib, thalidomide, and dexamethasone (158).

The ICARIA-MM phase III study comparing the combination of isatuximab, pomalidomide, and dexamethasone versus pomalidomide and dexamethasone alone in relapsed/refractory MM patients revealed that isatuximab in the combination regimen increased the number of patients achieving a response and significantly improved the strength of response and the median progression-free survival (159).

Alternative strategies include the use of agents to disrupt BM-myeloma cell interactions. One of these agents is elotuzumab, a humanized mAb that binds to SLAMF7 (family member 7 of the signaling lymphocytic activation molecule), an immunomodulatory receptor expressed on several hematopoietic cells, including myeloma cells and NK cells (160–162). A phase I, multicenter, open-label, dose escalation study of elotuzumab showed a favorable toxicity profile but no objective responses with stable disease reported in 26% of patients (163). However, the combination of elotuzumab with pomalidomide and dexamethasone revealed a significant improvement over pomalidomide and dexamethasone alone in treatment outcomes of relapsed/refractory MM patients. Specifically, the overall response rate was higher in the elotuzumab group (53%) than in the control group (26%) with a better progression­free survival mainly observed in patients pretreated with at least four prior lines of therapy or patients who were considered as having high­risk disease on the basis of International Myeloma Working Group Criteria (164).

Immunotherapy with adoptively transferred chimeric antigen receptor (CAR) T cells targeting myeloma-associated antigens is currently being tested in clinical trials and initial results have been encouraging. A new effective therapy for MM is the use of anti-B cell maturation antigen (BCMA) CAR T cells. Treatment of relapsed/refractory MM patients provided promising results with a high overall response. However, the durability of this response was limited and even patients with initial complete response finally relapsed. Moreover, toxicities included cytokine release syndrome, and neurotoxicity has been reported (165, 166). The main mechanism of resistance to CAR T cell therapy is the evasion of fully differentiated tumor cells expressing lower levels of BCMA. Recently, the SLAM receptor CD229/LY9 has been used as potential target for chimeric antigen receptor (CAR) T cell therapy in MM due to its strong and broader expression on the surface of BM plasma cells from MM and MGUS patients and on chemotherapy-resistant myeloma precursor cells (167–169). CD229 CAR T cells displayed a strong and persistent activity against MM in vitro and in vivo. They efficiently killed not only terminally differentiated MM plasma cells, but also memory B cells and MM propagating cells (170).

Other immunotherapies including new bi-specific antibodies, which brings tumor cells into contact with immune effector cells, e.g., T cells and NK cells, and vaccines in combination with mAbs or checkpoint inhibitors are still in early-stage clinical trials (150). To date, bi-specific antibodies have been evaluated in relapsed/refractory MM patients with promising results (171).



Future Directions

Our knowledge about mechanisms behind MM immunosuppression and sustenance of disease progression has advanced considerably. Crosstalk between immune cells and tumor endothelium regulates the entry and egress of immune cells within BM contributing to tumor immune surveillance and, at the same time, promoting angiogenesis, MM dissemination, and tumor growth (3, 11, 172, 173). Therefore, combination of canonical anti-angiogenesis treatments with immunomodulatory drugs may enhance the success of cancer immunotherapy. Moreover, it is clear that MM consists of several different genetic subtypes, and it is important to account for this when designing therapeutic regimens. A range of features including patient’s immune profile, patient’s baseline risk stratification, genetic mutations, disease biology, and imaging findings should be taken into account and integrated with each other to design tailored therapies targeting patients who might benefit the most from immunotherapy (174). New technologies for multidimensional measurement (for instance combination of single-cell RNA sequencing, genomic, immunophenotyping) of immune cells and proteins might help to build an “immunogram” to evaluate immune status and cancer-immune interactions in individual patients and thereby predict capacity to respond to immunotherapeutic strategies (76, 175).

Actually, along with immune-based approaches, the gene editing technology has emerged. Specifically, CRISPR-Cas9 technique can be used to detect necessary genes for MM plasma cells and genes involved in drug resistance, to explore the mechanism of drug action and to develop immunotherapy and screening for new drug targets (176).

Current research reveals that CRISPR/Cas9 is an efﬁcient gene knockout platform to improve efﬁcacy and safety of CAR T cells (177–179). Rupp et al. produced CD19-specific CAR T cells that were deficient in PD-1 using PD-1 disruption mediated by CRISPR/Cas9. The destruction of PD-1 increased CAR T cell ability to kill tumor cells in vitro (180). Based on these findings, CRISPR/Cas9 holds great promise for the treatment of MM.
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Multiple myeloma (MM), the second most common hematological malignancy, is an incurable cancer of plasma cells. MM cells diffusely involves the bone marrow (BM) and establish a close interaction with the BM niche that in turn supports MM survival, proliferation, dissemination and drug resistance. In spite of remarkable progress in understanding MM biology and developing drugs targeting MM in the context of the BM niche, acquisition of multi-class drug resistance is almost universally inevitable. Exosomes are small, secreted vesicles that have been shown to mediate bidirectional transfer of proteins, lipids, and nucleic acids between BM microenvironment and MM, supporting MM pathogenesis by promoting angiogenesis, osteolysis, and drug resistance. Exosome content has been shown to differ between MM patients and healthy donors and could potentially serve as both cancer biomarker and target for novel therapies. Furthermore, the natural nanostructure and modifiable surface properties of exosomes make them good candidates for drug delivery or novel immunomodulatory therapy. In this review we will discuss the current knowledge regarding exosome’s role in MM pathogenesis and its potential role as a novel biomarker and therapeutic tool in MM.
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Introduction

Multiple myeloma is the second most common hematological malignancy in the Western world after non-Hodgkin lymphoma, accounting for approximately 13% of all hematological cancers (1). About 32,270 new cases of MM and 12,830 MM-related deaths are expected in 2020 (2). Although autologous stem-cell transplantation and agents targeting both MM and the BM niche, such as immunomodulatory drugs (IMiDs), proteasome inhibitors, and monoclonal antibodies, have profoundly extended the overall survival of MM patients, the disease remains incurable (3). Multiclass relapsed/refractory MM patients face a dismal prognosis with limited therapeutic options, and thus there is an urgent need to understand better the biology of MM and explore new therapeutic approaches (4).

MM is characterized by end organ damage caused by monoclonal expansion of malignant plasma cells within the BM, associated with an excess of monoclonal protein in the blood or urine (5). Recent data show that MM consistently progresses from a precursor state of monoclonal gammopathy of undetermined significance (MGUS) or smoldering multiple myeloma (SMM) (6, 7). The facts that the primary oncogenic mutations observed in MM patients are already present in MGUS or SMM and that genomic landscape appears remarkably similar across the plasma cell disorder spectrum, suggest that the BM microenvironment may play a crucial role in disease progression from an asymptomatic state to malignant neoplasms (8, 9).

It has been widely demonstrated that the BM microenvironment promotes tumor growth, angiogenesis, and osteolysis (9). Among various interactions within the bone marrow, recent studies reveal that exosomes are important cross-talking mediators during tumor growth and progression (10). Exosomes are small (30-100nm diameter) membrane vesicles generated in multivesicular endosomes (MVEs) and released upon the fusion of MVEs with cell membrane (11, 12). These nano vesicles are secreted by most cell types under both physiological and pathological conditions, mediating local and systemic cell-to-cell communication through selective transfer of mRNA, non-coding RNA (ncRNA), proteins, and lipids (13, 14). There is a growing interest in understanding how exosomes contribute to MM pathogenesis and if they could be use as a therapeutic vehicle in MM treatment.



Exosome Biogenesis

Exosome biogenesis starts in the endosomal system as endosomes accumulate intraluminal vesicles and mature into multivescular endosomes (MVEs or MVBs) (15, 16). During the process, cargo macromolecules including lipids, proteins, and nucleic acids are clustered and recruited via ESCRT (endosomal sorting complex required for transport)–dependent or ESCRT-independent mechanisms (12, 15). Once matured, MVEs that are not destined for degradation are transported along microtubules and docked to the plasma membrane, after which exosomes are released upon the fusion of MVEs and the plasma membrane (12, 16). When exosomes reach the recipient cells, they exert their effects by binding to the cell surface and triggering downstream intracellular signaling; by fusing directly with the plasma membrane to deliver cargos; or by being internalized through pathways such as endocytosis and phagocytosis (12).

Exosomes were initially thought to be means for cells to eliminate unwanted materials, but they are now considered more as biological active entities that play a role in intercellular communication and contribute to many physiological and pathological functions (16–19). In recent reports, exosomes have been shown to be an important element mediating cell recruitment, immunosuppressive effects, and horizontal transfer of genetic information either locally or systemically to ensure continuous crosstalk between the tumor and its microenvironment (18, 20). Emerging evidence supports that MM-derived exosomes (MM-EXs) reprogram recipient cell functions in the BM to modulate and mold a pro-tumor environment capable of supporting disease progression (21). MM-EXs affect the function of several components of the BM milieu, including natural killer (NK) cells, myeloid-derived suppressor cell (MDSC), mesenchymal stem cells (MSC), endothelial cells, osteoblast (OB), and osteoclast (OC) (Figure 1). Exosome signaling is bidirectional and bone marrow stromal cells (BMSCs)-derived exosomes (BMSC-EXs) have been shown to induce MM growth, survival, and drug resistance (22).




Figure 1 | Exosomes mediate cross-cell communication in the multiple myeloma (MM) bone marrow microenvironment (BMM). Tumor-derived exosomes remodel stromal cells, affect osteogenesis, induce angiogenesis, and help create an immunosuppressive microenvironment. Small dark blue spheres represent MM-derived exosomes and brown spheres represent MSC/BMSC-derived exosomes contribute to MM survival, proliferation, and drug resistance. Dotted arrows indicate differentiation, whereas solid arrows indicate effects on a target cell. Cells and associated effects are shown. BMSC, Bone marrow stromal cell; CAF, Cancer-associated fibroblast; ECs, Endothelial cells; MSC, Mesenchymal stem cell; MDSC, myeloid-derived suppressor cells; NK, Natural killer cell; OB, Osteoblast; OC, Osteoclast; pOC, Pre-osteoclast cell; RBCs, Red blood cells. AREG, amphiregulin; ArgI arginase 1; bFGF, basic fibroblast growth factor; Bcl-2, B-cell lymphoma 2; Cas3, Caspase-3; Cas9, Caspase-9; CCL2, chemokine C-C motif ligand 2; HSP70, Heat Shock Protein 70; IL6, Interleukin 6; IL15 Interleukin 15; IL15RA IL15 Receptor Subunit Alpha; iNOS, Inducible nitric oxide synthase; NO, Nitric oxide; PSMA3, Proteasome subunit alpha type-3; PSMA3 asRNA1, PSMA3 antisense RNA1; VEGF, Vascular endothelial growth factor; LncRNA RUNX2-AS1, Long non-coding RNA Runt-related transcription factor 2 antisense RNA1.





Exosomes Role in MM Pathogenesis

Roccaro et al. demonstrated that BMSC-EXs obtained from MM patients promoted tumor growth while BMSC-EXs from healthy donors inhibited MM cell proliferation (23, 24). Exosome profiling showed MM-BMSC-EXs expressed a lower level of tumor-suppressive factor miRNA-15a, and a higher level of chemokine C-C motif ligand (CCL) 2, interleukin (IL) 6, and fibronectin, which play a crucial role in MM pathogenesis and tumor progression (24). A distinct study similarly confirmed the difference in exosomal content between normal and MM in the 5T33 murine model (25). BMSC selectively transferred certain proteins into MM cells that induced p38, p53, c-Jun N-terminal kinase (JNK), and Akt pathways to promote MM cell survival (25). Interestingly, Wang et al. also reported that exosomes obtained from both normal donor and MM patient BMSCs induced drug resistance of human MM cells. They proposed that BMSC-EXs-mediated upregulation of anti-apoptotic B-cell lymphoma (Bcl)-2 and downregulation of apoptotic Caspase 9 and Caspase 3 in MM cells inhibited spontaneous and bortezomib-induced apoptosis (25). Recently, a study showed that BMSC-derived exosomes from PI-resistant MM patients transferred PSMA3 and PSMA3 Antisense RNA1 to MM cells, causing increased proteasome activity and thus mediating PI resistance (26).

Rather than a one-way order, the mutual communication between MM and BMSC cells via exosomes enables a feedback loop in the BM microenvironment to support MM progression. Our group showed that co-culture of MM induced HDAC3 expression in BMSC cells, while HDAC3 knock down in BMSC lead to quantitative and qualitative changes in secreted exosomes that contributed to MM cell growth arrest (27). Moreover, De Veirman et al. examined the miRNA changes in human MSC after culture with conditioned medium of MM cells and found 19 dysregulated miRNAs, including upregulated miR-146a. They further demonstrated that exosomes transferred miR-146a from MM cells into MSC. In return, the overexpression of miR-146a in MSC increased the secretion of cytokines and chemokines including C-X-C motif chemokine ligand (CXCL) 1, CXCL10, IL6, IL8, CCL2, and CCL5, resulting in the enhancement of MM cell viability and migration (28).

Uptake of BMSC-derived exosomes by MDSCs in MM patients results in accelerated tumor growth and generation of an immunosuppressive BM milieu. An in vitro study showed that BMSC-derived exosomes induced the survival and expansion of MDSCs through activating signal transducer and activator of transcription (STAT) 3 and STAT1 pathways and increasing the anti-apoptotic proteins B-cell lymphoma-extra large (Bcl-xL) and induced myeloid leukemia cell differentiation protein Mcl-1 (29). The same group also showed that exosomes from BMSCs further activated MDSCs in vivo to increase their nitric oxide production, which contributed to the inhibition of T cells (29, 30). They later showed that MM-EXs also activated STAT3 in MDSCs to express high levels of both arginase 1 and inducible nitric oxide synthase, which enhanced T-cell suppression (31).



Exosome Impact on BM Microenvironment Remodeling

Osteolysis is a common characteristic of MM resulting from a disrupted equilibrium between OBs and OCs, which are responsible for new bone apposition and bone resorption, respectively to guarantee adequate bone mass (32, 33). Exosomes in the BM have been shown to contribute to this pro-OC microenvironment, resulting in impaired bone formation and MM-related bone disease. Emerging evidence suggests that exosomal ncRNAs play an important role in this regard (34, 35).

Raimondi et al. were the first to show that exosomes derived from MM cells and MM patient’s sera directly influenced OCs differentiation and function. MM-EXs not only supported migration of pre-osteoclast cells (pOCs) through the increasing of C-X-C chemokine receptor type 4 expressions, but also induced their differentiation into multinuclear OCs with specific OCs markers such as cathepsin K, matrix metalloproteinases 9 (MMP9), and tartrate-resistant acid phosphatase (TRAP). Besides promoting their bone resorptive activity, MM-EXs suppressed apoptosis of pOCs and enhanced their survival by activating the Akt pathway (36). Recent studies confirmed those observations and further explored the effective contents in MM-EXs and their mechanisms to exert functions on MSCs. LncRNA RUNX2 antisense RNA 1 (RUNX2-AS1), amphiregulin, and miR-129-5p were identified to be specifically enriched in MM-EXs. Upon internalization of the exosomes by MSC, these molecules reduced RUNX2 splicing efficiency, activated the epidermal EGFR pathway, and downregulated the expression of the transcription factor Sp1, respectively (37–39). Each pathway has been demonstrated to decrease the osteogenic potential of MSCs, increase osteoclastogenesis, and contribute to osteoblast deficiency. A new study also identified UPR (unfolded protein response)-related signaling molecules in MM-EXs that were proposed to induce osteoclastogenesis through activation of the XBP1/IRE1α axis (40). Additionally, MM-EXs promoted secretion of pro-osteoclastogenic cytokine IL8 and IL6 via APE1/NF-κB pathway and suppressed osteoblastic differentiation proteins Runt-related transcription factor 2 (Runx2), Osterix and osteocalcin (38, 39, 41). Exosomes derived from 5TGM1, murine MM cells also demonstrated the ability to block osteoblast differentiation and functionality in vitro. Faict and colleagues suggested that the transfer of dickkopf WNT signaling pathway inhibitor 1 (DKK1) triggered inactivation of the Wnt signaling pathway that lead to a reduction in Runx2, Osterix, and Collagen 1A1 in osteoblasts (42).

Several studies indicated that soluble factors from MM cells stimulated the overexpression of miR-135b in MSCs, which was associated with the negative regulation of MSCs osteogenesis and their impaired osteogenic differentiation ability in MM patients (43). Umezu et al. later showed that exosomes from chronic hypoxia-resistant MM (HR-MM) cells, which mimicked tumor cells from the BM, were highly enriched in miR-135b (44). They provided new evidence that exosomal miR-135b directly suppressed factor inhibiting HIF-1 (FIH-1) to accelerate hypoxia-inducible factor (HIF)-1 transcriptional activity in endothelial cells and attributed to hypoxia-driven accelerated tube formation (44, 45). As BM is highly vascularized and naturally hypoxic and the MM-infiltrated BM even more hypoxic due to the massive proliferation of MM cells, exosomes target it primarily to increase angiogenesis (46, 47). Using the same HR-MM model both in vitro and in vivo, Umezu demonstrated that miR-340 from healthy BMSC exosomes inhibited angiogenesis via the hepatocyte growth factor/c-MET (HGF/c-MET) signaling pathway in endothelial cells. However, BMSC exosomes from older donors with senescent profiles were less effective in reducing angiogenesis (48). In murine models, Wang et al. confirmed a strong pro-angiogenic effect of MM-EXs and identified multiple angiogenic factors as cargo proteins, including angiogenin, basic fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF) (31, 49). They further demonstrated that MM-EXs enhanced phosphorylation of Stat3, JNKs, and p53 in endothelial cells and directly facilitate their growth (31).



Diagnostic and Prognostic Role of Exosomes

Accurate diagnosis and prognosis with a close monitor of disease progression are essential in designing appropriate therapy for patients. There are significant research interests in identifying biomarkers and other non-invasive approaches for diagnosis and disease classification to facilitate patient follow up and care. As previously shown, exosomes are actively secreted by cells and can be isolated from the peripheral blood, making them suitable candidates as biomarkers (50). Proteomic characterization of exosomes secreted by different MM cell lines revealed that they contained a common pattern of proteins and thus could potentially represent an important tool to detect low burden disease (51). Exosomal lncRNA profiling distinguished MM and MGUS patients from healthy donors (14, 52). MicroRNAs are also important components of exosomes, delivering tumor-promoting messages and impacting signaling and protein expression in target cells (53). A study of circulating exosomal miRNAs isolated from the serum of 156 patients identified 22 miRNAs expressed at a significantly lower level in MM patients compared to healthy individuals. Among those, let-7b and miR-18a were significantly associated with both progression-free survival and overall survival. Patients characterized by lower exosomal let-7b and miR-18a levels were more likely to present with high stage in the International Staging System and have a poor outcome (54). Another study found that miR-129-5p, which targeted OBs differentiation markers, was enriched in exosomes from MM patients compared to those from SMM patients, suggesting exosomes may be a useful marker of disease progression (39). Higher expression of exosomal miR-214 detected in osteoporotic patients also suggested exosome’s potential as a biomarker for MM bone diseases (34, 35). Further validation in other independent MM patient cohorts will explore the potential of circulating exosomal miRNAs to improve the prognostic and risk stratification.

Tools to predict drug resistance are becoming increasingly important in the era of personalized medicine. Zhang et al. focused on the predictive value of exosomal miRNA for primary or acquired drug resistance in MM patients. They analyzed 204 patients data and discovered that exosomal miR-16-5p, miR-15a-5p and vmiR-20a-5p, miR-17-5p were downregulated in patients resistant to bortezomib (55). Another study identified circulating exosomal PSMA3 and PSMA3-AS1 as clinically relevant biomarkers correlated with PI resistance. Newly diagnosed, MM patients with a low exosomal expression of PSMA3 and PSMA3-AS1 were sensitive to bortezomib, whereas patients with a high expression responded poorly (26).

Allogeneic hematopoietic stem cell transplantation (HSCT) is a treatment strategy that can be carefully considered in young patients with aggressive MM as a tool to achieve long-term disease remission. However, transplant-related complications, primarily acute and chronic graft-vs-host disease (GVHD) are a substantial cause of morbidity and mortality (56). Lia et al. conducted an exploratory study of 41 MM patients undergoing allogeneic HSCT to investigate exosomal surface antigens as potential predicative biomarkers for acute GVHD. CD146 correlated with a 60% increased risk of developing GVHD, whereas CD31 and CD140-α with a 40% and 60%, respectively, reduced risk (57).



Exosome-Related Targets and Therapies

Exosomes are important message carriers that contribute to generate a tumor permissive microenvironment in the BM. A number of studies have investigated the therapeutic potential of targeting exosome secretion in MM. In murine MM models, sphingomyelinase inhibitor GW4869 blocked exosome secretion, preventing exosome-mediated bone lesions and increasing cortical bone volume. Importantly, GW4869 also strongly synergized with bortezomib in mediating anti-myeloma activity, suggesting that perturbation of exosomes can directly affect MM survival and proliferation (37, 42). However, ceramide C6 (C6-cer), an exogenous ceramide supplement, dose-dependently increased MM exosome secretion but inhibited cell proliferation and induced apoptosis (58). Interestingly, after C6-cer treatment, Cheng et al. detected decreased levels of tumor suppressive miRs including miR 202, miR 16, miR 29b, and miR 15a in MM cells and increased levels of these miRs in exosomes. While discrepancy of alterations in intracellular miRs and MM proliferation and apoptosis upon C6-cer treatment still requires further investigation, they demonstrated that those MM-EXs with elevated tumor-suppressive miRs exhibited paracrine effects on recipient MM cells that suppress tumor growth (58).

Apart from targeting exosome secretion, disrupting interactions between exosomes and recipient cells to prevent exosome uptake or content loading also has therapeutic value. Purushothaman et al. discovered that heparan sulfate plays a dual role in exosome-cell interaction, capturing fibronectin on exosomes and acting as a receptor for fibronectin on target cells. Fibronectin-mediated binding of exosomes to target cells can trigger signaling pathways like p38 and pERK and downstream expression of DKK-1 and MMP-9, two molecules with well-known roles in MM progression (59). They further showed that removal of heparan sulfate with bacterial heparitinase or using antibody specific for the Hep-II heparin-binding domain of fibronectin dramatically inhibits exosome-target cell interaction (59). The heparin-derived compound Roneparstat significantly inhibited interactions between exosomes and the target cells with a high safety profile in a phase 1 clinical trial (NCT01764880) (60). While the efficacy of Roneparstat still needs more investigation, interfering with fibronectin-heparan sulfate interactions to suppress exosome-mediated cross talk provides a novel insight to target myeloma tumor growth or progression.

However, despite the tumor-promoting and immunosuppressive effects of exosomes discussed previously, some studies showed that exosomes displaying high levels of heat shock protein 70 (HSP70) could boost NK cell responses (61). A study demonstrated that upon doxorubicin and melphalan treatment, MM cells significantly increased released exosomes that could stimulate interferon gamma (IFNγ) production, probably through mechanisms involving toll-like receptor (TLR) 2 and HSP70-dependent activation of the NF-κB pathway (62). Another study indicated that low doses of doxorubicin and melphalan could induce senescence to boost the expression of IL15/IL15RA complex on the surface of MM cells and their exosomes, promoting NK cell activation and proliferation (63). Therefore, suitable chemotherapeutic regimens may target and modulate exosomes to elicit anti-myeloma immune response. Tumor-derived exosomes as a source of tumor antigens for vaccines have also been explored. Xie et al. showed that membrane-bound HSP70-engineered myeloma cell-derived exosomes were able to induce DCs maturation and stimulate efficient CD4+ Th1, CD8+ CTL, and NK-mediated antitumor immunity. Membrane-bound HSP70 functioned both as an antigenic peptide chaperone and a danger signal that triggered DCs and therefore contributed significant adjuvant effects to exosome-based antitumor vaccine (64).

Besides providing novel therapeutic targets, the natural nanostructure and modifiable surface properties of exosomes make them a good candidate for drug delivery or immunomodulatory therapy. Knowing that cancer cells have selective sensitivity to TNF-related apoptosis-inducing ligand (TRAIL), Rivoltini et al. genetically modified cells to express TRAIL that could be subsequently embedded in secreted exosomes (65, 66). Those TRAIL-armed exosomes induced potent target cell apoptosis in vitro and controlled cancer progression when directly injected into tumor lesion. Though TRAIL exosomes had a preferential interaction with TRAIL-death receptor (DR) 5, in vivo study still showed increased areas of necrosis together with augmented levels of dead cells even in MM cells expressing other DR (66). Moreover, TRAIL exosomes can be easily produced in large amounts and stored before administration, making this a versatile, off-the-shelf therapeutic approach. Given their high stability in body fluids and natural delivery functions, TRAIL exosomes can also be loaded with drugs and genetic material and delivered to cancer cells through uptake process to elicit antitumor effects. Researchers are also exploring exosome-mimetic nanovesicles of similar sizes, morphologic features, and targeting abilities to replace exosomes in drug delivery (67, 68). With rapid technology advancement, engineering exosomes or their mimics to carry tumor-suppressive molecules or signals will, alone or in combination with other therapeutic approaches, contribute to innovative and effective MM treatment regimens.



Conclusions and Future Perspective

Despite tremendous progress in the treatment of MM, this remains an incurable disease. It is well established that the BM microenvironment supports tumor in multiple aspects, while accumulating evidences demonstrate that exosomes plays a crucial role in the microenvironment network. Through selective transfer of mRNA, ncRNA, proteins, and lipids, exosomes are shown to mediate cell-to-cell communication and promote MM proliferation, drug resistance, immunosuppression, osteolysis, and angiogenesis. Recent studies are also investigating exosomes as potential biomarkers for MM diagnosis and predictive markers of drug response. In addition, the natural nanostructure of exosomes and their capacity to deliver molecules to target cells make them excellent drug carrier. Overall, exosomes offer the opportunity to both deepen our understanding of the molecular mechanism of MM pathogenesis and to provide a potential useful biomarker and therapeutic strategy in MM.
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The prognosis of patients with relapsed/refractory NK/T-cell lymphoma (NKTCL) is dismal. Immunotherapy has showed encouraging anti-tumor activity in patients with asparaginase-resistant NKTCL; however, only a portion of patients benefit and the median response duration is rather short. Treatment strategies have not been identified for immunotherapy-resistant NKTCL. We describe a patient with primary cutaneous NKTCL experienced disease progression after pegaspargase-based chemotherapy and PD-1 inhibitor (sintilimab)-based immunotherapy. Following a combined treatment of sintilimab and the HDAC inhibitor chidamide, the patient achieved a durable complete molecular response with mild toxicity. This case indicates that the combination of PD-1 inhibitor and HDAC inhibitor might be a treatment choice for immunotherapy-resistant NKTCL.
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Background

NK/T-cell lymphoma (NKTCL) is a rare and aggressive hematological malignancy. It mainly involves the upper aerodigestive tract, less commonly the skin, soft tissue, and gastrointestinal tract (1). Most patients with early-stage NKTCL can be cured with radiotherapy or combined radio-chemotherapy; however, patients with an advanced form of the disease have a dismal prognosis with a median survival of several months (2, 3). Historically, NKTCL responded poorly to conventional cytotoxic drugs probably because of inherent multidrug resistance; while it was sensitive to L-asparaginase (or pegaspargase) due to the unique anti-tumor mechanism for asparaginase and the fatal weakness of NKTCL cells. All normal body cells can produce asparagine by asparagine synthetase, while NKTCL cells are unable to synthesize the amino acid. Asparaginase therapy depletes serum asparagine. When the host serum asparagine is depleted by asparaginase, protein synthesis in NKTCL cells stops, leading to cancer cell death (4). Asparaginase alone or in combination with different cytotoxic drugs has showed good immediate efficacy in NKTCL treatment (5). However, disease relapse frequently occurs due to acquired drug resistance to asparaginase. Nowadays, there are limited treatment options for asparaginase-resistant NKTCL.

Recently, anti-PD-1/PD-L1 immunotherapy constitutes a new treatment option for relapsed/refractory (r/r) NKTCL. The PD-1 inhibitors pembrolizumab and sintilimab, as well as the PD-L1 inhibitor avelumab, have yielded encouraging effects in several case series reports and small sample-sized clinical trials (6); however, only a small portion of patients benefit, reflecting common primary and/or acquired resistance to immunotherapy and less durable response. Therefore, it is necessary to identify and evaluate novel treatment strategies for immunotherapy-resistant NKTCL. In this study, we reported a case with both pegaspargase- and immunotherapy-resistant NKTCL that achieved durable response to a combined treatment of sintilimab with the histone deacetylase inhibitor (HDACi) chidamide.



Case Presentation

At his first visit, a 24-year-old young man stated that two years ago his face, especially eyelids, was slightly red and swollen without any discomfort (Figure 1A). He had no notable past and family medical history. Since then, his facial swelling has persisted without obvious changes and medical intervention, but in recent two months the face swelling was rapidly aggravated with fever. He was admitted to our hospital in October 2019 with intermittent fever in the absence of weight loss and night sweat. The maximum body temperature was 38.3°C. Physical examination revealed that his whole face was red and swollen with a mucosal ulcer in the inner lower lip (Figures 1B, C). Laboratory examination revealed an elevated lactate dehydrogenase level of 319 U/L and erythrocyte sedimentation rate of 39 mm/h. Plasma EBV-DNA titer was 2.11 × 104 copies/ml. Other laboratory parameters were normal. Biopsy from the oral ulcer showed acute and chronic mucosal inflammation with infiltration of medium-sized atypical lymphoid cells. The infiltrating lymphocytes were positive for CD3, CD56, TIA-1, and Granzyme B, negative for CD20 and CD30, and focally positive for CD8. Ki-67 was positive in 90% cancer cells. In situ hybridization revealed EBV infection in the majority of neoplastic cells (Figure 2). The diagnosis of NKTCL was made based on the morphology, immunohistochemistry, and EBV status. Positron emission tomography-computed tomography (PET/CT) (Figures 3A–D) and magnetic resonance imaging (MRI) (Figures 3E, F) showed that the facial soft tissues, eyelids, and lips were swollen with hypermetabolic activity (SUVmax 10.3). Bone marrow smear and flow cytometry analysis were negative.




Figure 1 | Facial features of the patient with NKTCL. (A) Two years before diagnosis. (B) At the time of diagnosis of NKTCL. (C) Mucosal ulcer in the inner lower lip at diagnosis. (D) After completing 3 cycles of P-GemOx regimen chemotherapy. (E) After one cycle of sintilimab and decitabine combination treatment. (F) After four cycles of sintilimab and chidamide combination treatment.






Figure 2 | Microscopic and immunohistochemical features of NKTCL tumor. Histological examination of H&E-stained tissues shows infiltration of medium-sized cells with irregular nuclei and inconspicuous nucleoli. Immunohistochemical staining shows positive CD3, CD56, TIA-1, and granzyme B, focally positive CD8, and negative CD20. Ki-67 proliferation index was about 90%. In situ hybridization for EBV-encoded RNA (EBER) reveals positive reaction. Original manifestation 400×.






Figure 3 | Face imaging features of the patient at diagnosis. (A–D) PET/CT shows thickened and FDG-avid midline facial skin. (E, F) MRI sagittal plane and horizontal views show thickened facial skin and hyperintensity on T2-weighted imaging.



From November 13, 2019 to December 27, 2019, the patient was given three cycles of P-GemOx regimen (pegaspargase, gemcitabine, and oxaliplatin) chemotherapy. After two cycles of treatment, his facial swelling alleviated, fever disappeared, and the plasma EBV-DNA titer reduced to an undetectable level. However, there was no further improvement for the facial swelling following the third cycle of chemotherapy (Figure 1D) and the plasma EBV-DNA titer came back and was increased to 1.15 × 103 copies/ml, indicating the development of acquired resistance to pegaspargase-based chemotherapy.

On January 15, 2020, the patient was treated with sintilimab (200 mg) as second-line treatment. In a prior study, decitabine, a DNA methyltransferase inhibitor, was showed to increase the efficacy of PD-1 blockade immunotherapy in patients with Hodgkin lymphoma (7). Considering only a short progression-free survival (PFS) in the trials of immunotherapy in r/r NKTCL patients (Table 1), a priming treatment with decitabine was administered to the patient in addition to sintilimab. Unexpectedly, the patient’s facial swelling was slightly aggravated (Figure 1E), accompanied by the reappearance of fever, and the plasma EBV-DNA titer was increased to 7.02 × 103 copies/ml. Though the face swelling was not a definite indicator of drug efficacy, the reappearing fever and elevated plasma EBV-DNA titer strongly indicate the disease out of control.


Table 1 | Reports of r/r NKTCL treated with immunotherapy.



We gave the patient an oral treatment of HDACi chidamide (30 mg every three days) beginning February 5, 2020. Meanwhile, the immunotherapy with sintilimab was administered continuously. The fever disappeared after several days of the combined treatment; the plasma EBV-DNA titer was quickly reduced to undetectable level at the end of the first cycle of the combined treatment and kept at this level thereafter, indicating a molecular complete response (CR) was achieved. A grade 1 thrombocytopenia and anemia occurred during the course of the combined treatment. After four cycles of the combined treatment, the patient’s facial swelling had subsided, and he looked totally normal (Figure 1F). The dose of chidamide was reduced to 20 mg every three days thereafter and both thrombocytopenia and anemia were resolved. The patient was very satisfied with the treatment. He went to his work after six cycles of treatment. Hematopoietic stem cell transplantation was recommended in order to improve long-term outcome, but the patient refused. He has received nine cycles of treatment by the submission date of this article. A detailed treatment process and the changes of plasma EBV-DNA titers are shown in Figure 4.




Figure 4 | Treatment process and the changes of plasma EBV-DNA titers.





Discussion and Literature Review

According to primary tumor location, NKTCL can be classified into two subtypes (1): nasal NKTCL involving the upper aerodigestive tract, including nasal cavity, nasopharynx, oral cavity, oropharynx, and hypopharynx; and (2) extranasal NKTCL involving any other organ or tissue such as skin, gastrointestinal tract, bone, and lung (18, 19). Extranasal NKTCL accounts for approximately 20% of newly diagnosed cases (20, 21). Generally, the prognosis of extranasal NKTCL is poorer than that of nasal NKTCL. The median overall survival time is only 3.4 months in patients with advanced extranasal NKTCL (19).

Over the past decade, significant progress has been made in the treatment of NKTCL. On the one hand, radiotherapy has been used as a curative option for early-stage NKTCL (22, 23). About 80% early-stage NKTCL patients were cured by radiotherapy alone or in combination with chemotherapy (2). One the other hand, the importance of L-asparaginase has been widely recognized in the treatment of NKTCL. The CR rate generally exceeded 50% in NKTCL patients treated with asparaginase (or pegaspargase)-containing chemotherapy. However, these progresses largely benefited those patients with early-stage disease. Relatively, patients with advanced disease had a dismal outcome, with a median survival of only several months even asparaginase-based chemotherapy was used (3, 21). Besides, asparaginase-based chemotherapy did not seem to improve the survival of patients with extranasal NKTCL (24, 25). Thus, novel treatment strategies are urgently needed for NKTCL patients with advanced disease, especially asparaginase-resistant disease.

NKTCL is universally associated with EBV infection in the lymphoma cells. EBV-DNA levels in peripheral blood are a surrogate biomarker of tumor loads, which are useful for prognostic assessment and treatment response evaluation. High plasma EBV-DNA levels, both pre- and post-treatment, correlate with worse clinical outcomes (26, 27). On the other hand, EBV infection is associated with higher PD-L1 expression in lymphoma cells and better response to immunotherapy (9, 10, 28, 29). Several case reports, case series, and small sample-sized phase 2 trials have demonstrated the anticancer activity of PD-1/PD-L1 blockade immunotherapy in NKTCL patients (Table 1). Based on these practices, the PD-1 inhibitors pembrolizumab and nivolumab were recently recommended by the NCCN guidelines as an alternative treatment option for r/r NKTCL. It seems that immunotherapy has convincing short-term efficacy in r/r NKTCL, but the long-term outcomes of immunotherapy-treated patients are still disappointing. Until now, the largest prospective clinical trial involving immunotherapy in r/r NKTCL patients has been conducted in China, in which 28 patients were treated with sintilimab. Of them, 19 patients achieved an objective response (8). In another phase 2 trial enrolling 21 patients in Korea, avelumab achieved CR in five patients and PR in three patients, with a median PFS of 2.7 months (9). Kim et al. reported five out of 14 patients treated with pembrolizumab achieved CR (10). Two retrospective case series studies reported five CR and one CR in seven and three patients, respectively (11, 13). In another case series study with seven patients with pembrolizumab treatment, two patients achieved CR, and the median PFS was 4.8 months (12). Klee et al. reported one patient who had survived more than 2 years following a combined treatment of pembrolizumab and radiotherapy, but it should be noted that this case had an early-stage disease (14). With the emergence of various new anti-tumor drugs, immunotherapy-based treatment for NKTCL is continuously evolving to improve patient outcomes. Clinical trials evaluating the combination of immunotherapy with various cancer therapies are currently under investigation, including cytotoxic drugs, PI3K inhibitor, HDACi, CAR-T cell therapy, and antiangiogenic agent (Table 2).


Table 2 | Ongoing clinical trials utilizing immune checkpoint blockade in NKTCL (by 10-Aug-2020).



Chidamide, a subtype-selective HDACi, was approved in China for patients with relapsed or refractory peripheral T-cell lymphoma. It is also used to treat r/r NKTCL. In a phase 2 trial including various types of T- and NK-cell lymphomas, the ORR was 19% in 16 NKTCL patients and the median PFS was 2.1 months (30). In addition to its direct anticancer activity, HDACi has pleiotropic immunomodulatory effects (31–33). HDACi can enhance the intratumoral infiltration of CD8+ T cells and macrophages, decrease the intratumoral infiltration of T-regulatory cells, myeloid-derived suppressor cells, and pro-tumorigenic M2 macrophages, induce the intratumoral expression of multiple chemokines, upregulate the expression of MHC and co-stimulatory molecules, enhance immune recognition, promote tumor-specific T cell-mediated killing of cancer cells, and sensitize tumor cells to NK cell lysis (32, 34–42). Preclinical studies have demonstrated that HDACi can enhance the anticancer activity of immunotherapy in several types of cancers (36, 37, 43–45). Currently, there are dozens of clinical trials evaluating the feasibility of combining HDACi and immunotherapy across multiple cancer types (32, 34).

In this study, the primary cutaneous NKTCL acquired resistance after a short response to pegaspargase-based chemotherapy. It was known that a transient increase of tumor volume, called pseudoprogression, in immunotherapy-treated patients. Nevertheless, it was unlikely a pseudogprogression in this case after one cycle of sintilimab and decitabine combination therapy, as together with tumor regrowth, the lymphoma-related fever reappeared and the plasma EBV-DNA titer, a sensitive indicator of NKTCL load, was increased following the combined treatment. Therefore, we believe that this case was primarily resistant to sintilimab. Based on the aforementioned immunomodulatory effects of HDACi, chidamide was used in combination with sintilimab as third-line treatment for this patient. An excellent response was observed: the fever and plasma EBV-DNA disappeared very quickly after the first cycle of the combined regimen treatment, and the response has lasted for over 6 months so far. The result of this study should be interpreted with caution, because chidamide alone has anti-cancer activity. It is not sure whether the excellent response in this patient was attributed to the synergistic action of sintilimab and chidamide or to chidamide alone. Currently, there is an ongoing phase 1/2 trial assessing the efficacy and safety of sintilimab plus chidamide in patients with r/r NKTCL (NCT 03820596). It may take time to get the results but it is worth the wait.



Conclusion

There are limited treatment options for patients with r/r NKTCL, especially those resistant to asparaginase and immunotherapy. We reported herein that a pegaspargase- and immunotherapy-resistant patient achieved durable response from the combined treatment of sintilimab and chidamide with mild toxicity. This combination regimen of immunotherapy and HDACi is a promising treatment choice for patients with r/r NKTCL.
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The role of the WNT signaling pathway in key cellular processes, such as cell proliferation, differentiation and migration is well documented. WNT signaling cascade is initiated by the interaction of WNT ligands with receptors belonging to the Frizzled family, and/or the ROR1/ROR2 and RYK families. The downstream signaling cascade results in the activation of the canonical β-catenin dependent pathway, ultimately leading to transcriptional control of cell proliferation, or the non-canonical pathway, mainly acting on cell migration and cell polarity. The high level of expression of both WNT ligands and WNT receptors in cancer cells and in the surrounding microenvironment suggests that WNT may represent a central conduit of interactions between tumor cells and microenviroment. In this review we will focus on WNT pathways deregulation in hematological cancers, both at the ligand and receptor levels. We will review available literature regarding both the classical β-catenin dependent pathway as well as the non-canonical pathway, with particular emphasis on the possible exploitation of WNT aberrant activation as a therapeutic target, a notion supported by preclinical data.
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Introduction

The WNT signaling pathway is central for development and homeostasis within tissues. The WNT signaling cascade is initiated by the interaction of WNT proteins (lipid-modified secreted glycoproteins) with various receptors and co-receptors whose activation elicit several processes, such as cell proliferation, differentiation, apoptosis, polarity, migration and invasion (1, 2).

WNT proteins are evolutionary conserved and in mammals WNT family genes comprise 19 members. These secreted, cystein-rich proteins exert their effects through the interaction with the Frizzled family of proteins (consisting of 10 members). Frizzled (FZD) are seven-pass transmembrane, and each FZD protein contains a cysteine-rich domain (CRD) with approximately 10 cysteine residues, essential for the binding to WNT proteins (3, 4).

Apart from FZD, other proteins are involved in WNT recognition: the co-receptor low-density lipoprotein receptor-related proteins (LRP 5 and 6), the receptor Tyr kinase-like orphan receptor family (ROR1 and ROR2), the Receptor Tyrosine Kinase (RYK) and the protein Tyr kinase 7 (PTK7).

The WNT pathway is broadly divided into canonical (β-catenin-dependent) and non-canonical (β-catenin-independent), depending on the agonists, the receptors and the intracellular players involved. Given the high number of both WNT ligands and receptors, the possible combinations are numerous, making its regulation exceedingly complex. The activation of either signaling pathway is receptor and ligand dependent and yet is also influenced by the cellular context. As an approximation, certain WNTs (WNT1, WNT3A and WNT8) activate the canonical β-catenin-dependent WNT signaling pathway by preferentially binding to FZD receptor coupled to LRP5/6 co-receptors. Conversely, WNT5A and WNT11 preferentially bind to ROR1, ROR2 and RYK receptors and are predominantly involved in the β-catenin-independent, non-canonical pathway.

Irrespectively from the signaling branch activated upon binding of WNT ligands to FZD or other receptors, the signal is commonly transduced to a protein called Disheveled (DVL) that represents the molecular hub executing both the canonical and non-canonical pathways (5). How can the same DVL protein be involved in different signaling pathways? The molecular wiring underlying this behaviour remains unknown, but various mechanisms have been proposed to confer specificity to DVL activity, including different phosphorylation events on DVL or the establishment of alternative interactions between DVL and its protein partners. This latter hypothesis is supported by the presence of three conserved domains in DVL protein (namely DIX, DEP and PDZ) which mediate its interaction with effector proteins involved in different signaling branches. Indeed, it has been suggested that DIX and PDZ domains are implicated in the activation of β-catenin signaling, whereas DEP and PDZ are preferentially engaged in the interactions with proteins (e.g. Daam1, Prickle) that trigger the non-canonical signaling pathway (6).



WNT/β-Catenin Signaling

As mentioned earlier, FZD proteins act as main receptors for WNT ligands, together with the co-receptor LRP5/6.

In the absence of exogenous WNT, the pathway is maintained in the “off” state by the so-called “β-catenin destruction complex”. This multiprotein complex, composed by Axin, β-catenin, APC, GSK3 and CK1, keeps β-catenin at low levels by phosphorylating it, and thus marking it for recognition by β-TRCP ubiquitin ligase, leading to its subsequent ubitiquination and degradation (7, 8). When a WNT molecule binds to FZD, it induces the phosphorylation of LRP6 (9), and the association of DVL proteins to the receptor. Both these events that are required for initiation of the signaling cascade resulting in the exposure of DVL’s DIX domain that works as a docking site for Axin pulling it away from the destruction complex. Moreover, the cytoplasmic tail of LRP5/6 contains several PPPSPxS domains that can bind Axin and become a competing substrate for GSK3. As a result, the destruction complex is disassembled and β-catenin is no longer marked for destruction. Therefore, β-catenin accumulates in the cytoplasm and then translocates in the nucleus (10), where it associates with the TCF/LEF transcription factors and activates the transcription of target genes such as Myc, Cyclin D1, Survivin and MMP (11) mainly implicated in the regulation of cell proliferation (Figure 1).




Figure 1 | WNT pathaway signaling. Schematic representation of canonical (β-catenin dependent) and non-canonical (β-catenin independent) WNT signaling. WNT ligand interaction with FZD receptors together with LRP5/6 co-receptors inhibits the activity of the “destruction complex” (composed by Axin, APC, CK1 and GSK3β), allowing the stabilization of β-catenin, its translocation into the nucleus and the transcriptional activation of target genes. The activation of the non-canonical pathway involves additional co-receptors (e.g. ROR1 and ROR2) and is mediated by small GTPases RhoA, Daam1 and ROCK, acting on cytoskeleton remodelling, or PLC, JNK and NFAT, acting on transcriptional activity. Further layers of regulation of the pathway are exerted at the level of WNT ligands modification/secretion (mainly through PRCN), engagement of additional activator proteins (Norrin, Syndecans, RSPO, LGR4/5, ZNRF3) or the presence of antagonists (DKK, WIF, sFRPs). Compounds under clinical evaluation are indicated next to the appropriate target. Images have been created with Servier Medical Art (https://smart.servier.com/).





Non-Canonical WNT Signaling

The interactions of other WNT ligands (such as WNT5A and WNT11) and receptors (including ROR1 and ROR2) results in the activation of alternative signaling routes different from the canonical β-catenin dependent pathway, known as WNT non-canonical pathways. The first example of a non-canonical pathway is the Planar Cell Polarity (PCP)/Jun N-terminal kinase (JNK) signaling cascade that involves the activation of JNK, Rho, Rac and Rho kinase (ROCK) proteins (12). In this context, WNT ligand binding to FZD receptor stimulates the recruitment of DVL, which contrarily to what happens in the canonical-pathway, interacts with DAAM1 (Disheveled associated activator of morphogenesis 1) thereby stimulating Rac and Rho small GTPases and JNK, whose activation results in actin polymerization and cytoskeletal modifications (13) (Figure 1). In addition to the PCP pathway, another significant noncanonical pathway is the WNT/Ca2+ pathway, characterized by an increase in the intracellular calcium level as a result of WNT binding. This pathway subsequently activates heterotrimeric G proteins and Phospholipase-C (PLC) which hydrolyses membrane phospholipids to di-acyl glycerol and inositol 1,4,5-triphosphate (IP3). This neo-generated IP3 causes the release of calcium from the endoplasmic reticulum which activates Protein kinase C (PKC) and ultimately activating calcineurin and NFAT transcription factor, thus regulating transcriptional programs involved in cell fate and cell migration (14) (Figure 1).



Regulation of WNT Signaling by Additional Agonists/Antagonists

The fine-tuning of WNT signaling activity is also determined by additional proteins that can either stimulate or inhibit WNT pathway. Two major families of growth factors are known to act as WNT agonists: Norrin, and R-spondins (RSPOs). As for the antagonists they can be broadly divided in two categories: the one interfering with WNT ligand (Secreted frizzled-related proteins- sFPRs, Wnt inhibitory factor- WIF) or other binding to the receptor complex (Dickkopf-related proteins- DKKs) (15).

WNT agonists: R-Spondin family of growth factors consists of 4 members (RSPO1 to 4), acting on both canonical (β-catenin dependent) and non-canonical signaling. Their mechanism of action is still controversial but it is suggested that RSPO proteins bind to leuchin-rich G protein 4 and 5 (LRG-4 and 5) to sequester ZNRF3, an E3 ubiquitin ligase involved in the turn-over of Fz-LRP6 receptor complex. By sequestering ZNRF3, RSPO-LRG interaction induces the accumulation of the receptor complex on the cell surface, thus enhancing WNT signaling (16). RSPOs can also amplify non-canonical PCP signaling, likely through the interaction of RSPO/Syndecans with WNT/Fz (17).

Another secreted factor capable of enhancing WNT activation is Norrin which was described to interact with Fz4 (18, 19) and to specifically activate canonical signaling.

WNT antagonists: The largest family of secreted WNT inhibitors is represented by sFRPs. In humans, it comprises five members (sFRP1-5), all sharing a conserved CRD at the N-terminus. They act binding WNT ligands and preventing their interaction with the receptor, although mouse sFRP3 has been shown to interact with FZD8 (20), suggesting an additional mode of inhibition (21). They potentially bind to different WNT proteins, so they can inhibit both canonical and non-canonical signaling.

WNT Inhibitor factor 1 (WIF-1) is another secreted factor that acts binding to WNT ligands and preventing their interaction with the receptors. In this way, WIF-1 can inhibit both canonical and non-canonical signaling.

Lastly, the DKK family includes four members (DKK1 to 4), with DDK1, 2 and 4 binding to LRP5/6 and inhibiting the canonical β-catenin pathway. DDK3 does not seem to bind to LRP5/6 and is likely acting on a different pathway such as the TGF-β one (22).



An Additional Layer of Regulation: Secretion of WNT Ligands

WNTS are secreted proteins exerting their function on a short- or long-range gradient in the neighboring cells. Their proper secretion and release in the extracellular space represents an additional level of signaling modulation. Indeed, WNT proteins need indeed to be posttranslational modified in order to be exported and to be biologically active. One of the most crucial modification is acylation, critical for the transportation from the Golgi to the cell surface (23) and for the correct and efficient binding to FZD receptors (24). WNT acylation occurs through the concerted action of three enzymes: stearoyl CoA desaturase (SCD), porcupine (PORCN) and Notum. Of these enzymes, the most studied is PORCN, a membrane-bound O-acyltransferase that acylates WNT molecules at specific sites. Given the prevalence of WNT signaling dysregulation in cancer, the search for drugs that specifically inhibit PORCN represents a possible treatment in those malignancies where WNT signaling is altered (25).



WNT Signaling in Hematological Cancer

The high level of expression of both WNT ligands and WNT receptors in cancer suggests that WNT may represent a central conduit of interactions between tumor cells and the microenvironment. Although most of the studies of WNT involvement in cancer come from solid tumors, WNT signaling deregulation has also been observed in hematological cancers.

WNT ligands are normally expressed in the hematopoietic stem cells (HSC) compartment and the surrounding microenvironment, and WNT signaling is crucial for HSC self-renewal and homeostasis (26), as well as for the maturation of hematopoietic progenitors (27). The normal hemopoiesis is maintained through the balance between extracellular factors (WNT ligands, agonists and antagonists), cell surface receptors, cytoplasmic components (adapters, destruction complex components etc.) and nuclear factors. Deregulation in any of the involved partners involved could cause hematopoietic disorders.

Aberrant WNT signaling has been reported for example in acute myeloid leukemia (AML). Common chromosomal translocations found in AML (AML1–ETO, PML–RARα and MLL–AF9) result in the stimulation of WNT signaling in AML cells (28, 29), inducing expression of WNT target genes and increasing proliferation. Moreover hyper-activation of the WNT pathway has also been associated to the overexpression of FZD4 (30) and pakoglobin (31). Other evidences suggest that modulation of endogenous WNT antagonists, such as DKK1 and DKK2 (32, 33) or SFRP (34) in AML patients increase the activity of WNT pathway and correlates with adverse clinical outcome.

In chronic myelogenous leukaemia (CML), increased levels of nuclear β- catenin were detected, thus enhancing the self-renewal capacity of CML cells both in vitro (35) and in animal models (36). Both canonical and non-canonical WNT signaling seem to be involved in the resistance to the tyrosine-kinase inhibitor Imatinib and in CML relapse as suggested by preclinical data on CML mouse models (37, 38).

WNT pathway deregulation is suggested to exert a crucial role in acute lymphoblastic leukemias (ALL) as well. In T-ALL, that is strictly dependent on Notch pathway alterations, a pivotal role for canonical WNT signaling has been postulated, based on the high expression of β-catenin, its cofactor LEF1 (39) and on the increased proliferation observed in cells expressing high levels of LEF1 (40). In B-ALL, elevated levels of WNT16 have been found in E2A-PBX1 translocated leukemias (41). Moreover, WNT2B, WNT5A, WNT10B and WNT16B ligands, FZD7 and FZD8 receptors and LRP5/6 co-receptors are overexpressed at different levels in B-ALL (42).

Aberrant WNT signaling is not only involved in the development of leukemias originating from the stem cell compartments, but it is also observed in disorders originating from mature cells.

Dysregulated WNT signaling has also been implicated in the development of Multiple Myeloma (MM). Indeed, β- catenin is often overexpressed and constitutively activated in MM cells, impacting on cell proliferation (43). Moreover, different WNT ligands are expressed in the bone-marrow microenvironment of MM patients, acting both in an autocrine and paracrine manner (44). As a result of these alterations, activation of both the canonical and non-canonical pathways has been observed, hence modulating proliferation capacity (45), migration/invasion (46, 47) and resistance to therapy (48). In this frame, we have recently shown that overexpression of the ROR2 receptor mediates myeloma cells interactions with the bone marrow and its depletion in vivo results in detachment of myeloma cells from their niche and delays disease progression. We also demonstrated, using in vitro and ex vivo 3D-culture systems, that ROR2 exerts a pivotal role in the adhesion of cancer cells to the microenvironment, mainly through the PI3K-AKT pathway, and that genetic and pharmacological inhibition of the AKT pathway is able to reduce ROR2-induced adhesion of malignant cells to bone marrow components (46). Deregulation of WNT pathway, also in terms of WNT antagonist expression, such SFRP2 and DKK1, also has relevant effects on the shaping of bone-marrow niche microenvironment, contributing to alter bone homeostasis and resulting in osteolytic bone disease (49, 50).

In chronic lymphocytic leukemia (CLL) several components of the WNT pathway have been found deregulated: WNT3, WNT5B, WNT6, WNT10A, WNT14, and WNT16, as well as the WNT receptor FZD3, are highly expressed in CLL when compared with normal B cells (51–53). Moreover, soluble inhibitors of the WNT pathway (DKKs and SFRPs) are downregulated (54, 55), further potentiating WNT signaling. More importantly the ROR1 receptor is specifically expressed in malignant CLL cells and not in normal B cells and has been implicated in both proliferation and migration of CLL cells (56, 57).

Aberrant WNT signaling can also be found also in lymphomas. Indeed, elevated levels of nuclear β-catenin have been detected in primary samples of different lymphoma sub-types, even in the absence of mutations in APC or β-catenin (58–60), suggesting that the pathway is activated by autocrine or paracrine mechanisms. Indeed, many WNT components are dysregulated in different type of lymphoma. For example, in Mantle Cell lymphoma (MCL) gene expression profiling studies revealed increased expression of FZD7, APC, LRP5, AXIN1and DVL3 (61).



Discussion


Targeting WNT Pathway: Is This the Way?

Many players of both the canonical and non-canonical WNT signaling are deregulated in hematological cancers, making the WNT pathway an interesting therapeutic opportunity for blood cancers. In this context, candidate drugs can act on WNT signaling pathway at different levels. The ideal druggable targets are both WNT ligands and the receptors or co-receptors, as they are easily accessible for a small compound. However, also intracellular mediators at different signaling levels or additional regulators of WNT pathways (extracellular regulators like DKKs or sFRPs or regulators of WNT secretion like PORCN) have been proposed as possible targets. In this section we report the main therapeutic agents targeting the WNT pathway and currently under clinical trials for the treatment of hematological malignancies (https://clinicaltrials.gov/, summarized in Table 1).


Table 1 | WNT pathway targeting under clinical investigation.



The most advanced clinical application of inhibitors of the WNT family is represented by the monoclonal antibody Cirmtuzumab, targeting the WNT receptor ROR1, that is overexpressed in CLL. Preclinical studies performed with Cirmtuzumab have shown excellent results in terms of induction of apoptosis and inhibition of cell migration both in in vitro and in vivo models of CLL (62, 63) and phase I clinical trial (NCT02860676) with this monoclonal antibody confirmed its safety and biological activity of Cirmtuzumab, even if a clear clinical benefit was not evident (64). Other clinical trials aimed to test the efficacy of this promising compound in different combination settings are currently ongoing (NCT03088878 Phase 1b/II clinical trial in combination with Ibrutinib) or planned (NCT04501939 phase II trial in combination with Venetoclax).

Promising results were also obtained with PRI-724/C-82 compound, a C-EBP/β-catenin inhibitor, on different models of leukemia (including T-ALL, AML and CML) also in the context of drug resistant cells (37, 65). A phase 1/2 clinical study with this candidate drug (NCT01606579) has been performed on AML and CML patients has been conducted, although the results are not available yet.

Another interesting molecule that impacts on WNT-β-catenin signaling is the CWP232291 inhibitor. This molecule targets β -catenin for degradation, thus inhibiting its signaling and exerting anti-apoptotic and anti-proliferative activities. CWP232291 is currently in use in different clinical trials in AMLs and MM, and it was recently reported that this compound is well tolerated and shows encouraging clinical activity (66).

Moreover, another β-catenin inhibitor, BC2059, was shown to reduce proliferation and induce apoptosis on both MM primary samples and cell lines, alone or in combination with proteasome inhibitors, and to delay tumor growth in vivo (67).

As previously mentioned, it is possible to interfere with WNT signaling activation also by targeting extracellular regulators of the pathway. The example of DKK1, that has been exploited as therapeutic target especially in MM, is paradigmatic of how the WNT pathway may represent a real communication route between cells of the microenvironment and tumor cells. Indeed, MM-secreted DKK1 is indeed mainly active on osteoblasts, preventing their differentiation and contributing to the development of osteolytic lesions. The targeting of DKK1 could be achieved through the treatment with the DKN-01 inhibitor, in a phase I trial (NCT01711671 and NCT01457417) or with the anti-DKK1 monoclonal antibody BHQ880, which has been included in an already completed phase 1 (NCT01302886) and phase 2 trials (NCT01337752 and NCT00741377) showing potential clinical activity in myeloma patients (68). DKK1 has also been exploited in an immunotherapy setting in a myeloma mouse model (69) and also with primary myeloma samples (70), and an early phase 1 study (NCT03591614) is going to start soon.




Conclusions

In this review we tried to focus on the specific aberrations affecting the WNT pathway in different hematological cancer and how these aberrations could be exploited as therapeutic targets, developing drugs and compounds with specific effects on that particular biological process. If on the one hand the presence of many WNT components (19 WNT ligands and more than 15 receptors) offers several possibilities of tackling the pathway (though the problem of redundancy still remains), on the other hand the fact that WNT signaling is essential for many processes in development and homeostasis poses several challenges on the side of drug specificity and safety. The considerable bulk of knowledge accrued so far and the initial testing of several compounds impinging on this pathway suggest that the WNT network is both a crucial mediator of cancer cell survival and proliferation as well as an enticing target for new drugs. Nevertheless, much effort is still active on the identification of peculiar abnormalities and on the way to specifically target them, with the final aim of exploiting the WNT pathway alterations to stratify patients and provide novel tools to be exploited in a personalized medicine setting.
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The combined derangements in mitochondria network, function and dynamics can affect metabolism and ATP production, redox homeostasis and apoptosis triggering, contributing to cancer development in many different complex ways. In hematological malignancies, there is a strong relationship between cellular metabolism, mitochondrial bioenergetics, interconnections with supportive microenvironment and drug resistance. Lymphoma and chronic lymphocytic leukemia cells, e.g., adapt to intrinsic oxidative stress by increasing mitochondrial biogenesis. In other hematological disorders such as myeloma, on the contrary, bioenergetics changes, associated to increased mitochondrial fitness, derive from the adaptive response to drug-induced stress. In the bone marrow niche, a reverse Warburg effect has been recently described, consisting in metabolic changes occurring in stromal cells in the attempt to metabolically support adjacent cancer cells. Moreover, a physiological dynamic, based on mitochondria transfer, between tumor cells and their supporting stromal microenvironment has been described to sustain oxidative stress associated to proteostasis maintenance in multiple myeloma and leukemia. Increased mitochondrial biogenesis of tumor cells associated to acquisition of new mitochondria transferred by mesenchymal stromal cells results in augmented ATP production through increased oxidative phosphorylation (OX-PHOS), higher drug resistance, and resurgence after treatment. Accordingly, targeting mitochondrial biogenesis, electron transfer, mitochondrial DNA replication, or mitochondrial fatty acid transport increases therapy efficacy. In this review, we summarize selected examples of the mitochondrial derangements in hematological malignancies, which provide metabolic adaptation and apoptosis resistance, also supported by the crosstalk with tumor microenvironment. This field promises a rational design to improve target-therapy including the metabolic phenotype.
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Introduction

Since the first description by Rudolf Albrecht von Kölliker in 1857, scientists have explored the essential roles of mitochondria in cell biology, as the powerhouse of the cells able to produce comparing weight to weight, thousands of times more energy per second as compared to sun production (1). Mitochondria can fuel cellular energy demands by using as substrate pyruvate, arising from glycolysis or lipolysis coupled to β-oxidation of fatty acids (FA), in the oxidative-phosphorylation (OX-PHOS) process coupled to the electron transport chain (ETC).

The combined derangements in mitochondria network function and dynamics can affect metabolism and ATP production, redox homeostasis and apoptosis triggering, contributing to cancer development in many different complex ways (2). In cancer, there is a gap in knowledge about the protein composition, structure and dynamics of lipid droplet–mitochondria structures and how bidirectional FAs exchange occur, even if the strong relationship between cellular metabolism, mitochondrial bioenergetics, and tumorigenesis development is an established emerging hallmark (2, 3).

There is a growing evidence that the metabolic reprogramming required in cancers to fuel the increased energy demand is coupled to the increased ability to evade apoptosis (2, 4). Modulating ATP availability might be an essential strategy in inducing cell resistance and sustaining cancer progression and growth (4). Recent findings have demonstrated that cancer cells take advantage of high OXPHOS, including leukemias, lymphomas, pancreatic ductal adenocarcinoma, melanoma, and endometrial carcinoma (5–16), while mitochondria can modulate their morphology regulating the intrinsic apoptotic pathway and participating in the resistance of cancer cells to apoptotic stimuli (17–27).

In this review, we will summarize the most advanced body of knowledge about the mitochondrial derangements in hematological malignancies which provide metabolic adaptation and apoptosis resistance, with a particular focus on the implication of novel relevant targets to reduce the risk of recurrence (Figure 1).




Figure 1 | Schematic representation of Mitochondrial involvement in drug restistance in hematological malignancies.





Mitochondria and Cancer Cell Bioenergetics


Mitochondria and ATP Production: The Oxidative-Phosphorylation Process

The oxidative-phosphorylation (OX-PHOS) process is the electron transfer chain (ETC) driven by substrate oxidation (e.g pyruvate) coupled to the synthesis of ATP through an electrochemical transmembrane gradient. OX-PHOS is carried in the internal mitochondrial membrane (IMM) where four big multi-protein complexes, that contain flavins, iron-sulfur clusters, heme proteins, copper (Cu) structures, are organized to provide energy transformations in the ETC, namely Complex I, Complex II, Complex III Complex IV, as described in recent review for more details (20–22, 28–30), which operate together to generate water and a proton gradient, in presence of oxygen. The energy accumulated in the form of electrochemical proton gradient is used by F0-F1 ATP synthase (called Complex V also) to produce ATP from ADP and phosphate (4, 28, 31, 32).

Complex I (NADH–CoQ reductase), the largest respiratory complex, catalyzes the electron transfer from NADH to the CoQ (ubiquinone), thus to regenerate NAD+ levels oxidizing the NADH, which is formed both during the tricarboxylic acid (TCA) cycle and β-oxidation of fatty acids (31, 33). Complex moves four protons from the mitochondrial matrix to the intermembrane space generating a potential decrease of 360 mV (33).

Complex II (succinate dehydrogenase or succinate-ubiquinone oxidoreductase), a membrane-bound component of the Krebs cycle, permits the oxidation of the metabolite succinate to fumarate, transferring two protons to CoQ, trough the FAD/FADH2 coenzymes, thus to coupling the ETC and TCA cycle (34, 35).

Complex III (coenzyme Q: cytochrome c-oxidoreductase) catalyzes the reduction of cytochrome c, provides two protons to the CoQH2, originating from complex I and II to regenerate the CoQ, and pumps 4 protons from the mitochondrial matrix to the intermembrane space. The resulting so-called Q cycle allows the formation of a proton gradient across the membrane: oxidation of CoQ pumps four protons into the intermembrane space (positive side), two protons are taken up from the matrix (negative side) and two electrons are transferred from the ubiquinol to the ubiquinone, via two cytochrome c intermediates, to complete the cytochrome c reduction (36).

Complex IV (cytochrome c oxidase) transfers electrons from cytochrome c to oxygen to generate water and a proton gradient; its assembly and deregulation has been extensively reviewed recently (37).

Complex V consists of two main subunits: F0 is the transmembrane unit that works like a proton-driven turbine; F1 is the catalytic subunit located on the mitochondrial matrix side (38).

As a whole, OX-PHOS couples energy demands to the structural integrity of mitochondria within the cells. The membrane potential is essential for mitochondrial functions for cell survival and is well used by cancer cells to trigger molecular changes to make mitochondria network more efficient to provide energy requirements and resilience to changes in the redox status, induced by increased proliferation rate, and consequent increased nucleotide and lipid synthesis and/or drug exposure.



Mitochondria Network and Response to Dynamic Energy Demand: Fusion, Lipid Droplets (LDs) Trafficking, and Fission

Mitochondria are small organelles devoted to homeostasis and redox status maintenance within the cell, through cellular respiration, with consequent ATP production, heat production, biosynthesis of lipids and iron-containing prosthetic group heme enzymes, and apoptosis control (39, 40). These processes happen simultaneously in different compartments, identifiable by ultrastructural hallmarks, including double lipid membranes and inner membrane folds forming “cristae”. The outer mitochondrial membrane (OMM) is a double phospholipid membrane separating the inside of the organelle from the rest of the cell while the inner mitochondrial membrane (IMM), separates the inter-membrane space from the central matrix, the site of the electron transport chain (ETC). The IMM and the OMM enclose the intermembrane space (IMS) of mitochondria.

The adaptation of mitochondrial morphology to cellular bioenergetics occurs at IMM by remodeling of mitochondrial cristae (5, 17, 41). The number of mitochondria in the cell and their distribution in the mitochondrial networks is regulated by two interconnected and highly dynamic processes: the fusion, which allows the merge of two mitochondria into one, and the fission, which allows the division of one mitochondrion in two daughter mitochondria, in response to ATP request or to release of cytochrome C, leading to cell death (18, 20–22, 42).

In metabolic active cells, mitochondrial fusion is tightly regulated by three GTP-ase enzymes of the dynamin superfamily: Mfn1 (Mitofusin-1), Mfn2 (Mitofusin-2), localized on the OMM, and OPA1 (optic atrophy 1), associated with the IMM.

In highly-energy demanding cells not all mitochondria work with the same efficiency (43, 44) and a balance between fluctuating energy demands, energy storage in LDs and utilization in mitochondria is required. Indeed, “peridroplet” mitochondria, characterized by elevated Krebs cycle activity but low FA oxidation capacity, support LDs biogenesis and protect the cell from lipotoxicity, while non-lipid droplet-bound cytoplasmic mitochondria are addressed to FA oxidation and energy production (43). The presence of two kind of mitochondria networks become relevant when starvation occurs and autophagy, which leads to bulk release of FAs, is triggered. In these scenarios, LDs provide a lipid buffering system that sequesters FAs released during the autophagic degradation of membranous organelles, reducing mitochondria lipotoxicity. In turn, FAs are removed by cytoplasmatic lipases to enable their transfer to mitochondria to provide an “on-demand” source of fatty acids for bulk ATP production (44), only in highly fused peridroplet mitochondria. If mitochondrial fusion is prevented, FAs could not be efficiently metabolized and are re-associated with LDs and fluxed. Thus, relevant to cancer metabolism, mitochondrial fusion dynamics ensures maximum oxidative metabolism and avoids FA toxicity in starved cells (44). As shown in murine brown adipose cells, lack of Mfn2 induces LDs accumulation and mitochondrial dysfunction (45). Indeed, mitochondrial fusion is required for β-oxidation of fatty acids (FA) and mitochondrial respiration (46); otherwise, LDs accumulate and FA efflux into neighboring cells (44).

The trafficking of FA between mitochondria and LDs is bidirectional, regulated by the lipid droplet-coating proteins PLIN1 and PLIN5 that, if overexpressed, promote clustering of mitochondria around LDs, by binding Mfn2 (43). In basal state, Plin1 and Plin5 participate to accumulate palmitate into triglycerides to limit its utilization by the mitochondria, by inhibiting hydrolysis and stabilizing the lipid droplet. In starvation, as consequence of protein kinase A-stimulated triggering, LD hydrolysis inhibition is lifted, and FAs are released from LDs to undergo β-oxidation in mitochondria (47, 48). This is associated to a transcriptional signaling, as well. Indeed, in response to starvation-induced lipolysis and protein kinase A-dependent translocation and enrichment of PLIN5 in the nucleus, transcriptional complexes with sirtuin 1 (SIRT1) and peroxisome proliferator-activated receptor γ co-activator 1α (PGC1α) can activate Nrf2-ARE system and promote transcription of target genes involved in mitochondrial biogenesis and oxidative metabolism (49). Finally, during starvation and autophagy activation, LDs can remove damaged lipids and proteins from mitochondria, to delay mitochondria fission and apoptosis triggering (43, 44, 49–52).

In resting cells, when metabolic requirements are reduced or when there is an insult leading to increased oxidative stress (e.g., oxidative damage, overcharge of ROS levels), mitochondrial fission is carried out by multi proteins machineries, such as the GTP-molecules Fis1 (Mitochondrial fission protein 1), which is integrated into the OMM, and Drp1 (Dynamin-related protein 1). Fis1 allows Drp1 to shuttle from the cytosol to the OMM, where it forms a ring that drives the division of the organelle, changing its function and structure, including mitochondrial outer membrane permeabilization, calcium influx and cytochrome c release. The resulting modifications occurring in both proteins and lipids damage mitochondria structures and induce the collapse of the mitochondrial membrane potential. The increased number of fragmented organelles in the mitochondrial network can then to be removed by a specialized form of autophagy, called mitophagy (13, 22, 26, 42, 53). Thus, mitophagy It plays a major role in maintaining a proper mitochondrial turnover by degrading damaged organelles and promoting a stable cellular pool of excellent working organelles (20, 27, 54), leading to ineffectiveness of drugs impairing mitochondrial function and consequently to chemotherapy resistance in cancer.



Warburg Effect and its Relationship to Mitochondrial Metabolism

In cancer cells, the rate of glucose uptake is dramatically increased with consequent high secretion of lactate to support malignant cell proliferation. This process, known as Warburg Effect, occurs in the presence of oxygen and performing mitochondria (55). Indeed, in the recent decade it has been demonstrated that while glycolysis is drastically increased in tumor cells, mitochondria fitness continues to operate normally (PMID: 25277420). This upregulation of glycolysis is not just for ATP production, but also for synthesis of biomass and the production of NADPH to reduce ROS and oxidative stress.

A symbiotic relationship exists among tumor and cancer-associated fibroblasts (CAFs). In this “two-compartment” model, cancer cells and CAFs become metabolically coupled (reverse Warburg effect). High production of ROS in tumor cells promotes the oxidative stress in CAFs inducing their metabolic reprogramming associated to increased aerobic glycolysis and production of energy-rich fuels such as pyruvate, lactate and fatty acids, which in turn support the OX-PHOS in cancer cells (56). Conversely, cancer cells take up these energy-rich metabolites, which in turn enter in the tricarboxylic acid (TCA) pathway, sustain ATP production by OX-PHOS, and in overall increase cell fitness for cell growth and migration (57–63).

Relevant for hematological malignancies, in the bone marrow there is a physiological dynamic, inverse metabolic state, based on mitochondria transfer, between hematopoietic stem and progenitor cells and their supporting stromal microenvironment during quiescence, proliferation and differentiation of these two populations (64, 65), in response to lactate in the extracellular space (66).

This mitochondrial transfer has been described to sustain oxidative stress associated to proteostasis maintenance in multiple myeloma (67, 68) and acute myeloid leukemia, associated to drug resistance and disease recurrence (39, 69–74).




Increased OX-PHOS in Hodgkin Lymphoma is Associated to Reverse Warburg Effect Promoting Drug Resistance

Hodgkin lymphoma (HL) is a hematopoietic neoplasm generated from B-cells, affecting secondary lymphoid tissues such as lymph nodes and spleen. Despite recent advances in the biological knowledge and targeted therapy, almost a quarter of lymphoma patients relapse, due to the complex interactions between residual neoplastic cells and the microenvironment, and the emergence of metabolic adaptive responses which mediate drug resistance and contribute to clonal selection, at different times and in the different sites of the same patient (75–79).

In classic HL (cHL) a few neoplastic cells (Hodgkin and Reed-Stenberg HRS cells) are surrounded by an inflammatory microenvironment of accessory myeloid and lymphoid cells (80–86). Compared to the normal counterpart of B cells deriving from (post-)germinal center (GC) cells, HRS have more mitochondrial mass, e.g., more TOMM20 (Transporter of the outer mitochondrial membrane 20) and mitochondrial biogenesis proteins, upregulate some OX-PHOS key proteins (11), have dismal lactate production (87), but increased expression of lactate importer MCT1 (monocarboxylate transporter 1) (11). As consequence, HRS metabolic profile is characterized by high ATP production, as consequence of high OX-PHOS (87).

Increased OX-PHOS is associated to increased basal autophagy flux and increased mitochondrial turnover via mitophagy, which provides to maintain high quality mitochondria and metabolic intermediates conveying drug resistance (88). Carbon skeletons can be further provided by the supportive microenvironment, since the surrounding cells in HL exhibit high-glycolytic activity, associated to increased lactate dehydrogenase activity and lactate release, with increased lactate exporter MCT4 expression (11). The induction of Warburg effect in the microenvironment and the reverse Warburg effect in HRS cells could mediate drug resistance to chemotherapy drugs that disrupt OX-PHOS function such as doxorubicin or affect the cellular redox state (11, 89).

Drugs commonly used in the first-line treatment, such as bleomycin, doxorubicine, and vinblastine, part of ABVD regimen (85, 90–92), generate large amount of reactive oxygen species, causing oxidative stress and apoptosis (93), but increasing at the same time the expression of antioxidant enzymes that could contribute to chemoresistance in HRS cells. Bur et al., assessed expression of peroxiredoxin (Prx) II, Prx III, Prx V, Prx VI, and manganese superoxide dismutase (MnSOD) in 99 cases of uniformly treated HL. Prxs I–VI participate in cellular antioxidant defense by reducing alkyl hydroperoxides and hydrogen peroxide to the corresponding alcohol and water, while MnSOD catalyzes the dismutation of superoxide to hydrogen peroxide and oxygen and is the most important antioxidant enzyme in mitochondria, where oxidative stress is most evident under physiological circumstances, owing to oxidative phosphorylation (94). Data reported by Bur et al., suggest that the induction of mitochondrial located antioxidant enzymes (MnSOD and Prx III) in both HRS cells and in reactive cellular infiltrate is significantly induced in the most aggressive cases. The evidence of a low rate of complete response to ABVD treatment in patients with low Prx V expression is therefore in line with the role of oxidative stress in the mechanism of action of these drugs. More precisely, all patients with low cytoplasmic Prx V expression in RS cells achieved CR, whereas the CR rate was highly low in those with high cytoplasmic Prx V expression in RS cells (95). Thanks to their mitochondria, HRS can sustain substantial amount of oxidative stress, and, in line with this, mitochondrial Prx V expression is related to a poor response to ABVD chemotherapy.

The reverse Warburg effect in cHL could be overcome by drugs which target glycolysis in the microenvironment (e.g., arsenic or metformin) which become synergic with other agents directed against the crosstalk between neoplastic cells and the environment, like check-point inhibitors (96, 97). The high-glycolytic activity in HL microenvironment is clinically relevant, since and associated to prognostic meaning of 18-FDG-PET persistent positivity after first cycles of chemotherapy (81–83, 98).

Taken together these data reflect the high involvement of mitochondria in the resistance to the drugs commonly used for the treatment of cHL, making them a highly favorable target for therapeutic manipulation via biguanides and metformin (99).



OX-PHOS Identifies Metabolic Subtypes of B-Cell Non-Hodgkin Lymphomas

Non-Hodgkin lymphoma (NHL) includes quite heterogeneous group of blood neoplasms that differ for metabolism, cell of origin, clinical course, and response to treatment (79, 100–102). The relationship between metabolic pathway differences and drug resistance has led to an increasing interest in metabolic mechanisms important for lymphoma cells surviving.

A recent in vitro study about nine different B cell NHL cell lines has revealed their capacity to use glucose or glutamine as source of energy to sustain high proliferative rate. The capacity to use different substrates is related to differences in metabolic pathways. Particularly, glutamine-addicted cells use mitochondrial metabolism, while glucose-addicted cells have glycolytic metabolism also in presence of oxygen (Warburg effect), while cells that can use glutamine or glucose equally have a higher metabolic plasticity that allows them to use one or another pathway depending on the substrates availability (103).

In diffuse large B cell lymphoma (DLBCL), metabolic diversity is related to different expression profiles identified as a three-consensus cluster today used for DLBCL classification: B cell receptor (BCR)/proliferation cluster (BRC-DLBCL), oxidative phosphorylation cluster (OX-PHOS DLBCL), and host response (HR) cluster (102). Indeed, BCR-DLBCLs shows a higher expression of many component of the BCR signaling (102, 104, 105) and it is linked to the downstream PI3K/AKT/mTORC1 pathway involved in regulation of pro-survival factors, glucose acquisition, and glycolysis flux activation (14, 106, 107). Conversely, OX-PHOS DLBCLs shows an increase in mitochondrial activity and mitochondrial fatty acid oxidation (14). However, lymphoma cells show an important metabolic plasticity, and acute inhibition of BCR signaling increases glutamine catabolism fuelling the TCA cycle and palmitate-induced mitochondrial oxygen consumption (14). Increased contribution of mitochondria for energy production is related to differential activity or efficiency of mitochondrial ETC complexes which are encoded by nuclear and mitochondrial independently transcribed and translated genomes, with the exception of complex II (9, 14). The high expression of components of mitochondrial translation machinery is fundamental for OX-PHOS cells maintenance, so inhibition of mitochondrial translation machinery causes ROS production responsible of cell death (9). Moreover, lymphoma cell lines are able to regulate their metabolic activity in relation of oxygen availability. Indeed, OX-PHOS DLBCL can become resistant to hypoxic stress thanks to an increasing of Hexokinase II (HK2) expression upon eIF4E1 and HIF1α regulation, related to a high involvement of glycolysis pathway (108, 109). Gu and colleagues found that rituximab resistance in cell lines of lymphoma (110, 111) was associated to the impaired glucose metabolism, due to overexpression of HK2, which interacts with the protein of the mitochondrial outer membrane VDAC (voltage-dependent anion channel), to repress the mitochondrial membrane potential and increase the mitochondrial apoptosis threshold (112). Targeting HK2 resulted in decreased mitochondrial membrane potential, ATP production, cell viability, and re-sensitization to chemotherapy agents, suggesting that overexpression of HK2 could be a novel potential therapeutic target in rituximab-refractory lymphomas (111). Analysis of expression profile of newly diagnosed DLBCL has showed that glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is related to metabolic profile of lymphoma cells. Particularly, GAPDH expression is significantly correlated with the percentage of ATP generated from glycolysis, so low GAPDH level is related to oxygen consumption in OX-PHOS -DLBCL while high GAPDH level is related to lactate production in BCR-DLBCLs. Moreover, the increased activation of mTORC1 activity in OX-PHOS-DLBCL is associated with the increase in glutamine transport rate, reduction of intracellular metabolites involved in glycolysis (G6P, G3P, and lactate) and non-oxidative arm of the pentose phosphate pathway (113).

The not-uniform metabolic behavior of DLBLC has clinical implications: first, the limited role of early PET positivity during treatment, that could reflect residual glycolytic activity of neoplastic versus microenvironment cells, based on cell of origin; second, the suboptimal results of lymphoma treatment, as shown by the association between relation between gene expression related to mitochondrial energetic function and R-CHOP resistance (113); third, the metabolic rewiring associated to the residual activity of the B-cell receptor. Casola and colleagues demonstrated that the two lymphoma clusters have a different fitness. Indeed, BCR+ cell lines have a higher competitive fitness than BCR- counterparts thanks to BCR/PI3Kδ axis activation, which induces glycogen synthase kinase-3β phosphorylation (114) and regulates the transcriptional program, under MYC control, for the expression of OX-PHOS genes, which use carbon-skeleton of glutamine to fuel TCA cycle. Indeed, the competitive advantage of BCR- clones on BCR+ clones was due to increased glutamine catabolism, that could be observed also in absence of BCR/PI3Kδ axis through a constitutive activation of RAS/MAPK pathway (115).



Metabolic Rewiring in Chronic Lymphatic Leukemia

Chronic Lymphocytic leukemia (CLL) is due to the clonal expansion and accumulation of malignant B-cell lymphocytes in the blood stream and in homing tissues, such as bone marrow and lymphoid organs. Circulating CLL lymphocytes are quiescent and dependent on intrinsic survival factors and proliferate when they enter homing tissues, revealing a challenge for the design of therapeutic interventions that target intrinsic survival pathways (116). Circulating and homing require a plastic metabolic rewiring that allows cells to modify their metabolism and fulfill the requirements needed to sustain survival, differentiation or proliferation (117, 118). To this end, the number of mitochondria, the total mitochondrial mass, biogenesis, bioenergetics (basal, maximal, and ATP-linked respiration rates), membrane potential and ROS are increased in CLL cells compared to naïve B-lymphocytes (119). As discussed above, also CLL cells use preferentially the reverse Warburg effect, relying primarily on OX-PHOS for generating energy (120). Clinically relevant, 18-FDG-PET is not always informative to evaluate disease burden and it is indicated only when Richter’s Syndrome or transformation to another aggressive B-cell lymphoma is suspected (121).

Using NanoString technology, it was shown that CLL lymphocytes display heightened expression of mitochondrial IDH3 and citrate transporter (SLC25A1) which yield α-ketoglutarate from isocitrate and cytoplasmic export of citrate respectively (122). ZAP-70+ CLL cells exhibited significantly higher bioenergetics than B lymphocytes or ZAP-70- CLL cells and were more sensitive to the uncoupler, carbonyl cyanide-p-trifluoro-methoxyphenylhydrazone (FCCP). Univariable and multivariable linear regression analysis demonstrated that ZAP-70+ predicted increased maximal respiration. ZAP-70+ is a surrogate for B cell receptor (BCR) activation and can be targeted by ibrutinib, which is a clinically approved Bruton’s tyrosine kinase (BTK) inhibitor. Ibrutinib-treated patients exhibit decreased oxygen consumption rates (OCR) of CLL cells. similar to control B lymphocytes, suggesting that drug treatment resets the mitochondrial bioenergetics (117). Increased OX-PHOS is a resistance mechanism to BCL-2 inhibitor venetoclax, suggesting that the implementation of combinatorial therapy with metabolic modulators may overcome drug resistance (123).



Mitochondrial Fitness Mediates Resistance to Bortezomib in Multiple Myeloma

Multiple Myeloma (MM) is a neoplastic plasma cell disorder characterized by a complex array of clinical manifestations, including hypercalcemia, renal dysfunction, anemia, and bone lesions (collectively known as CRAB symptoms), in a wide spectrum of clinical variants ranging from benign MGUS and smoldering/indolent MM, to more aggressive, disseminated forms of MM and plasma cell leukemia (124). There is no a unique driver genetic event in MM onset, but a complex variety of chromosomal and genomic rearrangements (125), occurring at different timepoints in response to external driving forces (e.g., exposure to microbes, chronic antigen stimulation, oxidative stress). Among the most frequent mutated genes, FAM46C has been involved in both mitochondrial and bioenergetics dysfunction associated to drug resistance (126), proteostasis (127), and disease onset.

Physiologically, in the plasma cell (PCs) ontogeny, immunoglobulin synthesis and survival of competitive clones relies on preserved cell bioenergetics. In response to increased poli-ubiquitinated proteins requiring autophagy triggering (128), long-lived PCs robustly engage pyruvate-dependent respiration and rely on OX-PHOS whereas their short-lived counterparts could not (129). Thus, the transition from plasmablast to short-lived and long-lived PCs is associated to increased autophagy fluxes to allow removal of damaged mitochondria and lipid droplets accumulation to maintain protein and lipid homeostasis (44). Several groups have recently showed that integrity of mitochondrial function relies on p62 to limit oxidative stress, and conversely, lack of p62 is associated with inhibited complex I mitochondrial respiration. As consequence, reduced efficiency of electron transport chain (ETC) is associated to metabolic derangement inducing pentose phosphate pathway and increased cytosolic reduced glutathione (GSH) levels. Conversely, complex I inhibition resulted in lower mitochondrial membrane potential and higher cytosolic ROS production. Pharmacological activation of transcription factor Nrf2 increased mitochondrial NADH levels and restored mitochondrial membrane potential in p62-deficient cells (130).

Relying on the detoxifying mitochondrial function is consequence of other two aberrant metabolic changes occurring in MM: the oxidative stress, consequence of the aberrant protein synthesis of incomplete immunoglobulins with defective glycosylation (131), and the lack of glutamine synthetase which confers increased ammonium production and requires nitrates detoxification (132).

In relapsed and refractory patients MM PCs overexpress mitochondrial biogenesis signatures regulated by the cellular iron content (133). The consequent loss of integrity of redox balance, with the nuclear compartmentalization of heme-oxygenase 1 is associated to drug resistance and genomic instability (134). MM can intake iron to increase their scavenger antioxidant-related genes and mitochondrial mass. Iron trafficking, by modifying energetic metabolism of cancer cells and impairing inflammatory status of macrophages in the microenvironment, is a critical regulator to reshape the MM tumor niche (135). However, to make the picture more complex, MM cell lines are characterized by distinct ferritin levels, which directly correlate with bortezomib resistance and pre-treatment with ferric ammonium citrate (FAC) decreased bortezomib sensitivity in vitro (135).

Bioenergetics changes, associated to increased mitochondrial biomass and function, can be elicited as part of the adaptive response to treatment (135–138). In vitro, human MM cell lines resistant to bortezomib or dexamethasone have higher concentrations of ATP, NADH/NADPH ratio, associated to hyperpolarization of mitochondrial membrane leading to impaired drug response (137, 139). In vitro, pre-treament with the OX-PHOS inhibitor tigecycline can increase bortezomib sensitivity (Alejandra Ortiz-Ruiz, ASH 2019, poster 4408) (140). Similarly, inhibition of PGC-1α (SR18292), relevant for OX-PHOS, significantly impaired the proliferation and survival of MM cells due to the energy exhaustion and oxidative damage (141). These and other preclinical studies confirm OX-PHOS as possible targets for sensitization to chemotherapy treatment in MM (142), including the efficacy of Venetoclax (BCL-2 inhibitor) that could be used independently from the genetic lesion (143). Further steps could include a metabolic classification of MM subtypes based on mitochondria number and OX-PHOS quantification (143).

Our group has recently disclosed that TLR4 acts as a mitochondria protective factor against bortezomib-induced mitochondria damage and apoptosis (144). Targeting TLR4 signaling in bortezomib resistant cells damages mitochondrial fitness and increases mitophagy leading to apoptosis. As TLR4 pathway is also activated in MM mesenchymal stromal cells (MSCs) driving their commitment toward a pro-inflammatory and pro-tumor behavior (145), TLR4 inhibition could be an adjuvant therapy to interrupt the self-reinforcing stromal changes in MM microenvironment. Taken together, changes in microenvironment composition (146) and REDOX status can affect sensitivity to novel agents (147) and should be taken in account in designing novel combinations.



Mitochondrial Metabolism Dependency in Acute Myeloid Leukemia and Novel Therapeutic Targets

Acute myeloid leukemia (AML) is a heterogeneous disease characterized by a blockade in differentiation of hematopoietic stem cells with a clonal proliferation of myeloid blast in BM and peripheral blood. Due to the high relapse rate and poor clinical outcome, overcoming chemoresistance remains the most important goal in AML patients. Changes in cell metabolism and metabolic adaptation are a hallmark of many cancers, including AML, supporting tumor initiation, growth, and response to therapeutics. The discovery of enzymes deficiency and mutations in key metabolic enzymes has highlighted the importance of metabolism in cancer biology and how these changes might constitute a weakness for cancer treatment.

A study carried out by Chen et al., reported that some metabolites such as pyruvate and lactate were specifically enriched in the serum of patients at diagnosis compared to healthy controls and demonstrated prognostic value in cytogenetically normal AML (CN-AML) patients as it could predict poor survival for these patients (148). Interestingly, deletions of the two glycolytic enzymes PKM2 and LDHA, which catalyze the production of cytosolic pyruvate and lactate, respectively, inhibit leukemia initiation in vivo in AML mice models.

It has also been reported that a wide percentage of AML patients are deficient in arginosuccinate synthetase-1 (ASS1), an enzyme that allows the conversion of citrulline and aspartate into argininosuccinate (149). The loss of ASS1 has also been found in other tumor types where it is required to support cell proliferation and nucleotide synthesis by sustaining the intracellular aspartate level (150). A decrease in ASS1 can also lead to a dependence on arginine, which has been explored as a potential vulnerability in different cancer types, including AML (151).

Recent advances in cancer genetics have found mutations in the isocitrate dehydrogenase 1 (IDH1) and 2 (IDH2) genes occur frequently in a variety of human cancers, including AML. Wild-type IDH1 and IDH2 are important metabolic enzymes catalyzing the oxidative decarboxylation of isocitrate to generate α-ketoglutarate (αKG) and CO2. IDH1 represents the peroxisomes and cytosol isoform, while IDH2 is localized in mitochondria. The common function of IDH1/2 active-site mutations is a new enzyme activity that catalyzes the conversion of αKG to D-2-hydroxyglutarate (D2HG). Under physiological conditions, cellular D2HG accumulation is limited due to the actions of the endogenous D2HG dehydrogenase (D2HGDH), which catalyzes the reverse reaction from D2HG to αKG.

D2HG has been demonstrated to inhibit αKG-dependent dioxygenases that are involved in the regulation of epigenetics and differentiation and is thought to induce epigenetic dysfunction inhibiting normal cellular differentiation. Specifically, elevated D2HG levels competitively inhibit αKG-dependent lysine demethylases, resulting in elevated levels of histone methylation in a variety of cell line models (152, 153). Consequently, inhibition of cellular differentiation by D2HG is thought to promote the pathological self-renewal of stem-like progenitor cells, which may create a cellular state prone to malignant transformation.

Evidence from AML patients and preclinical models strongly suggests that IDH1 and IDH2 mutations are oncogenic drivers of AML and myelodysplastic syndrome and that targeting IDH mutant neomorphic activity in this context may provide therapeutic benefit by promoting the differentiation of malignant myeloid cells. Research attempts have been made to identify small molecule inhibitors of mutant IDH enzymes and to develop these molecules as drugs for anti-cancer therapy (153).

In addition to targeting metabolic enzymes, targeting OX-PHOS turned out to be a promising strategy to improve the treatment outcomes of AML. Indeed, leukemic cells have higher copy number of mitochondrial DNA, more mitochondria and increased oxygen consumption in comparison to normal hematopoietic stem cells, without a concomitant increase in respiratory chain complex activity, which confers increased susceptibility to oxidative stress (154). Acquisition of chemoresistance is associated to a shift toward a high OX-PHOS status characterized by increased mitochondrial fitness and high levels of ROS (155). Mechanistically, this can be due to increased SIRT3 expression, which significantly decreased nicotinamide adenine dinucleotide phosphate (NADP)/reduced NADP ratio and increased reduced glutathione/oxidized glutathione ratio, associated to OX-PHOS induction (156).

For those cancers, like AML, that rely on OX-PHOS, its inhibition could represent an effective therapeutic strategy. In solid cancers OH-PHOS inhibitors, including biguanides and metformin, are currently under investigation in several trials, designed to evaluate the combination of metformin with chemotherapy, as recently reviewed (157, 158). Several drugs, including biguanides, metformin, atovaquone, and arsenic trioxide, are used at clinical level for non-oncologic indications, but growing evidences indicate their potential use as OX-PHOS inhibitors (8). The detrimental effect of metformin is emerging in AML, alone (159) or in combination with cytarabine (160), and Venetoclax induced cell-cycle arrest leading to clinical trials.

CPI-613, designated as orphan drug for the treatment of peripheral T-cell lymphoma, is a lipoate analog that blocks pyruvate dehydrogenase (PDH) and α-ketoglutarate dehydrogenase (KGDH), induces collapse of mitochondrial function associated to large, tumor-specific production of mitochondrial ROS (161). Based on encouraging results in phase I clinical studies (162, 163), a phase III randomized study is ongoing in the setting of refractory/relapsing AML to compare the efficacy of standard chemotherapy supplemented or not with CPI-613. Similarly, phase I trials disclosed promising results using IACS-010759, is an ECT inhibitor, acting against complex I in AML and NHL (164).

Taken together, ongoing trials in AML and other hematological malignancies show that targeting OX-PHOS is a promising strategy to induce a metabolic rewiring leading to chemo-sensitization.



Conclusions

Mitochondria play many important roles in cell functions and homeostasis, including the production of ATP, the release of death-promoting factors upon apoptotic stimuli and a variety of metabolic pathways. Contrary to conventional wisdom, functional mitochondria are essential for cancer cells. Although mutations in mitochondrial genes are common in cancer cells, they do not inactivate mitochondrial energy metabolism but rather alter the mitochondrial bioenergetic and biosynthetic state. These alterations activate out-of-context programs that are important in the onset and the development of malignancies. However, different cancer cell types undergo different bioenergetic alterations, some to more glycolytic and others to more oxidative, depending in part on the developmental state of the cell undergoing neoplastic transformation (165).

In most hematological malignancies, cancer cells show greater basal mitochondrial activity compared to healthy counterparts leading to higher levels of oxidative stress. ROS, adaptation to ROS, and mitochondrial biogenesis appear to form a self-amplifying feedback loop to sustain recurrence, as shown in CLL (119). However, in other settings, like MM, bioenergetics of tumor cells can change, as consequence of increased mitochondrial biomass and function, as part of the adaptive response to drug-induced stress (139).

In particular, interactions between cancer cells and surrounding microenvironment highly affect the growth, metabolism, metastasis and progression of cancer. The so-called reverse Warburg effect has been proposed to reconsider bioenergetics of cancer cells and stromal cells become metabolically coupled (56, 58, 59). In a vicious circle, neoplastic cells induce oxidative stress in neighboring microenvironment to undergo aerobic glycolysis and generate high level of energy-rich fuels (such as pyruvate, ketone bodies, fatty acids, and lactate) that fuel mitochondrial OX-PHOS in cancer cells and are utilized for efficient ATP production (56). In addition, microenvironment can contribute through horizontal mitochondrial transfer, when neoplastic cells become incapable of aerobic respiration due to defective or deleted mtDNA (166), Taking up functional mitochondria derived from the microenvironment can increase mitochondrial mass to improve metabolic fitness of neoplastic cells and conferring drug resistance.

It is probably that in next years “mitochondrial medicine” will play an active role to design effective therapeutic strategies to target the interplay between microenvironment and neoplastic cells to tailor the metabolic phenotype and not only the genomic aberrancies, with novel targets for selective anti-cancer therapy.
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Multiple myeloma (MM) is an incurable malignancy of plasma cells that grow within a permissive bone marrow microenvironment (BMM). The bone marrow milieu supports the malignant transformation both by promoting uncontrolled proliferation and resistance to cell death in MM cells, and by hampering the immune response against the tumor clone. Hence, it is expected that restoring host anti-MM immunity may provide therapeutic benefit for MM patients. Already several immunotherapeutic approaches have shown promising results in the clinical setting. In this review, we outline recent findings demonstrating the potential advantages of targeting the immunosuppressive bone marrow niche to restore effective anti-MM immunity. We discuss different approaches aiming to boost the effector function of T cells and/or exploit innate or adaptive immunity, and highlight novel therapeutic opportunities to increase the immunogenicity of the MM clone. We also discuss the main challenges that hamper the efficacy of immune-based approaches, including intrinsic resistance of MM cells to activated immune-effectors, as well as the protective role of the immune-suppressive and inflammatory bone marrow milieu. Targeting mechanisms to convert the immunologically “cold” to “hot” MM BMM may induce durable immune responses, which in turn may result in long-lasting clinical benefit, even in patient subgroups with high-risk features and poor survival.
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Introduction

Multiple myeloma (MM) is a plasma cell (PC) malignancy that accounts for approximately 1.5% of all cancers, and 10% of hematological malignancies (1). Abnormal proliferation of malignant PCs in the bone marrow (BM) in most cases leads to excessive secretion of immunoglobulin in the blood and urine, associated with organ dysfunction including hypercalcemia, renal dysfunction, anemia and/or bone disease (CRAB) (2). MM onset follows a multistep development process: tumor immune escape and accumulation of genomic aberrations in the malignant clone(s) drives the progression from precursor stages, namely monoclonal gammopathy of undetermined significance (MGUS) and smoldering multiple myeloma (SMM), to overt MM (1, 3). Current therapy consists of combination of novel agents with remarkable efficacy in MM. Specifically, combination proteasome inhibitor (PIs), immunomodulatory drugs (IMiDs), and dexamethasone used alone or integrated into high dose melphalan and autologous stem cell transplantation (ASCT) paradigm, increased rate, extent, and duration of response (4)..

Immunotherapy has recently demonstrated remarkable activity in many human solid tumors and is also transforming MM treatment as well. Recent approval of monoclonal antibodies (moAb) for the treatment of both newly diagnosed (NDMM) and relapsed/refractory (RRMM) MM patients highlights the fundamental role of therapies targeting the immunosuppressive microenvironment. The success of these approaches underlies the potential benefit of combination of immune- and targeted-therapies to overcome inter- and intra-patient heterogeneity characteristic of MM. In this review, we will discuss the role of the immunosuppressive BM microenvironment in MM, and outline novel immunotherapeutic approaches to effectively restore anti-MM immunity.



Immune Dysfunction and Tumor Immune Evasion Mechanisms

BM-mediated immune dysfunction and tumor immune evasion represent the main challenges for immunotherapy in MM (5). However, although qualitative and/or quantitative alterations of cellular and non-cellular components of the BM niche in MM confer immunosuppression, they similarly represent ideal targets for novel therapeutics. Immune dysfunction not only confers MM cell growth and resistance to therapy, but also is associated with higher susceptibility to infections and impaired cellular immunity, evidenced by lack of a strong immune response to vaccinations (6–9). Alterations in accessory and immune cells in the BM including regulatory T cells, myeloid-derived suppressor cells (4, 10), Th17 cells, tumor-associated macrophages, mesenchymal stromal cells, and osteoclasts contribute to immune suppression and immune exhaustion (5, 11). Interaction of MM cells with plasmacytoid dendritic cells further promotes MM cell survival and therapy resistance, providing the rationale for targeting this interaction in novel therapeutic approaches (12, 13). Recent reports show a stepwise immune dysregulation in MM which occurs as early as in SMM stage, and the potential role of immune-based therapeutic interventions in premalignant precursor stages to delay or prevent progression to active MM in under active investigation in ongoing clinical trials (14–17).

During progression of disease, MM cells acquire the ability to evade the immune system and subvert cancer immunoediting, a dynamic process encompassing multiple aspects of tumor cell-immune system interactions (10, 18). Immunoediting, a process that is well described for solid tumors, shapes cancer cell immunogenicity in three phases: elimination, equilibrium, and escape. In the first phase, both innate and adaptive immunity recognize and eliminate early tumor cells (elimination). However, a state of dormancy next occurs in which a functional immune system maintains the survival of tumor cells under constant immune pressure (equilibrium). In this phase, resistant tumor cells acquire genetic and epigenetic alterations that eventually lead to escape the immune recognition, allowing for uncontrolled proliferation and clinical progression (escape) (19–21). A potential application of this model in MM identifies in the MGUS/SMM precursor stages a phase of immune equilibrium (22). In this context, marked heterogeneity of MM cells, along with constitutive and ongoing genomic instability, and modulations occurring in the composition of the BM milieu may underlie immune escape and disruption of the immune equilibrium during disease progression (22). Specifically, the strict and symbiotic interaction between MM cells and the BM microenvironment facilitate tumor immune escape via several mechanisms: immunosuppressive cells in the BM; disruption of antigen presentation by downregulating major histocompatibility complex and/or costimulatory molecules; loss or mutation of cancer-specific antigens; and upregulation of decoy receptors or complement inhibitory receptors (5, 23). Moreover, secretion of immunoregulatory soluble factors from both MM and BM microenvironment cells including transforming growth factor TGF-β, interleukin IL-10, IL-6, prostaglandin E2, and APRIL; as well as adhesion of MM cells to extracellular matrix proteins and accessory cells further promotes immune evasion and inhibition of apoptosis (5). Lastly, immune evasion also results from increased expression of immune checkpoints, i.e. PD-1/PD-L1, in T cells and MM cells, which has been associated with progression from precursor stages to clinically active MM, as well as with progression from NDMM to RRMM. As will be discussed later, clinically active agents blocking PD-1/PDL-1 axis have been associated with adverse events and are not approved for MM treatment; and ongoing studies are exploring the role of other potential immune checkpoint or agonist molecules including LAG 3 or TIGIT and OX40, respectively (24).



Immunotherapy in MM

The potential benefit of immunotherapeutic approaches in MM was first demonstrated by the curative effect achieved in some MM patients by the graft-versus-myeloma effect induced by allogeneic stem cell transplantation (23). Importantly, several moAbs and an immunotoxin have been FDA approved to treat MM and already improved patient outcome. Here, we review these therapies, as well as novel approaches under investigation in preclinical and clinical studies to further boost anti-MM immune response (Figure 1).




Figure 1 | Schematic overview of immune therapies in MM. 1. Strategies for the direct targeting of MM cell antigens includes: (a) moAbs: anti-CD38 and -SLAMF7 antibodies induce ADCC, CDC, ADCP, and direct cytotoxic effect on MM cells; (b) ADCs: conjugation of moAbs and cytotoxic compounds provides direct and selective tumor killing; (c) BiTEs: dual interaction with surface antigen of tumor cells and the TCR complex enables T cell activation and tumor lysis of MM cells. 2. Restoration of host immune surveillance and decrease of immune suppression can be achieved by the blockade of immune-checkpoint, such as PD-1/PD-L1 axis, that are responsible for inactivation and loss of proliferative capacity of T cells; or by the use of genetically redirected T cells including CAR-T and TCR-T cells. CAR-T cells mediate MHC-unrestricted tumor cell killing via recognition of tumor antigen. TCR-T cells mediate MHC-restricted tumor cell killing by recognizing the intracellular antigen fragment presented by MHC molecules. 3. Peptide- or DC-based vaccination represents an additional strategy to increase a MM specific anti-tumor immunity. Peptide vaccines binds to restricted MHC molecule in APCs and after intracellular processing, peptide/MHC complex is transported to the cell surface for antigen presentation and activation of T cells. In DC-based vaccines, DCs are generated to present tumor associated antigens to T cells. 4. Anti-MM agents such as IMiDs and PIs may affect the immune compartment composition and increase anti-MM immune response. IMiDs increase and stimulate T, NK, and NKT cells, along with a decrease of immunosuppressive Treg cells. Novel reports also show the ability of anti-MM agents, such as bortezomib to induce immunogenic cell death (ICD) and stimulate an immune response against MM cells. Specifically, dying tumor cells expose specific damage associated molecular patterns (DAMPs) that induce the functional maturation of DCs, and the efficient presentation of tumor antigens to the T cells. ADCC, Antibody-dependent cellular cytotoxicity; ADCP, Antibody-dependent cellular phagocytosis; CDC, Complement-dependent cytotoxicity; ADC, Antibody drug conjugate; BiTE, Bi-specific T cell engager; CAR, Chimeric antigen receptor; TCR, T cell receptor; APC, Antigen presenting cell; NK, Natural Killer; Treg, regulatory T cells; DC, dendritic cell; CRT, Calreticulin.




Direct Targeting of MM Cell Tumor Antigens


Monoclonal Antibody Therapy

Monoclonal antibody (moAb) therapy is a successful strategy for both solid tumors and hematological malignancies; and recently has also transformed MM treatment (25). A key determinant for an optimal moAb efficacy is identification of a target uniquely or selectively and highly expressed by MM cells (26). To date, the targeting of two MM surface antigens, CD-38 and SLAMF7, has led to the Food and Drug Administration (FDA) approval of moAbs Daratumumab or Isatuximab and Elotuzumab, respectively, for MM treatment. Anti-MM immune effects of these moAbs include antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), complement activation, and direct effects on MM cells. Specifically, Elotuzumab is a humanized IgG1 monoclonal antibody that targets SLAMF7, which is highly expressed on PCs, natural killer (NK) cells, and activated monocytes (27). It induces ADCC while also activating NK cells and inhibiting MM cell adhesion to BMSCs (28, 29). Although no single agent activity has been reported in a phase I study (30), increased overall response (ORR) and median progression free survival (PFS) in the phase III Eloquent-2 trial provided the basis for its FDA approval in combination with lenalidomide and dexamethasone (Rd) in RRMM (31). More recently, the Eloquent-3 trial led to its approval in combination with pomalidomide and low dose dexamethasone (PomDex) in RRMM (32).

Daratumumab is an IgG1 kappa fully human moAb that targets CD38, which is highly expressed on malignant MM cells, but is also expressed on lymphoid and myeloid cells, hematopoietic progenitor cells, as well as non-hematopoietic tissues (18, 33). Anti-MM effects of daratumumab include: Fc fragment-dependent complement-dependent cytotoxicity (CDC), where the Fc fragment binds C1q, initiates complement cascade, and induces the formation of the membrane attack complex (MAC) that leads to MM cell lysis; ADCC, where Fc fragment binds an FcR-bearing effector cells such as natural killer (NK) cells, thus stimulating MM cytotoxicity; ADCP, where Fc fragment binds an Fc-bearing macrophage, thus stimulating MM cells phagocytosis; tumor cell apoptosis upon FcγR cross-linking (34–38); and immunomodulatory effects due to killing of CD-38-positive immune suppressor cells including regulatory T and B cells (Treg and Breg) and MDSCs (35), associated with an increase in T cell number, clonality, activation, and killing capacity due to higher levels of granzyme B (35). All these effects both induce MM cytotoxicity and increase host-anti MM response, associated with durable responses (Table 1). In the phase I/II GEN501 study and phase II SIRIUS study, Daratumumab monotherapy induced significant responses in heavily pretreated RRMM, leading to its FDA approval as monotherapy to treat RRMM in 2015 (39, 40). Combinations of daratumumab with Rd, PomDex, Bortezomib and dexamethasone (Vd), and carfilzomib dexamethasone are all FDA approved to treat RRMM; moreover, recent studies led to the FDA approval of Daratumumab in combination with Rd, or bortezomib, melphalan, and prednisolone (VMP), or bortezomib, thalidomide, and dexamethasone (VTd) to treat NDMM (41–46) due increased frequency and extent of durable responses (Table 1). A co-formulated product of daratumumab and recombinant human hyaluronidase PH20 suitable for subcutaneous administration has recently shown non-inferiority in the COLUMBA and PLEIADES trials as compared to intravenous infusion (47); and subcutaneous Daratumumab is now FDA approved, thus reducing infusion time and rate of infusion-related reactions.


Table 1 | Daratumumab.



Isatuximab (SAR650984) is another humanized IgG1 chimeric moAb that targets CD38. Its mechanisms of actions include CDC, ADCC, ADCP, and direct cytotoxicity without crosslinking of the Fc receptors of the antibody (48, 49). Moreover, both Daratumumab and Isatuximab may induce the depletion of CD38+ immune suppressor cells such as Tregs and Bregs (21, 50, 51). In the phase III ICARIA-MM study, isatuximab combined with PomDex showed superiority in terms of ORR (60.4 vs 35.3%) and median PFS (11.5 months vs 6.5 months) (52). This result led the FDA to approve isatuximab as a combination therapy with PomDex to treat RRMM in March 2020.



Antibody Drug Conjugate (ADC) and Bi-Specific Antibody (BiTEs)

Monoclonal antibodies have been recently used to develop Ab drug conjugates (ADC) and bispecific T cell engagers (BiTEs). ADCs are moAbs conjugated to cytotoxic compounds (such as auristatin) via synthetic linkers (53, 54). This conjugation provides both selective targeting and direct tumor killing, along with immune-mediated cytotoxicity (54–58). Several ADCs are under investigation in pre-clinical and clinical settings; among them, B cell maturation antigen (BCMA)-directed ADCs are showing promising effect due to the high and unique expression of BCMA on MM and late memory B cells, and to the oncogenic role of BCMA/APRIL pathway in the disease (56, 58, 59). Specifically, BCMA is a member of the tumor necrosis factor receptor superfamily (TNF) with high affinity for B cell activating factor (BAFF) and a proliferation-inducing ligand (APRIL). BCMA is essential for long-lived bone marrow PCs survival and regulates B cell differentiation into PCs (60, 61), thus representing an ideal target for MM therapy. Importantly, we have carried out preclinical studies of belantamab mafodotin, a BCMA-aurostatin immunotoxin, which recently received FDA approval in RRMM (58, 62). Balantamab mafodotin specifically blocks cell growth via G2/M arrest, induces caspase-dependent apoptosis, and ADCC (58). These multiple cytotoxic mechanisms enable potent and selective anti-MM activity.

BiTEs are bispecific antibodies which bind to specific tumor antigens on one side, and to the CD3 epsilon chain of the T-cell receptor complex on the other (63, 64). This dual interaction enables T cells engagement with tumor cells, which leads to T cell activation, cytolytic synapses, and tumor cell lysis (65, 66). In MM CD19, CD38, CD138, BCMA, GPRC5D, and Fc receptor-like 5 antigens have been tested (67–69), with early promising responses from BCMA BiTEs treatment in RRMM (66, 69). Novel bispecific antibodies are under clinical development and have shown encouraging data in preclinical studies. Specifically, AMG 701 holds an extended half-life in vivo and mediates T-cell dependent cellular cytotoxicity (TDCC) of BCMA positive MM cells and is currently under clinical investigation (NCT03287908). We have also shown that MM cytotoxicity can be augmented at lower effector: tumor cell ratios when low doses of AMG 701 are combined with lenalidomide or pomalidomide, suggesting a favorable therapeutic index (70). Although early results look promising and both ADC and Bites approaches have the advantage for “off the shelf” availability, longer follow-up in larger studies is needed to assess their clinical efficacy and toxicity.




Restoring Host Immune Surveillance/Reducing Immune Suppression


Genetically Redirected T Cells

Cellular therapies represent an optimal strategy to restore host immune surveillance using either adoptive T-cell (ACT) or engineered T cell approaches (71–73). Expansion and activation of immunosuppressive T cells from the tumor microenvironment has shown best responses to date in solid tumors (72, 73). In MM, early experience showed that marrow-infiltrating lymphocytes (MILs) can be effectively used as a source of tumor specific T cells for ACT (74). Although these results are encouraging, ACT in MM has mainly utilized TCR and chimeric antigen receptor (CAR) T cell strategies, facilitated by recent progress in gene engineering technology (23). In the first approach, a TCR is cloned within patient T cells, thereby enabling specific recognition of patient’s tumor antigens in an MHC-dependent manner (71). Promising results were obtained in a phase I/II trial in which MM patients received high dose melphalan, ASCT, and two days later infusion of T cells engineered to express an affinity-enhanced TCR recognizing a naturally processed peptide shared by two cancer/testis antigens NY-ESO-1 and LAGE-1 (NY-ESOc259) (75, 76). Responses were noted in 80% patients with RRMM, and severe adverse events were not observed. Long-term persistence of NY-ESOc259 targeting T cells was detected and correlated with clinical activity against antigen-expressing MM cells (75). Importantly, CAR-T cell technology overcomes potential limitations of TCR-T cells by allowing recognition of unprocessed tumor antigen in an MHC-independent manner; however TCR, but not CAR-T, cells can also recognize intracellular proteins (23, 24). CARs are chimeric proteins that couple the constant region of a TCR and the tumor-associated antigen binding domain of a variable fragment of a moAb (23, 24, 77). Second-generation CAR-T cells also include costimulatory molecules, thus enhancing T cell activation and tumor killing by mimicking a physiological T cell response (23, 24, 77, 78). Patient’s T cells are engineered by means of electroporation, retroviral, or lentiviral transduction, expanded ex vivo, and then reinfused to the patient, leading to profound and rapid tumor killing (23, 24, 77). A major determinant of successful CAR-T therapy is the identification of the appropriate antigen, which is uniquely and highly expressed by MM cells, in order to avoid adverse events. Specifically, the main challenge of CAR-T therapy is the appropriate target selection, which is critical in the management of on-target, off-tumor toxicity to avoid excess cytokine release after target recognition on non-malignant cells (79). Similarly, the major on-target, on-tumor adverse events of CAR-T cells include cytokine release syndrome (CRS) characterized by fever, hypotension and/or renal failure, as well as neurotoxicity (80); and are mainly due to the CAR-T cell activation and expansion and uncontrolled cytokine release (79). Importantly, clinical experience has now shown that targeting interleukin-6 and use of dexamethasone can treat these toxicities (23, 24, 77, 81). Nonetheless, several strategies have been developed to overcome these toxicities and include either modifications of CAR-T cell activation kinetics to maintain activation and cytokine release under a controlled level, or approaches to restrict the recognition of normal cells by optimizing CAR-T/tumor cells interaction (79). Among several antigens including CD19, CD138 and SLAMF7, B-cell maturation antigen (BCMA) represents the most promising to date due to its high selective expression on normal plasma and MM cells (82, 83).

Several CAR-T products have been clinically evaluated in heavily pretreated (PIs-IMiDs-CD38 mAb) RRMM and demonstrated remarkable efficacy, including high rates of CR with minimal residual disease (MRD) negativity (77, 84). In the phase 1 study of bb2121, an anti-BCMA CAR-T, 85% of heavily pretreated RRMM patients had a clinical response lasting a median of 10.9 months without additional MM treatment (84). Encouraging results from the LEGEND-2 (NCT03090659) and CARTITUDE-1 (NCT03548207) clinical trials have been recently disclosed and show high overall response rate (ORR) with deep responses by using a different CAR-T product LCAR-B38M, also called JNJ 4528, which possesses a 4-1BB costimulatory domain and two BCMA-targeting domains (Wang et al. ASH 2019; Madduri et al. ASH 2019). Similarly, preliminary results from a phase 1 dose-escalating trial of a dual-target BM38 CAR recognizing both CD38 and BCMA are showing high ORR with a long duration of stringent CR and elimination of extramedullary lesions in RRMM patients (Li et al., 2019 ASH). However, relapse of disease occurs in most patients; and ongoing studies are evaluating mechanisms of CAR-T resistance in order to achieve durable responses. These include use of combination with immune approaches, treatment earlier in the disease course, and use of gamma secretase inhibitors to upregulate BCMA expression, among others.



Immune Checkpoint Blockade

Cancer cells may escape from T cell surveillance by altering the balance of costimulatory and coinhibitory molecular interactions. Stimulatory checkpoints and their ligands (CD27/CD70, CD40/CD40L, OX40/OX40L, GITR/GITL, CD137/CD137L, CD28/CD80 and CD86, ICOS/ICOSL) support T cell activation, whereas inhibitory checkpoints and their ligands (A2AR/adenosine, CTLA-4/CD80 and CD86, KIR/MHC class I, LAG3/MHC class II, PD-1/PD-L1 and PD-L2) lead to T cell suppression and induce their apoptosis (85). The PD-1/PD-L1 axis is the most studied pathway in MM. Programmed -death 1 (PD-1) receptor is a member of B7 family of costimulatory molecules and is expressed on antigen-activated and exhausted T, B, and NK cells (60, 86). PD-L1 expressing cells may evade T cell attack via several mechanisms, including induction of apoptosis, anergy or exhaustion of T cells, formation of a molecular shield to protect tumor cells from lysis, increased production of immunosuppressive IL-10, and stimulation of Treg cell-mediated suppression (87). Numerous studies have shown that PD-1 is overexpressed on CD4+ and CD8+ T cells of MM patients (88, 89), and that its expression is higher in patients with RRMM and MRD positive MM (90). Likewise, MM cells express PD-L1 at varying intensity (91–93), with a progressive increase in expression with progression from MGUS/SMM to NDMM to RRMM. Its oncogenic role in MM pathophysiology is also supported by the evidence that PD-L1 expressing MGUS or SMM show a rapid progression to symptomatic disease (94). MM cells-microenvironment interaction and secretion of proinflammatory cytokines (such as IL-6) promote PD-L1 upregulation on MM cell surface, which both inhibits T cell-mediated anti-MM immunity (94) and promotes MM cell survival by inducing reverse signaling to MM cells and activating the PI3K/AKT pathway (94). Although preclinical data have demonstrated the potential utility of PD-1/PD-L1 blockade in MM therapy, early clinical trials have been discouraging (95). Pembrolizumab immunotherapy did not show any activity in MM (96), and its combination with IMiDs, lenalidomide, or pomalidomide in RRMM patients was associated with immune-related toxicities and mortality in two phase III studies (KEYNOTE-183 and KEYNOTE-185), leading to a FDA clinical hold (24, 97). The precise mechanisms that lead to immune-related toxicities are still unknown (98); however, immune checkpoints are regulators of immunological homeostasis, and their functional disruption may unbalance immune tolerance that can lead to uncontrolled immune response (98, 99). Clinically, patients experience autoimmune-like/inflammatory reactions that can cause organ and tissue damages (98, 99). Although the mechanisms underlying the severity of such adverse events in some patients is yet to be elucidated, some reports suggest an association with underlying germline genetic factors or patient microbiota (98, 100). To date, the mechanisms underlying higher toxicity observed in MM patients as compared to other tumors are unknown. Pembrolizumab and nivolumab monotherapy in RRMM patients displayed similar safety profile as in other cancers (99); however, combination of pembrolizumab with IMiDs resulted in higher toxicity, with severe and unanticipated adverse events (99). Future analysis of combinations with other agents, patient selection, and timing of treatment initiation may allow for optimal therapeutical application of PD-1/PD-L1 axis blockade in MM. Recent studies suggest the potential role of other immune checkpoint or agonist proteins (i.e. LAG 3 or TIGIT and OX40, respectively) as MM therapeutic targets, alone and in combination with MM targeted and immune therapies (101). These novel studies, along with the identification of patients who may most benefit of immune checkpoint therapy, may allow for their future clinical use.




Vaccine Strategies

Antigen-specific anti-tumor immunity can be primed by vaccination through several strategies including tumor cell-based vaccines (autologous or allogeneic), dendritic cell (DC)-based vaccines, protein/peptide-based vaccines, and genetic vaccines (DNA vaccines, RNA vaccine, viral based-vaccines) (102, 103). Among them, tumor cell-, protein/peptide-, and DC-based vaccines have been explored, although the main challenge to their efficacy has been represented by hallmark immunosuppression in MM (104, 105). GVAX (Aduro Biotech) is a vaccine platform that uses tumor cells which are genetically engineered to produce granulocyte-macrophage colony-stimulating factor GM-CSF (106), which can recruit and activate DCs and other APCs (107). This vaccine is now being tested in combination with lenalidomide in patients with CR and near CR (NCT03376477). Several antigens that are broadly expressed in MM cells, such as MAGE-A3, WT-1, SLAMF7, CD138, and XBP-1 have been examined alone or in combination in the context of peptide/protein-based vaccines (108–110). Although the clinical efficacy seems modest, new approaches using a multipeptide-based vaccine induced an effective and durable memory multipeptide-specific cytotoxic T lymphocytes response in patients with SMM, suggesting its potential utility to delay disease progression (111). Similarly, a novel engineered heteroclitic BCMA peptide can induce BCMA-specific memory immunity, providing the rationale for its clinical evaluation (112). Additionally, previous reports have also explored the idiotype (Id) vaccination in which early-stage MM patients are immunized with autologous tumor-derived clone-specific immunoglobulin, both as a peptide vaccine and a DNA vaccine (113–115). Id specific immunological responses were reported, although clinical responses were infrequent.

DC-based vaccines are also under investigation in MM. Two approaches can be used to augment presentation of tumor antigens in DC: to chemically fuse patient DCs with autologous MM cells (MM cells/DCs fusion vaccine); or to load DCs with tumor antigens in the form of peptides, proteins, tumor lysates, and mRNAs (106, 116). In the first phase I clinical trial, 16 patients were treated with MM cell/DC fusion vaccine with GM-CSF as an adjuvant. The majority of patients (11 of 15) showed disease stabilization, associated with expansion of circulating CD4+ and CD8+ lymphocytes reactive against autologous MM cells (116). In the phase II trial, patients received vaccination post-ASCT. In this setting, vaccination induced effective anti-MM immunity and increases the depth of response, with 78% of the patients showing CR/VGPR (117). Moreover, 24% patients converted from PR to CR/near CR after vaccination at more than 3 months post-ASCT, suggesting a vaccine-mediated effect targeting residual disease (117). To confirm these results, phase II trial in the same setting (NCT02728102) is ongoing. Another DC-based vaccine approach in which Langerhans-type DCs (LCs) are electroporated with mRNAs encoding MM antigens CT7, MAGE-A3, and WT-1 is now being evaluated in the post-ASCT setting in phase I clinical trial (NCT01995708). This trial is based on preclinical data showing that LCs induce a more potent T cell response than monocyte-derived DCs, and that the electroporation of mRNA stimulates their maturation and activation (118, 119).

Of note, due to the lack of an optimal response after vaccination in MM patients to date, an ongoing trial (NCT02728102) is exploring whether combination with IMiDs may increase a clinically significant immune response.



Immunologic Effects of Anti-MM Agents

Several studies have focused on the effects of anti-MM agents on cellular and non-cellular components of the bone marrow microenvironment, including immune cells. Immunomodulatory agents (IMiDs) thalidomide and its more potent derivatives lenalidomide and pomalidomide represent the best example of drugs with both direct cytotoxic activity on MM cells and immunomodulatory effects (24). Thalidomide is approved to treat both NDMM and RRMM in combination with bortezomib and dexamethasone (VTd), and the recent phase III CASSIOPEIA study granted its FDA approval in combination with daratumumab (D-VTd) in NDMM (46). However, occurrence of peripheral neuropathy and introduction of lenalidomide and pomalidomide in the MM armamentarium, has progressively decreased its clinical use. Lenalidomide is used in combination with bortezomib and dexamethasone (RVd) to treat transplant-eligible NDMM (120, 121); a dose modification (RVd-lite) has also shown a favorable therapeutic index in transplant-ineligible NDMM patients (121, 122). Lenalidomide is also FDA approved post-ASCT as maintenance therapy as it prolongs both PFS and OS (123); in RRMM setting, it is FDA approved in combination with daratumumab (41), elotuzumab (31), ixazomib (124), and carfilzomib (125). Pomalidomide is FDA approved to treat RRMM patients in combination with dexamethasone along with elotuzumab, bortezomib, daratumumab, and isatuximab (32, 44, 126), and its role in this setting has become more evident due to the broad use of lenalidomide in both NDMM and in maintenance and the development of lenalidomide resistance leading to relapse. Elegant mechanistic studies identified cereblon (CRBN) as a major target for IMiDs in MM cells, and showed that they induce growth arrest and caspase-8–mediated apoptosis, associated with CRBN-dependent degradation of Ikaros (IKZF1) and aiolos (IKZF3) transcription factors, followed by IRF4 downregulation (24, 127, 128). IMiDs treatment impacts the MM cell/microenvironment interaction by decreasing cell surface expression of adhesion molecules, modulating cytokine and growth factor secretion, and inhibiting angiogenesis (24). Immunomodulatory effects include activation of cytotoxic CD8+ T, NK, and NKT cells, along with a decrease of Treg (24). CRBN targeting is also responsible for the immune effects of IMiDs, as degradation of IKZF1/3 in T cells increases IL-2 secretion (129) and NK and NKT cell cytotoxicity (24). More recently, it has been shown that IMiDs can enhance NK and T cell cytotoxicity by triggering granzyme-B via either CRBN or ZAP-70 dependent mechanisms, thus providing the rationale for novel therapeutics to activate ZAP-70 in MM (130). Recent studies are also suggesting different mechanisms of action between pomalidomide and lenalidomide in vivo, consistent with clinical responses observed in patients with lenalidomide RRMM (131, 132).

Importantly, the identification of the mechanism of action of IMiDs has informed the development of a new class of drugs, CELMoD agents which are higher affinity CRBN E3-ligase modulators (24). Among them, Iberdomide and CC-92480 have shown significant preclinical activity and are currently under investigation in the RRMM clinical setting (133, 134).

Proteasome Inhibitors (PI) bortezomib, carfilzomib, and ixazomib represent the backbone of MM therapy in both NDMM and RRMM. MM cells are highly dependent on proteasome activity due to their high turnover of abnormal immunoglobulins (24, 135). Although PIs exert a primarily cytotoxic effect on MM cells, the biological outcome of proteasome inhibition also targets the MM microenvironment. PI treatment can disrupt MM cell/bone marrow cell adhesion by decreasing the expression of adhesion molecules, inhibit angiogenesis by modulating secretion of several cytokines, and modify osteoclast activity and bone turnover (136). However, the effect of this class of agents on the immune cells is still largely unknown, with preclinical data suggesting an immunosuppressive role (137). Interestingly, a more recent elegant study has instead shown an immunogenic potential role of bortezomib in eliciting an anti-MM immune response in vitro (138). Moreover, our recent studies using both syngeneic in vivo MM model and MM patient samples show that bortezomib treatment triggers immunogenic MM cell death, which in turn primes an effective anti-MM immune response and disease control in vivo models and in patients (Gulla et al., ASH 2019). A deep understanding of the immunomodulatory role of PIs will be instrumental to inform their clinical use in combination with immune therapies.

As shown in several types of cancers, histone deacetylase (HDAC) inhibitors are powerful epigenetic regulators with a wide range of effects, including immune modulation (139). For example, recent evidence has shown that an HDAC6 specific inhibitor ACY241 exerts its anti-MM activity, at least in part, by enhancing anti-tumor response of antigen-specific central memory cytotoxic T lymphocytes against MM (140). Future studies will better inform the therapeutic use of HDAC inhibitors as immune regulators in this disease.




Discussions

Increasing knowledge of MM pathobiology and immune microenvironment dysfunction, along with the introduction of PIs and IMiDs-based regimens, has already transformed patient outcome in MM patients. The advent of immunotherapy in MM has already shown remarkable effects in terms of extent and frequency of response. Moreover, immune-based approaches, alone and in combination, have the potential to overcome not only immune dysfunction, but also constitutive and ongoing genomic heterogeneity of MM cells, and thereby improve patient long-term control of disease. However, several challenges remain for effective translation of novel immune strategies into clinical practice, as well as for optimal clinical use of drugs including moAbs that are already incorporated in the treatment regimens (141). Clinical challenges are associated with moAbs use, including infusion reactions, infection risk and blood typing interference that causes positive indirect Coombs test occurring with Daratumumab treatment. Moreover no clear data are available that identify alternative combinations besides their incorporation in triplet regimens, or the characteristic of the patient population in which Daratumumab may be preferably used as single drug (141).

Similarly, resistance to immune approaches hamper their long-term efficacy and may develop due to the loss of target antigen or immune suppression. To address this concern, novel approaches targeting multiple antigens are under investigation (24). Along with loss of surface expression of target protein, antigen in soluble form may potentially interfere with immune-targeted strategies. For example, soluble BCMA, which is cleaved by γ-secretase, inhibits CART cell recognition of surface BCMA (142, 143). High levels of soluble BCMA are present in RRMM, and a clinical trial is testing the combination of anti-BCMA CAR-T therapy with γ-secretase inhibitor to block BCMA cleavage from the MM cell surface (NCT03502577). Although CAR-T therapies represent a very promising strategy, several challenges intrinsic to the technology may limit their efficacy; and ongoing efforts are optimizing their design to avoid antigen-independent tonic signaling, and to increase their expansion and persistence in vivo, by enriching for early memory T cell phenotype and/or intensifying lymphodepletion to promote CAR-T persistence (77). Moreover, the optimal timing for immune intervention during MM the disease course remains undefined. Early immune-based intervention in high-risk SMM patients to avoid development of active MM is promising strategy, but must be balanced against adverse events and therapeutic index. Finally, correlative studies using MM patient samples will delineate mechanisms of action and resistance and thereby inform clinical application of immune therapies in combination with other anti-MM agents. Restoring host anti-MM immunity along with MRD negativity will be required for the long-term control of disease and its potential cure.
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Multiple myeloma is a clonal disease of long-lived plasma cells and is the second most common hematological cancer behind Non-Hodgkin’s Lymphoma. Malignant transformation of plasma cells imparts the ability to proliferate, causing harmful lesions in patients. In advanced stages myeloma cells become independent of their bone marrow microenvironment and form extramedullary disease. Plasma cells depend on a rich array of signals from neighboring cells within the bone marrow for survival which myeloma cells exploit for growth and proliferation. Recent evidence suggests, however, that both the myeloma cells and the microenvironment have undergone alterations as early as during precursor stages of the disease. There are no current therapies routinely used for treating myeloma in early stages, and while recent therapeutic efforts have improved patients’ median survival, most will eventually relapse. This is due to mutations in myeloma cells that not only allow them to utilize its bone marrow niche but also facilitate autocrine pro-survival signaling loops for further progression. This review will discuss the stages of myeloma cell progression and how myeloma cells progress within and outside of the bone marrow microenvironment.
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Introduction

Multiple myeloma (MM) is defined as a clonal proliferation of malignant plasma cells, and it accounts for roughly 10% of all hematological cancers (1). Myeloma cells retain numerous features of plasma cell biology including a reliance on signals within the bone marrow microenvironment (2). Interestingly, myeloma’s precursor states share the same genetic alterations observed in symptomatic MM patients in both the plasma cells and the microenvironment (3, 4). In advanced stages, myeloma cells can extravasate from the bone marrow leading to extramedullary plasmacytomas and/or circulating plasma cells in the blood (5). Currently, there are ~70 patient-derived myeloma cell lines (HMCL), representing the most advanced stage of myeloma progression whereby myeloma cells survive independently of the bone marrow microenvironment. To this effect, myeloma cells can be compared to an expansive civilization that strategically taps the resources of its niche and when left unchecked will colonize and overtake its host. The malignant cells compete in a “Game of Bones” against the host’s innate defenses and utilize the microenvironment in as a means of gaining an advantage. This review will examine progression of disease from asymptomatic precursor states to MM while shining a light on the changes myeloma cells induce in themselves and within the microenvironment to enable such progression. It will also address the signals that allow myeloma to survive independently of the bone marrow microenvironment in their quest for further growth and expansion.



Spectrum of Plasma Cell Dyscrasias


Multiple Myeloma

Historically, establishing the diagnosis of multiple myeloma required both documented bone marrow plasmacytosis (BMPC) ≥10% or an extramedullary plasmacytoma with evidence of end organ damage defined by the CRAB criteria (elevated serum calcium levels, renal insufficiency, anemia, and lytic bone disease). However, in 2014, the International Myeloma Working Group (IMWG) revised the diagnostic criteria to include ultra high-risk patients previously classified as having pre-myeloma or SMM given the ~80% risk of progression to symptomatic disease at two years. These risk factors include BMPC ≥60%, involved to uninvolved serum free light chain ratio >100, and >1 focal lesion on whole body MRI or PET-CT (6–9).

Management and therapy selection for myeloma patients can be determined based on risk stratification. Previously, the International Staging System (ISS) divided disease burden of myeloma into three stages. Serum levels of beta-2 microglobulin (ß2M) and albumin were determined to be the most accurate predictors of disease burden and median survival. Stage I is defined as ß2M < 3.5 mg/L and serum albumin ≥ 3.5 g/dL. In Stage III, ß2M ≥ 5.5 mg/L and serum albumin < 3.5 g/dL. Stage II refers to the intermediate stage of neither Stage I or III (10, 11). Recognizing the important role cytogenetics play in risk stratification, revised ISS (R-ISS) was recently developed still utilizing the ISS, but incorporating both serum lactate dehydrogenase (LDH) levels as well as high risk cytogenetics defined by IgH-MMSET/FGFR3 [t(4,14)] translocations, IgH-MAF [t(14,16)] translocations, and deletion of the p arm of chromosome 17 (del17p) (Table 1).


Table 1 | Defining stages of myeloma.



Outside of the R-ISS risk stratification model, there are additional favorable and adverse risk factors that aid clinicians in appropriate stratification and subsequent treatment of myeloma patients. These factors include additional cytogenetic features, presence of extramedullary disease, gene expression profiling, and plasma cell proliferation. Standard risk myeloma encompasses 80 to 85% of newly diagnosed myeloma (NDMM) patients and portends good prognosis with a median overall survival (OS) not reached at 10 years (12). Cytogenetic features indicative of standard risk disease includes trisomies of chromosomes 3, 5, 7, 9, 11, 15, 19, and 21 that is referred to as hyperdiploidy as well as IgH-Cyclin D1 [t(11,14)], and IgH-Cyclin D3 [t(6,14)] translocations. High risk patients encompass 15 to 20% of NDMM patients and have median OS of 5 years (13). In addition to high risk cytogenetic features previously described, additional markers of aggressive disease include complex karyotype, defined as three or more changes on standard karyotype analysis. Another marker of high risk disease is amplification of the q arm of chromosome 1 (amp1q). Co-occurrence of 1q gain with other high risk markers portends poor prognosis, and patients with >4 copies of 1q are at very high risk for progression following initial treatment (14). Another marker of high risk includes the least common IgH translocation with MAFB [t(14,20)] which makes up <1% of myeloma patients (13). High risk myeloma patients are also identified by disease burden (ISS stage III), proliferation (BMPC labelling index ≥ 3% via thymidine kinase and C-reactive protein (15)), and presence of extramedullary disease (16).



Multiple Myeloma Precursor Stages

The presence of a precursor state is not known for most NDMM patients as most diagnoses occur at symptomatic stages. However, studies in 2009 from Drs. Michael Kuehl and Ola Landgren used molecular and biological markers to show that myeloma is preceded in virtually all cases by a premalignant state (17, 18). The following two subsections will refer to these precursor states.



Monoclonal Gammopathy of Undetermined Significance

MGUS was first described in 1961 by Dr. Jan Waldenström who identified a subset of patients with elevated serum and urine immunoglobulin levels without displaying symptoms of malignancy (19). Waldenström labelled this phenomenon a gammopathy, and the term, MGUS, was later coined in 1978 by Dr. Robert Kyle and colleagues (20). The IMWG now defines MGUS as the presence of a serum monoclonal (M) protein or M-protein at <3 g/dL concentration and <10% BMPC with the absence of CRAB criteria (6).

MGUS is found in 3% of Caucasians over the age of 50 and occurs at a 2 to 3-fold higher rate in African Americans (21, 22). Patients diagnosed with MGUS have a 1% risk per year of progressing to symptomatic myeloma, and therefore the standard of care is surveillance without intervention (23). Risk of patient progression can be further stratified using three risk factors: presence of a non-IgG M protein (IgA or IgG), M-protein >1.5 g/dL, and abnormal serum free light-chain (FLC) ratio (24) (Table 1). Recently, advancement of technology allowed for detection of precursor cells to MGUS, labelled pre-MGUS (3, 25). As many genomic alterations in MGUS originate in the germinal center, an aberrant clonal population of plasma cells can be formed prior to migration into the bone marrow (26, 27). Furthermore, microenvironment changes present in MGUS have shown to be key regulators in progression to symptomatic stages, and can be targeted in these early stages (3, 28).



Smoldering Multiple Myeloma

SMM is an intermediate clinical stage in progression between MGUS and multiple myeloma initially described in 1980 after observing a series of six patients with BMPC >10% that continued to have stable disease without treatment for >5 years (29). SMM is defined as the presence of an M-protein at ≥3 g/dL, and/or BMPC percentage of >10% with no evidence of end organ damage defined by the CRAB criteria (hypercalcemia, renal failure, anemia, bone lesions) (30). After the IMWG revised the diagnostic criteria of myeloma, a subset of patients previously classified as having SMM were now reclassified as having symptomatic myeloma. However, this reclassification ultimately only affected a small proportion of SMM patients, and the challenge still remained how to appropriately risk-stratify the remaining patients. SMM is a very heterogeneous disorder encompassing patients that will progress in the first two years and patients with stable low-level disease more than ten years after diagnosis. How then, do we identify which patients are at the highest risk of progression, and how do we safely manage them?

The Mayo 2018 model, also known as the 20/2/20 model, uses three independent risk factors of progression to myeloma: (1) a serum FLC ratio >20, (2) M-protein >2 g/dL, and (3) BMPC >20%. Depending on whether the patient has either 0, 1, or 2–3 of these factors, they are categorized as having either low, intermediate, or high risk SMM corresponding to a 5%, 17%, or 46% risk of progression at 2 years (31). The IMWG validated this model using a retrospective cohort, but added the high-risk cytogenetic features t(4,14), gain(1q), del(17p), and del(13q). Interestingly hyperdiploidy has been shown to be an adverse prognosticator in SMM despite its opposite meaning in MM (32). In this model, SMM patients were grouped into four risk categories (low risk, low-intermediate risk, intermediate risk, high risk) associated with a 2-year progression rate of 3.7%, 25%, 49%, and 72%, respectively (33) (Table 1).

Historically, observation was also the standard of care for SMM as with MGUS. However, recently published data has shown the benefit of early intervention with the immunomodulatory agent (IMiD) lenalidomide in high-risk SMM in terms of delaying progression to myeloma (34). The efficacy of using IMiDs in SMM illustrates the role that the microenvironment has in facilitating MM progression. Ongoing clinical trials continue to investigate different therapeutic strategies in SMM, as this continues to be an evolving area of research.



Extramedullary Multiple Myeloma

Extramedullary multiple myeloma (EMM) refers to hematogenous spread of clonal plasma cell tumors leading to soft tissue tumors at anatomic sites outside the bone marrow (35). This is a separate diagnosis from solitary plasmacytomas which originate from the underlying bone marrow and grow through the cortical bone (36, 37). EMM can present in the liver, skin, central nervous system, pleura, kidneys, lymph nodes, and pancreas and is present in 6%–8% of NDMM cases and 10-30% of relapsed myeloma patients (38, 39). EMM may also present as plasma cell leukemia (PCL), an aggressive variant of the disease with >20% or ≥ 2*10 (9) circulating plasma cells in the blood (40). PCL can either present de novo, known as primary PCL, or more commonly as a progression from already diagnosed myeloma, known as secondary PCL.

Extramedullary disease and PCL are considered high risk entities and associated with a poor prognosis with a median OS of less than 6 months (37). Profiling of extramedullary tumors reveals differences from malignant bone marrow plasma cells. Cytogenetics that indicate standard risk myeloma such as hyperdiploidy and t(11,14) are mainly found in BMPC and rarely found in extramedullary plasmacytomas whereas t(4,14) is more commonly seen in EMM (35, 41). However, PCL, while heterogeneous, does have a higher incidence of t(11,14) translocations (40, 42). In relapsed patients, EMM cells undergo a shift from secretion of intact IgG to light chain, and most HMCL secrete only light chain, demonstrating its correlation with myeloma progression (43). The changes in molecular and protein expression that allow myeloma cells to survive and spread outside of the microenvironment will be addressed in a subsequent section of this review.




The Role of the Bone Marrow Microenvironment

In 1889, Stephen Paget introduced his “seed and soil” hypothesis which postulated that tumor cells (seed) grow preferentially in selective microenvironments (soil) (44, 45). We have seen that plasma cells undergo genomic alterations in the germinal center prior to MGUS (26, 27). Once this clonal population arrives in the bone marrow, it gains access to a wide array of microenvironment signals that facilitate plasma cell survival. Recent studies have found little difference between the microenvironments of MGUS and myeloma, demonstrating that the “soil” has a role in shaping the malignant progression (3, 46). The bone marrow microenvironment produces pro-survival signals for non-malignant long-lived plasma cells, which can live throughout the lifetime of the host, and secrete antibody titers as part of the adaptive immune response (2). Myeloma cells, the aggressive counterparts, use the supportive surrounding stromal cells, osteocytes, and endothelial cells to further their growth. Myeloma precursor states have been shown to mediate progressive growth in vivo in humanized mouse models supporting a dominant role for the microenvironment or tumor-extrinsic signals in regulating tumor growth (46). Initial small changes in the microenvironment or molecular changes to myeloma cells themselves cause an expansion of the plasma cell niche throughout the bone marrow.


Molecular Changes Driving Myeloma Growth

Myeloma cells undergo numerous molecular changes and genetic events which allow proliferation and induce further changes in the bone marrow microenvironment. One family of proteins commonly dysregulated in myeloma are D-type cyclins (47). D-type cyclins are cell cycle proteins that activate cyclin dependent kinase 4 (CDK4) and CDK6, which phosphorylate and inactivate Rb allowing for E2F activation and cell cycle progression (48). Primary genetic translocations such as t(11,14) and t(6,14) directly drive constitutive expression of cyclin D1 and D3 respectively (47, 49, 50). Another translocation t(4,14) which increases the expression of the histone methyltransferase MMSET (NSD2) also indirectly drives activation of cyclin D2 (47, 51). Cyclin D2 can also be dysregulated through t(14,16) and t(14,20) translocations which drive transcription factors that target Cyclin D2 (47). Although infrequent, biallelic inactivation of Rb itself is a subclonal mutation that occurs in 3% of tumors (52). Rb is found on chromosome 13q, and this deletion of this region is the most common mutation in myeloma, frequently accompanying t(4,14), t(14,16), and t(14,20) translocations (53, 54). Recently it was shown that monoallelic deletion of two other genes on 13q which code for Mir15A and Mir16-1 resulted in development of MGUS in wild type C57BL/6 mice and progression of myeloma in the Vk*Myc multiple myeloma mouse model (55).

Myeloma upregulates oncogenes that are typically associated with proliferation in cancer. One such gene is MYC, and its deregulation typically leads to a more aggressive disease phase (56). MYC translocations are found in 15% of human myeloma tumors (57) and include both IgH-MYC translocations [t(8,14)] and IgL-MYC translocations [t(8,22)]. The MYC locus is the most common source of light chain translocations accounting for 40% of these anomalies, and lambda light chain translocations portend a particularly poor outcome compared to kappa light chain translocations (58). Another pathway that is involved in myeloma proliferation is RAS signaling. A secondary mutation that is uncommon in MGUS, KRAS, and NRAS mutations are each found in ~20% of NDMM patients (27, 59). KRAS and NRAS mutations appear to not uniformly activate MAPK signaling pathways and actually lead to distinct downstream transcriptional signatures (60). Interestingly, FGFR3 mutations, which are mutually exclusive with RAS mutations appear to induce MAPK signaling more effectively (60, 61). Finally, the MAPK pathway can be activated by BRAF mutations. BRAF is mutated in 4% of patients with the V600E mutation being the most common (62). Additionally, recent studies have shown a role for cytidine deaminases such as AID and APOBEC in mediating genomic instability in MM cells (63). The expression of these genes, however, is also dependent on interactions with the microenvironment (64).



Extracellular Matrix

The bone marrow microenvironment provides a layered structure called the extracellular matrix (ECM) which acts as the “home base” for myeloma cells. Homing to the bone marrow is mediated by interaction of myeloma receptor CXCR4 with the chemokine SDF1α (65). This causes a subsequent migration to the stromal compartment of bone marrow. There, it will interact with ECM proteins or other native bone marrow cells.

The ECM consists of proteins such as fibronectin, collagen, osteopontin, hyaluronan, and laminin. Adhesion of myeloma cells has been shown to be important for survival and drug resistance (66, 67). A method of cell-ECM adhesion is activation of integrins, and myeloma cells have shown preference toward very large antigen-4 (VLA-4) aka integrin α4ß1 and integrin ß7 (ITGB7) (68–70). Binding of VLA-4 to fibronectin of the ECM induces activation of nuclear factor κB (NFκB) leading to cell adhesion-mediated drug resistance (CAM-DR) and pro-survival signaling (71). ITGB7 can be regulated by the MAF gene, and as a result, patients with t(14,16) have elevated levels of ITGB7 (51). ITGB7 is necessary for myeloma cell survival and CAM-DR, and has been shown to be constitutively active in myeloma cells (70, 72). Additional integrins such as VLA5 and the beta 5 integrin CD56 play a smaller but active role in myeloma progression (68, 73) (Figure 1).




Figure 1 | Bone marrow interactions that promote myeloma growth and survival. Myeloma cells bind to the extracellular matrix (ECM) via integrins, proteoglycans, and hyaluronan receptors. They also directly bind to bone marrow stromal cell (BMSC) such as dendritic cells (DC) via the VCAM-VLA4, ICAM-LFA1, ICAM-MUC1, and CD80/86-CD28 axes. BMSC will produce the cytokines SDF1α, IL6, APRIL, BAFF, TNFα, IGF, HGF, and VEGF. In turn, myeloma cells secrete TGFβ and VEGF for BMSC. Myeloma cells promote osteoclast activation by secreting MIP1α/β and VEGF and by promoting BMSC secretion of IL1, IL6, TNFα, RANKL, MIP1α/β, SDF1, and PTHRP. They also prevent osteoblast differentiation by downregulating RUNX2 via direct binding of the VLA-VCAM axis and secretion of DKK1 and IL3. They also secrete sFRP-2 which also suppresses osteoblast differentiation. Osteoclasts produce IL6 and CHSY1 to promote myeloma cell survival. Myeloma cells induce angiogenesis in the bone marrow by secreting HGF, bFGF, VEGF, Ang-2, cleaved syndecan-1 (SDC1), and TGFβ. They also promote BMSC secretion of HGF, VEGF, and IL8. Endothelial cells produce IL6 and IGF1 to influence myeloma cell survival. Myeloma cells promote an immunosuppressive environment by inhibiting T cell function through production of TGFβ, PD-L1, LAG3, TIM3, and IL10. They also signal to BMSC to produce IL5, IL6, TNFα, and IDO.



Syndecan-1 or CD138 is a heparan sulfate proteoglycan and a surface marker of myeloma cells. It binds to type I collagen and induces expression of matrix metalloproteinase 1 (MMP1) to promote tumor invasion, bone resorption, and angiogenesis (74, 75). Additionally, syndecan-1 levels on cells correlate with cell survival and growth (76). Heparanase has an intricate interplay with syndecan-1, either causing its clustering and increased adhesion to the ECM or inducing its shedding (77, 78). Soluble syndecan-1 has been shown to promote myeloma tumor growth in vivo (79). Finally, CD44, RHAMM, and CD38 are hyaluronan receptors (67). Hyaluronan is a secreted scaffold protein in the bone marrow. While certain splice variants of CD44 and RHAMM are active in the bone marrow as receptors for hyaluronan and osteopontin, they are generally more involved in extramedullary myeloma. Both proteins regulate the SDF1α/CXCR4 axis, and cell-ECM adhesion with RHAMM is more involved in cell motility (67). CD38 is another hyaluronic acid interacting partner that is expressed in high levels in plasma cells but low levels in other lymphoid and myeloid cells making it an effective target for antibody therapies like daratumumab and isatuximab (80)



Myeloma–Stroma Cell–Cell Contact

Binding of VLA-4 of a myeloma cell to VCAM of an adjacent stromal cell promotes downstream signaling pathways that activate NFκB and cause cellular survival and proliferation (74). Another myeloma receptor, lymphocyte function-associated antigen 1 (LFA1), will bind to ICAM-1 of an adjacent bone marrow stromal cell (BMSC). LFA1 is an integrin composed of αL and ß2 subunits and is associated with poor prognosis and disease progression in patients as well as increased proliferation in mice (81, 82). Mucin 1 (MUC1) is another transmembrane binding partner of ICAM-1 that has been shown to drive myeloma progression (Figure 1). MUC1 will induce proliferation in multiple myeloma by signaling via a ß-catenin/TCF4 mechanism to drive MYC gene expression (83).

Plasma and myeloma cells also express CD28, a transmembrane protein classically known for its role in T cell co-stimulation. During this process, MHC of an antigen presenting cell (APC) will first bind to the T cell receptor. The T cell is not fully activated unless CD80/86 of an APC binds to CD28 of a T cell, inducing survival, proliferation, and effector function in T cells (84). Plasma cells retain this CD28 pro-survival signaling capacity, and binding with CD80/86 of a BMSC, e.g., dendritic cell confers survival throughout the lifetime of the host (85, 86). Plasma and myeloma cells are dependent on CD28 signaling through both the PI3K and Vav signaling pathways (87, 88). Knockout of CD28 leads to decreased antibody titers of long-lived plasma cells in mice, and knockdown of CD28 or CD86 with short hairpin RNA leads to myeloma cell death in HMCL (86, 88, 89) (Figure 1).



Myeloma-Bone Marrow Stromal Cell Pro-Survival Cytokines

Multiple myeloma cells also pave the way for their own survival and proliferation by inducing cytokine secretion in BMSC. Direct binding of plasma and myeloma cells to BMSC leads to downstream pathways such as MAPK, NOTCH, and PI3K and cause subsequent transcription and secretion of numerous cytokines. One such cytokine is interleukin-6 (IL6), which has roles in myeloma growth, survival, migration, and drug resistance. IL6 binds to its cognate IL6-receptor (IL6R) and signals through MEK/MAPK, JAK/STAT, and PI3K/Akt pathways (90–92). It also increases dependence on Mcl-1, an anti-apoptotic Bcl-2 protein that is essential for plasma and myeloma cell survival. IL6 upregulates Mcl-1 in a STAT3 dependent manner and induces phosphorylation of Bim, thus increasing affinity of Bim for Mcl-1 over Bcl-2/Bcl-x. This increased binding of the two proteins ultimately leads to stabilization of Mcl-1 (93, 94).

In the absence of IL6, two other cytokines, B-cell activating factor (BAFF) and a proliferation inducing ligand (APRIL) have been shown to have a protective effect on myeloma cells particularly from treatment with corticosteroid (95). BAFF is a member of the tumor necrosis factor (TNF) family and is expressed on the surface of BMSC as well as in a cleaved soluble form. It has been shown to stimulate B cell growth, and, additionally, ligation of its receptors BAFF-R and TACI leads to increased proliferation and survival in myeloma cells (96, 97). APRIL is a secreted protein that will bind to TACI and B-cell maturation antigen (BCMA), a protein which has recently become a target for myeloma CAR-T cell therapy with an 88% response rate (98, 99). BAFF and APRIL-mediated signals also impact survival and growth signals to MM from surrounding dendritic cells (100). They are overexpressed in myeloma cells compared to normal plasma cells illustrating the importance of these cytokines (95). APRIL and BCMA promote cell growth (via MAPK and NFκB) and immunosuppression (via PD-L1, TGF- ß, and IL10) in myeloma cells (98).

Another member of the TNF family involved in myeloma growth and survival in the bone marrow microenvironment is TNFα. TNFα is a mediator of inflammation and has been found to be significantly higher in supernatants of patients with bone disease than those without (101). While TNFα signaling itself causes a modest increase in proliferation, it induces expression of adhesion molecules resulting in a 2–4 fold increase in binding of myeloma cells to BMSC. It also results in a significant increase in IL6 secretion. Interestingly, TNFα levels decrease with thalidomide treatment which may be a result of downstream effects of the drug’s immunomodulatory effects on bone marrow myeloma cells (102).

Myeloma cells induce BMSC to secrete numerous growth factors. Among them, insulin-like growth factor (IGF) appears to have a sustained and pronounced effect on myeloma proliferation and antiapoptotic signaling. IGF binds to the tyrosine kinase receptor IGF-1R, and additionally influences proteasome and telomerase activities in myeloma cells. IGF is also implicated in drug resistance to cytotoxic chemotherapy, dexamethasone, and proteasome inhibitors (103). It primes myeloma cells to respond to other cytokines and to produce pro-angiogenic cytokines. BMSCs also produce other growth factors such as hepatocyte growth factor (HGF), basic fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF) which influence osteoclast activation and angiogenesis (74) (Figure 1).



Osteoclast Interactions

Bone lesions result from osteoclast activation to enable further space for myeloma proliferation in the bone marrow. To directly activate osteoclasts, myeloma cells secrete macrophage inflammatory protein-1α (MIP1α) and MIP1ß. MIP1α binds to C-chemokine receptor 1 (CCR1) and CCR5 while MIP1ß binds to CCR5 and CCR8 to induce osteoclast formation and activity (104–106). MIP1α has been shown to lead to bone destruction, BMSC adhesion, and tumor burden in SCID mice with multiple myeloma (104). In turn, osteoclasts secrete IL6 to stimulate proliferation and growth of not only myeloma cells but other osteoclasts as well (107). Myeloma-osteoclast interaction also upregulates Chondroitin synthase 1 (CHSY1), which induces Notch signaling promoting the survival of myeloma cells (108). Notch signaling, particularly Notch3 and Notch4 stimulation leads to recruitment of osteoclast precursors and increased bone resorption (109, 110).

Interactions between myeloma cells and BMSCs also leads to production of cytokines that stimulate osteoclastogenesis. Binding of VLA4 with VCAM promotes secretion of cytokines such as IL1, IL6, TNFα, and parathyroid hormone related peptide (PTHRP) which promote osteoclast growth (111). Binding of VLA4 and VCAM also lead BMSC to produce receptor activator of NFκB ligand (RANKL). RANKL will bind to its receptor RANK to stimulate osteoclast activation and differentiation and bone lysis (111, 112). RANKL, MIP1α, and IL11 are upregulated by p38 MAPK in BMSCs, and inhibiting p38 MAPK decreases osteoclastogenesis and bone resorption (113) (Figure 1). The bone matrix glycoprotein, osteopontin, and the pro-inflammatory cytokine IL17 have also been implicated in osteoclastogenesis and bone resorption. They have been shown to be associated with poor prognosis and osteolytic lesions in patients (114–116).



Osteoblast Interactions

Myeloma cells also disrupt bone homeostasis by inhibiting osteoblast production and activation. Osteoblasts and BMSC produce osteoprotegerin (OPG) which inhibits the development of bone disease by competing for binding of RANK with RANKL (117). Binding of OPG with RANK prevents osteoclast maturation and activation (118). The ratio between RANKL and OPG is important prognostic indicator in patients and can be influenced in numerous ways (119–121). One way is binding of VLA4 on myeloma cells to VCAM of BMSCs which decreases secretion of OPG and increases secretion of RANKL, thereby tipping the balance in favor of osteoclasts (111, 112). Other factors which augment the RANKL/OPG ratio are activin A and sclerostin (122, 123). Sclerostin is cysteine knot protein which induces apoptosis in osteoblasts and inhibits bone formation (124). Activin A, a member of the TGF- ß superfamily, signals through numerous pathways to promote osteoclast differentiation and is a marker of poor prognosis (122, 125). Interestingly, IL3 can increase osteoclastogenesis by regulating activin A levels (126).

Myeloma cells can also prevent the maturation of osteoblast progenitor cells. Binding of VLA4 of myeloma cells to VCAM of osteoblast progenitors downregulates the activity of RUNX2, a transcription factor that is necessary for the differentiation of osteoblastic cells (127). In addition to increasing the RANKL/OPG ratio, IL7 secretion by BMSC also decreases RUNX2 activity and osteoblast differentiation (119, 127, 128). Recent studies from the Croucher lab have shown that MM-osteoblast interactions may also be important for maintaining dormancy of tumor cells (124)

Secretion of the cytokines Dickkopf 1 (DKK1) and Frizzled related protein 2 (sFRP-2) by myeloma cells contributes to bone resorption as well. DKK1 and sFRP-2 inhibit the canonical Wnt pathway which is responsible for the differentiation of osteoblast progenitor cells (127, 128). DKK1 and sFRP-2 are expressed in multiple myeloma cells of patients with bone lesions. Recombinant DKK1 and sFRP-2 or conditioned media containing either of the two cytokines inhibit differentiation of osteoblast precursor cells in vitro and suppress in vitro bone mineralization (129, 130). Interestingly, immunodepletion of sFRP-2 led to increased bone restoration suggesting it is necessary for bone resorption. Osteoblast differentiation may take place via the bone morphogenic protein 2 (BMP2) pathway. sFRP-2 as well as IL3 inhibit this pathway, thereby stunting osteoblast activation. Additionally, secretion of the cytokines TGF- ß and HGF by BMSC promote osteoclast generation while limiting osteoblast activity (74, 131) (Figure 1).



Endothelial Cell Interactions

Angiogenesis is the creation of new blood vessels through the use of endothelial cells. Patients with progressive myeloma disease show increased level of microvessel density (MVD), a measure of angiogenesis, when compared to those with inactive MGUS (132). This is because myeloma cells crowd the bone marrow microenvironment and generate hypoxic tumors, so they upregulate angiogenesis to deliver oxygen and nutrients while removing catabolites. In the presence of hypoxic conditions, myeloma cells upregulate hypoxia induced factor 1α (HIF1α), which regulates transcription of pro-angiogenic cytokines including HGF, bFGF, VEGF, and Angiopoietin-2 (Ang-2). Myeloma cells may also constitutively produce these cytokines due to genetic mutations or oncogene activation (133).

Adhesion of myeloma to the ECM increases angiogenesis. Expression of adhesion molecules VLA4, LFA1, and CD44 have been shown to correlate with increased angiogenesis in active myeloma (134). Syndecan-1 has been shown to have a prominent role in bone marrow angiogenesis as well. Syndecan-1 is correlated with MVD and facilitates binding of growth factors, particularly HGF, to cells. Not only can syndecan-1 potentiate the surface binding of HGF to cells, but it can also be shed in a soluble form that complexes with HGF to increase potency (135, 136). Myeloma cells also facilitate degradation of the ECM using matrix metalloproteinases (MMP) and heparanase to allow migration of endothelial cells into the surrounding tissue (137, 138).

Myeloma cells stimulate BMSCs to secrete HGF, VEGF, and IL8 to induce neovascularization (139). In turn, endothelial cells will produce IGF1 and IL6 to promote myeloma cell growth. This process can induce an autocrine loop in endothelial cells as they produce VEGF, platelet-derived growth factor (PDGF), Ang-1, HGF, and IL1 to further promote angiogenesis (140) (Figure 1).



Immune Cells

While the previous subsections have addressed allies that myeloma uses to advance itself in the Game of Bones, myeloma cells have an antagonist in the form of antitumor cells in the bone marrow. To overcome this, MM and its precursor MGUS are associated with several alterations in both innate and adaptive immunity. Immune cells increased in MM include regulatory T cells, IL-17-producing T cells, and terminally differentiated effector T cells, however, immunosuppression and exhaustion of these cells was present as early as the MGUS stage (3, 141). The bone marrow increases CD4(+) regulatory T cells and decreases CD4(-)CD8(-) regulatory T cells, and this correlates with increased disease burden (142). Myeloma cells produce proteins such as TGF- ß, PD-L1, LAG3, TIM3, and IL10 that contribute to the immunosuppressive phenotype and T cell anergy (Figure 1). Interestingly, these proteins are upregulated in myeloma cells by binding of APRIL to BCMA (98). CD28 ligation with CD80/86 has also been shown to cause BMSC secretion of IL6 and IDO. This occurs via “back signaling” of CD80/86 to activate the PI3K pathway. While IL6 normally activates T cells, IDO catabolizes tryptophan in the microenvironment into the toxic metabolite kynurenine. This results in T cell anergy via GCN2 kinase-mediated sensing of depleted intracellular tryptophan pools (143, 144). Interestingly, a subset of endothelial cells express low levels of CD80/86 as well as CD40 and ICOS-L in myeloma patients which can trap a population of T cells and stimulate them to induce immunosuppressive proteins (145). Autologous dendritic cells stimulated with tumor antigen can be used to activate T cells ex vivo to expand and attack the tumor. Emerging treatments such as targeted antibodies, checkpoint inhibitors and CAR-T cell therapy have aimed to increase the potency of the immune response (28, 141). Currently, advances in mass cytometry and RNA sequencing single cell analyses are being used to identify the immune checkpoint signature of the microenvironment (25). These methods have identified immunosuppressive phenotypes such as regulatory T-cell suppression, secretion of suppressive cytokines and interferons, and increased expression of PD-1 on CD8(+) T and NK cells as early as MGUS (146).

Myeloid derived suppressor cells (MDSC) have been shown to promote immune suppression and angiogenesis in multiple myeloma. They induce myeloma cell survival and proliferation by causing AMPK phosphorylation in myeloma cells. This increases levels of the anti-apoptotic proteins MCL-1 and BCL-2 and the autophagy marker LC3II (147). Myeloma cells in turn will cause an increase of MCL-1 expression and survival in MDSC (148). Another cell type, plasmacytoid dendritic cells (pDC), contribute to immunosuppression of the microenvironment when in direct contact with myeloma cells. While pDC can normally be activated to cause apoptosis of myeloma cells, pDC-myeloma binding via E-cadherin can convert pDC into tumor promoting cells (149). Myeloma cells use cell-cell contact to court the pDC to their advantage and signal downstream to inhibit pDC secretion of interferon-α (IFN- α) (149).

Natural killer (NK) cells induce cell death in myeloma cells via granzyme and perforin release and other proapoptotic ligands (150). Myeloma cells express CD1d and are also highly sensitive to lysis by NK cells. PD-L1 of a myeloma cell can bind PD-1 of NK cells to suppress their cytotoxic effect of myeloma cells. NK cells are a target of numerous therapies aimed at the immunosuppressive microenvironment. Lenalidomide can be added to checkpoint inhibitors to abrogate this effect and stimulate NK to target myeloma cells (151). The anti-SLAMF7 antibody elotuzumab can also be used to activate NK cells and mediate their activity in myeloma (152). In addition to targeting myeloma cells, the anti-CD38 antibody, daratumumab, also depletes CD38(+) regulatory cells in the bone marrow thus promoting an immune response (153). Recently, daratumumab has been shown to specifically stimulate NK cell activity in myeloma by selectively targeting CD38(+) NK cell populations (154). NK cells and other bone marrow resident immune cells are avenues for immunotherapy and have yielded some initial success in treating myeloma patients at precursor stages (28, 155–158).




Myeloma Takeover Beyond the Microenvironment

While myeloma cells can be seen circulating in peripheral blood in advanced stages, most EMM is characterized by plasmacytomas in adjacent tissues and organs. Myeloma cells must develop the capacity to extravasate through stroma and ECM into the blood and navigate challenges such as building their own microenvironment in sites outside of the bone marrow. As the disease advances, cells undergo molecular and genomic alterations to promote autocrine loops that facilitate survival and proliferation away from its bone marrow sanctuary. It is notable that although extramedullary growth is a feature of advanced MM, circulating tumor cells can be detected even in early stages of MM (159). This section will explore a new landscape for the Game of Bones and how myeloma cells can undergo changes to survive and expand their niche independently of bone marrow signals.


Extravasation Model

While little is known about myeloma extravasation from the bone marrow, we can follow an adaptation of the leukocyte multistep model of extravasation and homing (Figure 2). In the standard model, cells first home to an environment as a result of chemoattractants. This is followed by adhesion of the cell to vascular endothelial cells and reorganization of the cytoskeleton to migrate through gaps between these endothelial cells. During this process, the cell degrades basement membrane and extracellular matrix to allow passage until its penetration through (160) (Figure 2A). We can reverse this first step for the myeloma cell extravasation model as they must first shed homing signals which tether them to the bone marrow. They must also reduce their affinity to ECM and cells that are specific to the bone marrow and upregulate migratory proteins. Finally, myeloma cells must also degrade the basement membrane to allow passage through gaps created in the bone marrow structure (Figure 2B). Once the myeloma cells are in circulation, they may re-enter the vasculature in other marrow compartments via the standard leukocyte model of extravasation. They may also form tumors in organs or remain circulating in the blood in the case of PCL.




Figure 2 | Models for leukocyte and myeloma cell extravasation. (A) Standard leukocyte multistep model of extravasation. The leukocyte in the bloodstream receives homing signals from chemokines. This is followed by weak adhesion to the endothelium and rolling along the surface. Integrins such as VLA4 and LFA1 are activated to form tight adhesion to the endothelium. The leukocyte then reorganizes its cytoskeleton and degrades the basement membrane to transmigrate through. (B) Model of myeloma extravasation out of the bone marrow. Myeloma cells downregulate receptors used for homing to the bone marrow. They alter adhesion molecules by downregulating integrins and increasing hyaluronan receptors such as CD44 and RHAMM and expression of focal adhesion kinase (FAK). The myeloma cell will secrete MMP-9 and heparanase as well as induce production of MMP-9 via endothelial cells to degrade the extracellular matrix (ECM). Heparanase secretion can cause shedding of SDC1 which also contributes to cell motility. The myeloma cell will then reorganize its cytoskeleton and migrate through the ECM.



In order to home to the bone marrow, myeloma cells depend on chemokine signaling. The SDF1α/CXCR4 axis is the myeloma homing pathway most extensively characterized, and impairment of signaling between these molecules is associated with extramedullary transformation (39). Myeloma also depends on CCR1 and CCR2 signaling to regulate migration. Patients with active disease express significantly lower amounts of CXCR4, CCR1, and CCR2 than those with non-active disease, and expression of at least one of these receptors portends favorable clinical outcome (161). Additional chemokine receptors such as CXCR5 and CCR7 are downregulated to promote cell motility and decrease sensitivity to B and T cell cytokines (162).

Myeloma cells alter their adhesion properties to extravasate and migrate through the ECM. EMM plasma cells decrease expression of CD56 while increasing expression of certain CD44 isoforms that are important for proliferation and motility (163). In murine models, decreased expression of P-selectin and VLA4 are associated with increased extramedullary disease (164). Extramedullary myeloma cells also favor focal adhesion kinase (FAK), a protein that mediates an invasive and migratory phenotype. Patients with EMM have significantly increased expression of FAK mRNA compared with patients without extramedullary disease (165). The tetraspanin family of proteins is another family that modulates myeloma adhesion and migration. Two such proteins, CD81 and CD82, are downregulated in HMCL, and exogenous overexpression of these proteins reduces cell motility, invasion, and secretion of MMP-9 (166).

Finally, myeloma cells must degrade the ECM to allow passage through. MMP-9 will degrade basement membrane, and its secretion leads to increased invasion of tumor cells. HMCL have been shown to constitutively secrete MMP-9, and its expression is enhanced by HGF secretion by endothelial cells. Moreover, some HMCL can produce HGF, thus sustaining a loop of increased MMP-9 degradation. Interestingly, SDF1α stimulates MMP-9 production in mouse myeloma model suggesting that SDF1α may have pleiotropic effects in both myeloma cell homing and invasion (167). Myeloma cells also produce heparanase, an enzyme that cleaves heparanase sulfate chains of adhesive proteoglycans such as syndecan-1. Production of heparanase increases motility of myeloma cells and induces a migratory phenotype (168). In part, heparanase and syndecan appear to regulate one another throughout the progression of myeloma and EMM (Figure 2B).



Extramedullary Multiple Myeloma Molecular Changes

Comparison of myeloma cells at extramedullary sites with bone marrow myeloma cells revealed increased subclonal mutations in the extramedullary sites. Morgan et al. proposed a model of myeloma progression that follows the Darwinian mechanism of species evolution. In this model, myeloma cells undergo primary mutations that underlie their growth and expansion. When a bottleneck is applied, subsequent mutations of cells are selected for, thus resulting in surviving subclonal genetic populations (169). In addition to drug treatment, bottlenecks may refer to hypoxia, cell-competition in the microenvironment, and other novel environmental differences in extramedullary sites. Myeloma cells can migrate to other less populated marrow compartments or soft tissue sites and extravasate into these sites or form adjacent plasmacytomas to bone (167).

EMM cells upregulate the adhesion molecules platelet/endothelial cell adhesion molecule-1 (PECAM-1), secreted protein and rich in cysteine (SPARC), and endoglin (ENG), illustrating the shift in adhesion specificity in EMM (170). EMM cells also upregulate nestin, an intermediate filament implicated in metastasis and invasion (171).

A mechanism for myeloma autocrine pro-survival loop lies in the co-expression of CD28 and its ligand CD86. Ligation of CD28 promotes cellular survival and drug resistance in HMCL, and silencing of CD28 and CD86 leads to respective increases in cell death (88, 89). Recent work from our lab has shown that CD86 can signal to confer survival and drug resistance in HMCL. CD86 overexpression induces molecular changes such as increased expression of integrin ß1 and ß7 and interferon regulatory factor 4 (IRF4), a transcription factor necessary for myeloma survival which directly targets MYC (89, 172). Another autocrine loop involved in myeloma survival is secretion of HGF. HMCL and primary myeloma express the tyrosine kinase HGF receptor, c-Met, and produce HGF at variable levels. By this means, EMM cells can signal to stimulate c-Met thus preventing apoptosis and inducing proliferation through autocrine cytokine production (173, 174). Advances in screening technology using CRISPR offer new tools for future elucidation of genes necessary for HMCL survival and proliferation.



Extramedullary Multiple Myeloma Angiogenesis Signaling

One of the processes highly relied upon in the bone marrow microenvironment, angiogenesis, also has an important role in EMM. Hypoxia in the bone marrow causes myeloma cell upregulation of HIF1α which regulates secretion of proangiogenic cytokines. HIF1α is also upregulated in circulating plasma cells and is associated with myeloma EMT (175). Additional angiogenic factors are upregulated in EMM including VEGF, MMP-9, PECAM-1, and Ang-1. Other angiogenesis related genes such as PDGF, SPARC, NOTCH3, thrombospondin 2, TIMP3, and fibronectin 1 are overexpressed (162). Increased expression of these proteins indicates an important role for angiogenesis in EMM. Although current standard therapies for EMM such as lenalidomide (176) and bortezomib (140) are antiangiogenic, the role of angiogenesis in EMM remains largely unknown.



Plasma Cell Leukemia Molecular Alterations

PCL is an aggressive variant of EMM marked by rapidly proliferating circulating plasma cells and poor prognosis of patients. Primary immunoglobulin translocations are common in PCL with MAF translocations [t(14,16) and t(14,20)] being the most common followed by t(11,14) and t(4,14). Other common mutations in PCL are MYC translocations which can be found on IgH (5%), IgK(10%), and IgL (10%) loci, respectively (177).

PCL also overexpresses certain genes compared to plasmacytomas including RPL17, CD14, TRAF2, TRAF3, and CCL2. Other affected cancer driver genes include those involved in cell-matrix adhesion and membrane organization (SPTB, CELA1), cell cycle and apoptosis (CIDEC), genome stability (KIF2B), and protein folding (CMYA5). PCL cells are also enriched in functional pathways including Cadherin/Wnt signaling, ECM-receptor, and G2/M cell cycle checkpoint. As PCL are circulating in the blood, there is a downregulation of integrins (CD11a, CD11c, CD29, CD49, CD49e) and other adhesion molecules (CD33, CD117, CD138, CD81) in comparison to EMM. PCL also expresses decreased markers of plasma cells (CD28, CD38) and increased markers of B cells (CD19, CD20, CD45) due to their high prevalence of t(11,14) translocations (177, 178).




Conclusion

In the Game of Bones, myeloma cells are manipulators that identify allies within the bone marrow microenvironment to exploit and thereby enable their neutralization and evasion of their opposition, the host’s immune defenses. Data that show microenvironment changes as early as MGUS propose that the microenvironment is susceptible to myeloma growth in precursor stages. Mutations in precursor stages beckon a “chicken or the egg” conundrum between myeloma cells and the microenvironment in assessing the advancement of this malignancy. By the time symptomatic myeloma develops, the Game of Bones has already tipped in favor of the cancer. This is because the disease is already quite evolved with numerous means of drug resistance and proliferation in its arsenal, and the cancer has a substantial advantage against innate defenses and chemotherapeutic intervention. In advanced stages, myeloma can readily proliferate in the bone marrow and develop the capacity to transcend the bone marrow.

Recent studies have aimed to tip the advantage back to the side of the host’s defense system, either by effectively targeting myeloma cells and the microenvironment or by strengthening the immune response. As technology and detection tools improve, myeloma cells can be combatted at their early stages before treatment of myeloma or EMM is necessary. Modern genomic approaches such as single cell genomics, mass cytometry, ATAC-seq, whole genome bisulfite sequencing, and integrated phosphoproteomics can elucidate properly tailored treatments for improved efficacy and decreased toxicity of patients. The rise of IMiDs and targeted antibody treatments represent our growing understanding of the therapeutic role of targeting the microenvironment.

Mobilizing the body’s own immune system also improves its odds at winning the Game of Bones. IMiDs, as well as CAR-T cell therapy are of particular interest as they can be utilized to bolster the body’s defenses against its adversary. IMiDs are a potent frontline treatment for MM, and have even been shown to improve patient outcome in the SMM stage (34). Overall, studies of the cancer biology in myeloma cells and their surrounding microenvironment using ex vivo patient studies, murine models, and HMCL provide insight to future treatment options and increased efficacy of therapy.
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Within the bone marrow microenvironment, mesenchymal stromal cells (MSCs) are an essential precursor to bone marrow adipocytes and osteoblasts. The balance between this progenitor pool and mature cells (adipocytes and osteoblasts) is often skewed by disease and aging. In multiple myeloma (MM), a cancer of the plasma cell that predominantly grows within the bone marrow, as well as other cancers, MSCs, preadipocytes, and adipocytes have been shown to directly support tumor cell survival and proliferation. Increasing evidence supports the idea that MM-associated MSCs are distinct from healthy MSCs, and their gene expression profiles may be predictive of myeloma patient outcomes. Here we directly investigate how MM cells affect the differentiation capacity and gene expression profiles of preadipocytes and bone marrow MSCs. Our studies reveal that MM.1S cells cause a marked decrease in lipid accumulation in differentiating 3T3-L1 cells. Also, MM.1S cells or MM.1S-conditioned media altered gene expression profiles of both 3T3-L1 and mouse bone marrow MSCs. 3T3-L1 cells exposed to MM.1S cells before adipogenic differentiation displayed gene expression changes leading to significantly altered pathways involved in steroid biosynthesis, the cell cycle, and metabolism (oxidative phosphorylation and glycolysis) after adipogenesis. MM.1S cells induced a marked increase in 3T3-L1 expression of MM-supportive genes including Il-6 and Cxcl12 (SDF1), which was confirmed in mouse MSCs by qRT-PCR, suggesting a forward-feedback mechanism. In vitro experiments revealed that indirect MM exposure prior to differentiation drives a senescent-like phenotype in differentiating MSCs, and this trend was confirmed in MM-associated MSCs compared to MSCs from normal donors. In direct co-culture, human mesenchymal stem cells (hMSCs) exposed to MM.1S, RPMI-8226, and OPM-2 prior to and during differentiation, exhibited different levels of lipid accumulation as well as secreted cytokines. Combined, our results suggest that MM cells can inhibit adipogenic differentiation while stimulating expression of the senescence associated secretory phenotype (SASP) and other pro-myeloma molecules. This study provides insight into a novel way in which MM cells manipulate their microenvironment by altering the expression of supportive cytokines and skewing the cellular diversity of the marrow.
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Introduction

The pathogenesis of multiple myeloma (MM) involves bidirectional interactions of MM cells with bone marrow (BM) resident cells. MM cells often depend on these host cells to provide factors that aid in drug resistance and proliferation. Specifically, MM cells interact with osteoblasts (1–3), osteoclasts (4, 5), osteocytes (6), BM mesenchymal stem cells (MSCs) (7), and bone marrow adipocytes (BMAds) (8, 9), each playing a unique type of supportive role for MM cells. MSCs are a common progenitor for pericytes, osteoblasts, osteocytes, and adipocytes. The differentiation capacity of MSCs is influenced and regulated by many growth factors, canonical WNT signaling (10), and metabolic programming (11). Indeed, high fat diet in mice (11) and obesity in humans (12) have recently been shown to modulate the number of adipocyte progenitors in the marrow, skewing the delicate balance between MSCs, osteoblasts, and BMAds. Interestingly, obesity is also a risk factor for MM development and progression, with obese patients being 20% more likely than non-obese patients to transition from a premalignant stage, monoclonal gammopathy of undetermined significance (MGUS), to overt MM (13, 14). Obesity likely contributes to MM in many ways; for example, Bullwinkle et al. found that conditioned media from white adipocytes from obese patients contained increased IL-6, and when cultured with MM cells, led to increased MM cell survival and adhesion via increased STAT-3 (15). Lwin et al. found that diet-induced obesity increased IGF1 levels in mice and created a permissive BM microenvironment for the progression of MM from MGUS (16). Increased levels of BMAds have also been correlated with obesity in human patients (17), suggesting that obesity-associated levels of increased BMAds, likely contribute to an optimal MM microenvironment. Moreover, MM incidence increases with age, and BMAds make up 0% of BM cells in infancy and almost 70% in the elderly (18), again demonstrating a correlation between increased BMAds and MM. Thus, understanding the role of BMAds in MM, and how MM influences BMAds and their progenitors, is crucial for fully understanding MM disease progression and incidence.

The bidirectional relationship between myeloma cells and BMAds is yet to be fully elucidated; however, the data suggest that BMAds typically support myeloma cells. BMAds were previously believed to be inert bystanders, but in recent years, they were found to be intricate and responsive players in the BM microenvironment. BMAds contribute to systemic metabolism (19), bone remodeling (20), and hematopoiesis (21). Several studies have shown that BMAds influence MM cell proliferation, apoptosis, migration, and homing to the marrow (18, 22). Adipocyte-derived factors such as MCP-1/CCL2 and SDF1α/CXCL12 are chemotactic factors for myeloma cells (8, 15), while other adipokines promote myeloma proliferation (e.g., leptin/LEP) (18) and resistance to chemotherapies (e.g., leptin/LEP, adipsin/CFD) (9, 23). Recent studies have demonstrated that BMAds are modulated by MM cells (22, 24–26) and that MM-reprogrammed BMAds contribute to myeloma-induced bone disease (27). Myeloma patient-derived MSCs (MM-MSCs) also have alterations in the expression of transcripts involved in MM disease pathogenesis (IL-6) (28) as well as impaired osteogenic capabilities (7, 28–30). Evidence suggests that MM-MSCs have senescent characteristics accompanied by an aberrant secretory profile that may impair bone formation (7, 28, 30). Here we further investigate the adipogenic capacity of patient-derived MM-MSCs and model MM-induced changes in adipogenic progenitors with a co-culture system.



Material and Methods


Cell Culture

3T3-L1, human BM MSCs from normal, non-malignant bone marrow (NBM-MSCs), or myeloma patient bone marrow (MM-MSCs) (7), and naïve mouse BM MSCs (mMSCs) were cultured and differentiated as previously described (6). mMSCs were extracted from wild-type mice of C57BL6/J background of approximately 2–3 months of age. All experimental studies and procedures involving mice were performed in accordance with approved protocols from the Maine Medical Center Research Institute (Scarborough, ME, USA) Institutional Animal Care and Use Committee (IACUC), Reagan Laboratory protocol #1812. NBM-MSCs were isolated and utilized for experiments as previously described (31). 5TGM1, MM.1S, RPMI-8226, and OPM-2 cells were cultured as previously described (22, 31). For transwell co-culture experiments, stromal cells were seeded into the bottom of 6- or 24-well plates prior to adipogenic differentiation, allowed to adhere, and grown to 80–100% confluence depending on the cell type. Myeloma cells were then seeded either directly, or into the top of 0.4 µm transwell membranes (Corning; Corning, NY) and cultured for 48 h for indirect co-culture experiments, or allowed to remain in direct co-culture throughout adipogenic differentiation. Lipid droplets from adipocytes in vitro were labeled with Oil Red O alone, or in combination with DAPI (Thermo Fisher Scientific, Waltham, MA) and AF488-phalloidin (Invitrogen, Carlsbad, CA) and analyzed as previously described (6). All cell culture reagents were acquired from VWR unless stated.



Total mRNA Extraction and Quantitative Reverse Transcriptase Polymerase Chain Reaction

Total RNA was harvested in QIAzol and prepared via Qiagen miRNEASY Kit with DNase On-column digestion (Qiagen; Hilden, Germany) according to the manufacturer’s protocol. Ribolock (1U/µl; Thermo Fisher Scientific) was added to inhibit RNA degradation in samples processed for microarray. mRNA was quantified and tested for quality and contamination using a Nanodrop 2000 (Thermo Fisher Scientific) and subjected to quality control minimum standards of 260/230 > 2 and 260/280 > 1.8 prior to downstream applications. qRT-PCR experiments were carried out as previously described (6). Ranges of Cq values utilized for qPCR experiments include human mesenchymal stem cells (hMSCs): ACTB (22.08–30.84), PPARG (25.80–34.45), CEBPA (27.62–35.03), FABP4 (22.30–39.51); mBMSCs: Actb (17.56–19.25), Pparg (23.48–25.71), Cebpa (24.44–27.8), Fabp4 (18.30–28.81), Cxcl1 (27.50–34.40), Cxcl2 (25.03–34.79), Il6 (32.46–37.57); 3T3L1: Actb (18.37–38.15), Pparg (22.39–39.05), Adipoq (21.09–38.30), Cxcl12 (19.45–37.30), Cxcl1 (27.79–39.36), Il6 (30.09–39.04).



3T3-L1 Gene Expression Assessed by Microarray

Total RNA (100 ng) was used for cRNA synthesis, prepared, and purified as previously described (22); 5.5 µg of fragmented single-strand cDNA (GeneChip ® WT PLUS reagent Kit) was purified, labeled, and hybridized prior to injection into Mouse Clariom S arrays, also as previously described (22). Arrays were placed in the Affymetrix® GeneChip® Hybridization Oven 645 and stained with the Affymetrix GeneChip® Fluidics Station 450 prior to scanning (7G Affymetrix GeneChip Scanner 3000). Raw data (Affymetrix CEL files) were imported into the Gene Expression Workflow (Partek Genomics Suite v. 6.17.0918, Partek, St Louis, MO) (GSE143269) and normalized prior to log2 transformation, and differential expression (DE) analysis, as previously described (22), except here a one-way ANOVA was utilized in the DE analysis and DE genes were defined based on an absolute fold change > 1.5 in combination with an unadjusted p-value of 0.05 or less.

Differential expression of functional groups was assessed through Pathway-ANOVA and GO-ANOVA analyses in Partek Genomic Suite, which utilized Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway and GO term databases, respectively. Both Pathway- and GO-ANOVA were performed on normalized expression data without filtering using the method of moments algorithm. Parameters for the Pathway- and GO-ANOVA analyses were configured such that only pathways with more than two and fewer than 500 genes are considered and only GO-terms with more than two and fewer than 100 genes were considered.

Normalized gene expression values were also subjected to a gene set enrichment analysis (GSEA) using the Java implementation from the Broad Institute (32). Array probe sets were collapsed into gene symbols for the analysis and the chip platform used for annotation was Clariom_S_Mouse.r1.chip available from the annotation directory within the GSEA software. Phenotype labels for treatment (the factor of interest) were “MM.1S” and “Control.” “Diff_of_Classes” was used as the gene ranking metric. Several Molecular Signatures Database Collections (MSigDB v6.1, Dec 2, 2017) were used to identify gene sets significantly enriched in MM.1S vs control cultures for both the preadipocyte and mature adipocyte experiments, including H (Hallmark), C2 (curated gene sets), and C5 (Gene Ontology, GO, gene sets), which contained 50, 3,689, and 4,429 gene sets respectively, when gene set size filters min=15 and max=500 were applied (33). Only those gene sets with a false discovery rate (FDR) < 25% were considered significantly enriched.



Analysis of External Multiple Myeloma-Mesenchymal Stromal Cells and Normal Bone Marrow-Mesenchymal Stromal Cells Dataset

Microarray gene expression data from Corre et al. (28) was accessed for MSCs derived from non-malignant, normal bone marrow (NBM; n=7) or multiple myeloma (MM; n=6) patient bone marrow. Differentially expressed (DE) genes were determined via unpaired, two-tailed t-test for each transcript (p<0.05). Gene relatedness was assessed with a tool for recurring instances of neighboring genes (STRING v11.0), input was limited to significant DE genes with a fold-change ≥|2| (34). Heatmaps were generated using the publicly available Morpheus data visualization tool through the Broad Institute (https://software.broadinstitute.org/morpheus/).



Analysis of p16 and p21 in Adipogenic Precursors and Adipocytes

Protein from cell lysates was extracted using RIPA buffer (Santa Cruz, 24948) and quantified using DC protein assay kit II (Bio-Rad, 5000112). Each sample was denatured in 4x laemmli buffer (Bio-Rad, 1610747) for 5 minutes at 95°C. Samples were run on 12% polyacrylamide gels (Bio-Rad, 5671043) and transferred onto PVDF membranes (Bio-Rad, 1704156). Primary antibodies anti-p16 (Abcam, ab108349; 5% milk in TBS-T, 3 days), p21 Waf1/Cip1 (Cell Signaling Technology, #2947; 5% BSA in TBS-T, 1 day) and β-tubulin (Cell Signaling Technology, #2146; 5% BSA in TBS-T, 1 day) were used at a 1:1,000 dilution with incubation at 4°C. HRP-linked anti-rabbit IgG (Cell signaling technology, #7074; 5% BSA in TBS-T) was used as the secondary antibody at a 1:5,000 dilution with incubation at 4°C for 24 h.



Analysis of Secreted Cytokines Following Exposure to Multiple Myeloma Cells

Cell culture conditioned media (CM) was collected from mature naïve adipocytes or MM-adipocytes in culture after 48 (mouse) or 72 (human) hours of incubation and frozen at −20°C. Secreted cytokines in the CM were quantified with either the Mouse Cytokine Array A (R&D; Minneapolis, MN) or the Human Cytokine Array (R&D) per the manufacturer’s instructions.



In Vitro Myeloma Cell Functional Characterization

Myeloma cell number was assessed using bioluminescence (MM.1S, OPM-2) or CellTiter-Glo (5TGM1, RPMI-8226; Promega, City, State). Cells were collected and stained with APC-Annexin V (BioLegend, San Diego, CA) and DAPI (Thermo Fisher Scientific, Waltham, MA) for apoptosis. For proliferation, cells were fixed in fixation buffer (BioLegend) prior to washing and staining with Alexa Fluor 647 anti-human Ki-67 antibody (BioLegend) prior to flow cytometry via MACSQuant Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany). A minimum of 10,000 events were captured and analyzed using FlowJo v.10.1 (Becton, Dickinson & Company, Ashland, OR).



Statistical Analysis

All graphs were created with GraphPad Prism (version 7); statistical significance was determined by using two-way ANOVA (multiple groups) or Student’s T-test (two groups) unless otherwise stated. For these tests, we made the assumptions that the data had a Gaussian distribution and that they meet the qualifications for a parametric test (normality, equal variance, and independence). All data are expressed as mean ± SEM. For more information, please reference Supplemental Methods. Statistical analyses for the microarray data were completed as outlined above.




Results


Multiple Myeloma Patient-Derived Mesenchymal Stromal Cells Exhibit Changes in Key Metabolic Genes

We began with a thorough analysis of the publicly available data from Corre et al. (28), investigating relative differences in the gene expression profiles in MSCs from normal bone marrow (NBM) and multiple myeloma (MM) patient bone marrow. We found 224 downregulated genes in MM-MSCs compared to NBM-MSC controls, and 183 of these genes were connected nodes in our gene network analysis (STRINGv11.0, Supplementary Figure 1A). In the significantly downregulated genes, we observed significant enrichment of transcripts encoding genes in the cellular differentiation pathway (GO:0030154; FDR<0.05) including the transcription factors forkhead box transcription factors A1 and M1 (FOXA1, FOXM1), pioneering transcription factors that can enhance or suppress the expression of differentiation and/or proliferation factors (35, 36) as well as lim homeobox 8 (LHX8), which is involved in the pro-osteogenic BMP signaling cascade (37). Nine genes specifically involved in osteogenesis were also significantly downregulated including collagen type XI alpha 1 chain (COL11A1), the BMP4 antagonist chordin like 1 (CHRDL1), insulin like growth factor 1 (IGF1), and asporin (ASPN) which binds collagen and calcium in cartilage, inducing cartilage mineralization. The leptin receptor (LEPR), a known regulator of osteogenic and adipogenic progenitors (38), was also significantly decreased in MM-MSCs compared to controls, suggesting that in addition to impaired osteogenic capacity, as previously described (28), adipogenic capacity may also be impaired in MM-MSCs.

We next created two clusters of transcripts involved in both the KEGG PPAR signaling pathway (Figure 1A) and the Hallmark adipogenesis gene set (Figure 2) to begin to specifically investigate the effects of MM exposure on lipid metabolism and metabolic homeostasis. Within the PPAR signaling pathway, we observed significantly altered expression of 14 transcripts (associated with nine genes) within this cluster (Table 1). Seven out of nine genes were downregulated, including fatty acid desaturase 1 (FADS1; Figure 1B, Supplementary Figure 1A) and fatty acid desaturase 2 (FADS2; Figure 1C), potentially representing a modulation of the processing of long-chain polyunsaturated fatty acids in MM-MSCs. MM-MSCs exhibited slight but significant increases in acetyl-coA acyltransferase 1 (ACAA1), acyl-CoA oxidase 1 (ACOX1), and acyl-CoA oxidase 2 (ACOX2), which are involved in fatty acid oxidation. These findings led us to hypothesize that MM cells modulate the metabolism of MSCs and may alter their adipogenic differentiation. As previously reported by Corre et al., we also confirmed >2 fold increases in two transcripts for angiopoietin like 4 (ANGPTL4; Figure 1D, Supplementary Figure 1B), the expression of which is responsive to peroxisome proliferation activators (28).




Figure 1 | Expression of genes encoding key metabolic proteins in myeloma patient mesenchymal stromal cells (MSCs). Expression of transcripts involved in PPAR signaling Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway (A), in MSCs derived from normal patient bone marrow (NBM) or myeloma patients (MM), graphically demonstrated using Morpheus software (The Broad Institute). Groups of down and upregulated genes can roughly be seen in the top and bottom boxed regions. Reduced gene expression of FADS1 (B) and FADS2 (C) and increased expression of ANGPTL4 (D). Analysis of publicly available data from Corre et al. 2007, Leukemia.






Figure 2 | Expression of genes encoding key adipogenic proteins in myeloma patient mesenchymal stromal cells (MSCs). Expression of transcripts included in the Hallmark Adipogenesis Gene Set, in MSCs derived from normal patient bone marrow (NBM) or myeloma patients (MM). Graphically demonstrated using Morpheus software (The Broad Institute). Analysis of publicly available data from Corre et al. 2007, Leukemia.




Table 1 | 14 Metabolic genes significantly altered in myeloma patient-derived mesenchymal stem cells (MM-MSCs).



By further examining genes that were significantly different (p<0.05) between MM and NBM-MSCs in the Corre dataset, we observed differential expression of 68 genes that are specifically upregulated during adipogenesis (Figure 2). The cluster of genes upregulated in MM-MSCs included acyl-CoA dehydrogenase long chain (ACADL)—a mitochondrial enzyme involved in fatty acid metabolism, as well as aldolase fructose-bisphosphate A (ALDOA), a glycolytic enzyme, suggesting that MM-MSCs burn rather than store more fatty acids than normal MSCs. ATP binding cassette subfamily A member 1 (ABCA1), a membrane-associated protein involved in cellular lipid removal, was also upregulated in MM-MSCs. The cluster of transcripts downregulated in MM-MSCs included metabolic enzymes 1-acylglycerol-3-phosphate O-acyltransferase 3 (AGPAT3), ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2), and dihydrolipoamide S-acetyltransferase (DLAT). Signal transducer and activator of transcription 5A (STAT5A), a key molecule involved in the signaling cascades triggered by many ligands including interleukins and growth hormones, was also downregulated in MM-MSCs compared to controls. Interestingly, key regulators of cell cycle and apoptosis were downregulated in MM-MSCs, including cyclin dependent kinase inhibitor 2C (CDKN2C), a cell cycle regulator that controls G1 progression, and programmed cell death 4 (PDCD4), which regulates proliferation by inducing cell cycle arrest at G1 (39). Overall, these data suggest that MM patient derived MSCs exhibit changes in key metabolic genes that may inhibit their ability to differentiate into adipocytes.

In a second study utilizing mesenchymal cells isolated from patient bone marrow biopsies (40), MM-MSCs exhibited differential expression profiles compared to ND-MSCs. The authors identified seventy-eight differentially expressed genes between MM- and ND-MSCs, with transcripts representing processes such as cell adhesion, cell cycle and proliferation, and transcriptional regulation. We utilized the data from this study to investigate functional enrichments and connectedness of the DE genes (Supplementary Figure 2). Our analysis revealed that 31 of the 78 genes (approximately 40% of the differentially expressed genes) were involved in the regulation of cellular metabolic process (GO:0031325), including a number of transcription factors (Supplementary Figure 2A) including nuclear receptor subfamily 1, group D, member2 (NR1D2), SRY-box transcription factor 9 (SOX9), nuclear receptor subfamily 2 group F member 1 (NR2F1), paired like homeodomain 2 (PITX2), and YY1 transcription factor (YY1). ENPP1 was also significantly decreased in MM-MSCs compared to controls (Supplementary Figure 2B), as we have highlighted above in the dataset from Corre et al. In addition, in this second study MM-MSCs exhibited significantly decreased expression of CCAAT enhancer binding protein alpha (CEBPA; Supplementary Figure 2B), which functions as a key early adipogenic transcription factor. In addition, SOX9 and MEIS1 were upregulated in MM-MSCs vs. NBM-MSCs (Supplementary Figure 2C), but the inactivation of these two factors have been linked to adipogenic differentiation (41). In addition, zinc finger protein 36 (ZFP36) and Salvador family WW domain containing protein 1 (SAV1), which have been linked to positive regulation of fat cell differentiation (GO:0045600) were also downregulated in MM-MSCs.



Primary Mesenchymal Stromal Cells From Mouse and Human Bone Marrow Exhibit Reduced Adipogenic Gene Expression Profiles During the Differentiation Process

To determine if the gene expression changes above translated to functional effects, we next tested our hypothesis that adipogenesis is inhibited in MM-MSCs by comparing the in vitro differentiation capacity of normal bone marrow (NBM) and myeloma donor (MM) MSCs (Figure 3A). While NBM-MSCs readily differentiated into adipocytes (Figure 3B), MM-MSCs exhibited diminished differentiation capacity (Figure 3C; Supplementary Figure 2A). Having observed phenotypic differences in differentiated MM-MSCs, we next tested their relative gene expression of key adipogenic transcripts by qRT-PCR and observed suppression of PPARG (Figure 3D), CEBPA (Figure 3E), and FABP4 (Figure 3F). These findings demonstrate significantly reduced adipogenic capacity of MM-MSCs compared to NBM-MSCs using patient stromal cells.




Figure 3 | Mesenchymal stromal cells (MSCs) derived from myeloma patients exhibit impaired adipogenic differentiation. Experimental design of MSC differentiation experiment (A). MSCs differentiated into adipocytes for 21 days from normal donor bone marrow (NBM-BMAds), (B), or myeloma patient bone marrow (MM-BMAds, (C) for 21 days; images taken at 20X, scale bars = 250 µm. PPARG (D), CEBPA (E), and FABP4 (F) expression are decreased at the end of the adipogenic differentiation period in adipocytes derived from myeloma patient MSCs (MM-BMAds), relative to normal donor controls (NBM-BMAds) (n=3); *p < 0.05.



This led to us to ask if MM cells themselves directly cause these alterations in MSCs, thus, we next tested the hypothesis that MM cells can directly induce changes in primary BM stromal cells with in vitro co-culture. Primary BM stromal cells from naïve mice (Supplementary Figure 2B) were exposed to MM.1S myeloma cells via transwell co-culture for 72 h prior to adipogenic differentiation (Figure 4A). Imaging after differentiation revealed significantly fewer lipid-containing adipocytes in cultures with MM pre-exposure, compared to controls (Figure 4B). Immediately after MM exposure (day 3), and 2 days later (day 5), mouse MSCs exhibited suppression of the key adipogenic transcription factor Pparg (Figure 4C) with slight, but non-significant suppression of both Cebpa (Figure 4D) and the mature adipocyte marker Fabp4 (Figure 4E). While expression levels of these adipogenic transcripts were reduced, the overall pattern of induction mirrored that of the control cells, suggesting that adipogenic differentiation was occurring at some capacity. These experiments support the hypothesis that MM cells induce rapid and long-lasting effects on adipocyte precursors, and that these effects are at least in part mediated through soluble molecules.




Figure 4 | Mouse bone marrow mesenchymal stem cells (BM-MSCs) exposed to multiple myeloma (MM) cells via indirect co-culture in vitro exhibit reduced adipogenesis. Experimental design of co-culture experiment (A). Images taken with 10X objective (scale bars = 500 µm) at terminal differentiation following pre-exposure (day 9; B). Pparg (C), Cebpa (D), and Fabp4 (E) expression as assessed by qRT-PCR is suppressed in mouse MSCs “pre-exposed” to myeloma cells in vitro for 72-h prior to differentiation (first dotted line indicates the end of pre-exposure and start of differentiation), and levels are slightly suppressed throughout differentiation (second dotted line represents day 2 of adipogenic differentiation) (n=3); *p ≤ 0.05.





Indirect Co-Culture with Myeloma Cells Results in Reduced Lipid Accumulation and Inhibition of Adipogenic Transcripts in Differentiating Mouse Preadipocytes

Having observed similar effects in primary human samples and in vitro with co-cultures, we next investigated MM-induced changes in adipogenic precursors using the 3T3-L1 murine preadipocyte cell line, to eliminate donor variability. We utilized multiple different experimental designs to characterize the effects of MM cells on 3T3-L1 cells (MM-3T3-L1s): pre-exposure of 3T3-L1 cells to MM cells for 2 days prior to differentiation (using direct or indirect co-cultures; Supplementary Figure 4A), and co-culture of 3T3-L1 cells with MM cells during differentiation (through exposure to MM conditioned media (MM-CM) during differentiation; Supplementary Figure 4B). 3T3-L1 preadipocytes exposed to MM.1S cells during differentiation exhibited significantly reduced lipid content in direct co-culture and this trend also seen in indirect co-culture (Figure 5A). Similarly, 3T3-L1 cells exposed to MM-CM during differentiation exhibited significantly reduced Pparg gene expression (Figure 5B), and adiponectin, Adipoq (Figure 5C) at day 14. Although we observed these reductions with MM co-culture, lipid accumulation did increase over the course of differentiation, and the expression of adipogenic transcripts was also turned on, suggesting that MM cells inhibit, but do not completely block adipogenesis.




Figure 5 | Adipogenic differentiation of 3T3-L1 preadipocytes is inhibited by MM.1S myeloma cells. 3T3-L1 adipocytes were assessed for Oil Red-O content either alone (control) or with exposure to MM.1S cells prior to differentiation process via indirect (+MM ID) or direct (+ MM D) co-culture (day 11). Lipid content is significantly reduced by MM.1S co-culture (indirect, MM ID; direct, MM D) during differentiation compared to 3T3-L1 cells on their own (CTRL); quantification of Oil Red-O staining (A). Expression of adipogenic transcripts Pparg (B) and Adipoq (C) are suppressed during differentiation in the presence of conditioned media from MM.1S cells; n=4. Significant differences in gene expression (p ≤ 0.05, FC |1.8|, red is upregulated, green is downregulated) in 3T3-L1 adipocytes exposed to myeloma cells for 48-h prior to differentiation as measured by microarray (D); control n=2, MM.1S n=3; *p < 0.05, **p < 0.01, ****p < 0.0001.



Indirect exposure of 3T3-L1 preadipocytes to MM.1S cells via transwell for 48 h prior to differentiation (Supplementary Figure 4A), revealed significant differences in the expression of 1287 total genes as assessed by microarray (Figure 5D). Of these, 105 transcripts were significantly upregulated (>1.5-fold, p<0.05; Supplementary Table 1) and 179 were significantly downregulated (<1.5-fold, p<0.05; Supplementary Table 2). Among them, we observed increased expression of interleukin-1-receptor- associated kinase 3 (Irak3) and lipocalin 2 (Lcn2) (Table 2; Supplementary Table 1), a small transport protein involved in the shuttling of small hydrophobic molecules. We also detected decreased expression of insulin growth factor (Igf2; Table 2; Supplementary Table 2), a growth factor which promotes subcutaneous preadipocyte differentiation (42). Also, of note, we detected significantly reduced expression of odd-skipped related 2 (Osr2), which has been linked to the control of BMP and semaphorin 3A (SEMA3A) signaling. Interestingly, Sema3a was also suppressed in MM-3T3-L1s (Table 2; Supplementary Table 2), and its expression is known to inhibit MM progression in mouse models (43). Overall, we have seen that MM cells reduce lipid accumulation and inhibit adipogenic transcripts in differentiating mouse preadipocytes.


Table 2 | Altered expression of transcripts in 3T3-L1 adipocytes with exposure to MM.1S cells.





Myeloma Cells Drive Aberrant Expression of Genes Involved in Critical Pathways in Mouse Adipocytes via Soluble Signals

Utilizing our indirect co-culture system with pre-exposure of 3T3-L1 cells to MM cells prior to differentiation (Supplementary Figure 4A), we next examined whether MM cells induce changes in major pathways when co-cultured with 3T3-L1 cells within the microarray data. The differential expression results from Pathway-ANOVA analysis of microarray data show several significantly enriched KEGG pathways including steroid biosynthesis and oxidative phosphorylation, cell cycle, DNA replication, and ubiquitin-mediated proteolysis (Table 3). Both the oxidative phosphorylation (Table 3) and glycolysis (not shown) KEGG pathways were enriched in 3T3-L1 adipocytes with pre-exposure to MM cells prior to differentiation, suggesting that exposure to MM-derived factors leads to metabolic dysfunction in preadipocytes and mature adipocytes. In addition to KEGG pathway analysis, we utilized normalized microarray data to perform gene set enrichment analysis (GSEA). While many signatures were not significant, GSEA analysis indicated significant enrichment (FDR<25%) in 14 out of 50 Hallmark gene sets (Table 4) including glycolysis (Figure 6A), fatty acid metabolism (Figure 6B), and mTORC signaling (Figure 6C).


Table 3 | Microarray data reveal key cellular Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways altered in response to multiple myeloma (MM) cell exposure.




Table 4 | Key gene sets revealed as altered in response to multiple myeloma (MM) cell exposure.






Figure 6 | Cellular metabolism and key signaling pathways are altered in myeloma-associated mouse adipocytes. 3T3-L1 adipocytes exposed to MM.1S prior to differentiation have altered expression of genes involved with glycolysis (A), fatty acid metabolism (B), and mTORC signaling (C) as determined via gene set enrichment analysis (GSEA) analysis of 3T3-L1 microarray data. Expression of genes involved in lipid metabolism and encoding essential growth factors are downregulated in MM-3T3-L1 adipocytes (D) as visualized by string-db analysis of 3T3-L1 microarray data (p < 0.05, FC<−1.5).



Within the 179 significantly downregulated genes (Supplementary Table 2) in MM-3T3-L1s (Figure 6D), we observed enrichment in sterol, lipid, and cholesterol metabolic processes by gene network analysis- including 27 genes specifically linked to lipid metabolic processes. Like our data from analysis of normal donor versus myeloma patient MSCs (Table 1), we again found that Fads1 and Fads2 were significantly downregulated in MM-3T3-L1s compared to controls. Additionally, the expression of the key enzymes fatty acid synthase (Fasn) and carnitine palmitoyltransferase 1a (Cpt1a) were both suppressed in adipocytes with MM pre-exposure demonstrating altered metabolic activity, with specific implications for fatty acid synthesis and β-oxidation.

By specifically examining the 103 significantly upregulated genes in 3T3-L1 adipocytes with prior exposure to MM cells, we further identified a network of genes with Il6 as a central node (Figure 7). Collectively, these genes are enriched for GO terms such as “cellular response to interleukin-1” (GO:0071347), “inflammatory response” (GO:0006954), and “response to tumor necrosis factor” (GO:0034612). These results suggest that 3T3-L1 adipocytes exposed to MM cells in their progenitor stage increase the expression of genes that produce inflammatory proteins known to modulate the bone marrow microenvironment, and many of these are known members of the senescence-associated secretory phenotype (SASP).




Figure 7 | Key signaling pathways are altered in myeloma-associated mouse 3T3-L1 adipocytes. Upregulated genes in MM-3T3-L1s are connected via the central node of Il6 as demonstrated graphically by string-db analysis of 3T3-L1 microarray data.





Multiple Myeloma Induces Expression of Key Transcripts Involved in the Senescence Associated Secretory Phenotype in Adipocyte Lineage Cells

Having obtained evidence that MM-3T3-L1s express genes encoding SASP proteins, we wanted to verify this in each of our cell types. We confirmed that Cxcl12 and two traditional SASP genes, Cxcl1, and Il6, were elevated in MM-3T3-L1s versus control 3T3-L1s by qRT-PCR (Figure 8A). To confirm the presence of elevated SASP transcripts in primary cells, we first utilized mouse MSCs pre-exposed to MM.1S cells. After 24 h of MM exposure, we observed extremely high expression of Cxcl1 (Figure 8B), Cxcl2 (Figure 8C), and Il6 (Figure 8D) which was not basally expressed in mouse BM stromal cells. Elevated expression of both Cxcl2 and Il6 were sustained in the pre-exposure group throughout adipogenic differentiation. Combined these data suggest that mouse adipocytes with prior exposure to MM soluble factors produce elevated SASP proteins, which would have profound effects on tumor cells and the bone marrow microenvironment.




Figure 8 | Exposure to myeloma cells prior to adipogenic differentiation induces SASP production in adipocyte precursors. 3T3-L1 cells exposed to MM.1S soluble factors during differentiation exhibit increased expression of: Il6, Cxcl1, and Cxcl12 after terminal differentiation (A). Mouse bone marrow MSCs were exposed to MM.1S cells in vitro for up to 72 h prior to adipogenic differentiation. Cells were harvested for RNA extraction after 24 (first dotted line), 48, and 72 (second dotted line; change to adipogenic media) hours of pre-exposure, and after the first treatment of adipogenic media (day 5). Cxcl1 (B), Cxcl2 (C), and Il6 (D) gene expression was quantified in mMSCs at each time point; n=3 per group, *p < 0.05, **p < 0.01. Reanalysis of previously published MSC gene expression data comparing bone marrow from normal donors (NBM) and myeloma donors (MM) examining the SASP gene cluster (E) data from Corre et al. 2007, Leukemia.; heatmap generated via Morpheus.



We next tested whether soluble factors from 5TGM1 murine myeloma cells have a similar effect on 3T3-L1 adipogenesis. Neither indirect pre-exposure to 5TGM1 cells prior to differentiation, or exposure to 5TGM1 soluble factors (conditioned media, CM) during differentiation resulted in phenotypic changes in 3T3-L1 adipocytes at terminal differentiation (Supplementary Figure 5A). Lipid content, as assessed via Oil Red-O staining and quantification, also was not significantly different (Supplementary Figures 5B, C). Exposure to 5TGM1 soluble factors CM (Supplementary Figure 5D), or with transwell indirect co-culture (Supplementary Figure 5E), also had no significant effects on in the secretion of over 40 cytokines, (including IL-6, CXCL1, and CXCL2), assessed via cytokine array; suggesting a differential effect of either myeloma cell line, or between species. To explore whether indirect co-culture with myeloma cells increases p16 or p21, commonly implicated in cellular senescence, NBM-MSCs were exposed to MM.1S and RPMI-8226 myeloma cells via transwell co-culture for 48 h prior to adipogenic differentiation (21 days). MSCs were harvested for total protein either immediately after co-culture, or at the end of the differentiation process. MM co-culture seemingly had very little effect on p16 or p21 in hMSCs compared to naïve (Supplementary Figures 6A, B), with no overall differences at the end of 21 days of adipogenic differentiation. p21 and p16 also increased in BMAT samples relative to MSCs, consistent with previous reports of PPARG stimulation of senescent markers (p16) expression (44).

In the patient dataset reanalysis (28), we compared MSCs from MM patients and from normal bone marrow (NBM), and observed significantly increased expression of 267 genes (Supplementary Figure 7), 36 of which encode secreted proteins (KW-0964; Table 5). These include key signaling molecules known to modulate the BM microenvironment including: C-C motif chemokine ligand 5 (CCL5), C-X-C motif chemokine ligand 8 (CXCL8/IL-8), platelet derived growth factor B (PDGFB), as well as transforming growth factors A and B (TGFA, TGFB). Secreted phosphoprotein 1 (SPP1) was also increased in MM-MSCs relative to NBM-MSCs, suggesting that myeloma MSCs may be similar to other types of cancer-associated stromal cells and adipocytes (45–47). In the DE genes reported by Todoerti et al. (40), only 21 genes were significantly upregulated in MM- vs. NBM-MSCs, which were predominantly enriched for factors involved in transcription, including YY1 which may regulate p16 expression (48) (Supplementary Figure 2).


Table 5 | Genes upregulated in myeloma patient-derived mesenchymal stem cells (MM-MSCs) compared to non-malignant bone marrow-MSCs (NBM-MSCs) that encode secreted proteins.



We further examined the expression of senescence-associated genes and observed a general trend for increased SASP gene expression (including CXCL1, CXCL2, and IL6) in MM-MSCs when compared to NBM-MSCs (Figure 8E) (28). Elevated expression of IL6 in MM-MSCs relative to normal donor MSCs was observed in an independent experiment utilizing nanostring gene expression data (~2.5-fold, data not shown), and has been previously reported (7, 30). Overexpression of SASP genes Interleukin 1 beta (IL1B) and serpin family E member 1 (SERPINE1) were also previously reported (28). Additionally, we found that cyclin dependent kinase inhibitor 2A (CDKN2A) and high mobility group AT-hook 2 (HMGA2) were significantly increased in MM-MSCs 2- and 2.4-fold respectively; these genes encode proteins involved in senescence-associated heterochromatin foci (GO:0035985; Supplementary Figure 7). In the Todoerti et al. dataset, MM-MSCs overexpressed NR2F1, a transcription factor that has been linked to increased expression of CXCL12 (49), however none of the signaling molecules listed above were included in the list of significantly different genes. In addition, among the downregulated genes were those associated with response to cytokine stimulus (GO:0071345), and the interferon signaling pathway (HSA-913531), suggesting that these processes are aberrant in MM-MSCs compared to NBM-MSCs, although the specific relationships remain unclear.

To specifically test whether MM cells can inhibit adipogenesis and promote expression of SASPs in hMSCs, we directly co-cultured NBM-MSCs with tumor cells prior to and during differentiation (Figure 9A). NBM-MSCs were exposed directly to MM.1S, RPMI-8226, and OPM-2 cells for 48-h prior to the initiation of differentiation. At day 0 of differentiation, the co-culture media was removed, and cells were washed gently prior to the addition of fresh adipogenic differentiation media which was changed 1–2 times weekly until day 18 at which time conditioned media was collected from the co-cultures and cells were fixed and stained for analysis (Figure 9B). We found that direct co-culture with MM.1S resulted in no net change in lipid content, while RPMI-8226 tumor cells a slight, non-significant decrease on lipid accumulation or content as evidenced by fluorescent microscopy and quantified by Oil Red-O elution (Figure 9C). However, co-culture with OPM-2 resulted in severe decreased adipogenesis as evidenced by the lack of full-fledged lipid laden adipocytes (Figure 9B, bottom left) and significantly reduced Oil Red-O content (Figure 9C). In conditioned media from MM.1S+BMAT co-cultures, we were unable to detect any differences in 36 different cytokines (Figure 9C). However, we observed increased inflammatory cytokines in the conditioned media of RPMI-8226 and OPM-2 co-cultures (Figure 9C), with significant differences in CXCL1 (OPM-2 only), ICAM-1, and IL-8 and trends for increased IL-6 and PAI-1 (SERPINE1).




Figure 9 | Direct co-culture of human mesenchymal stem cells (hMSCs) with myeloma cells reveals cell-line specific effects on lipid accumulation and cytokine production. Experimental design of co-culture experiment (A) where multiple myeloma (MM) cells (MM.1S, RPMI-8226, OPM-2) were added 2 days prior to the start of differentiation. Myeloma cells were allowed to persist during differentiation with adipogenic media. Fresh adipogenic media was incubator for 72 h prior to the collection of conditioned media. Conditioned media was collected and cells were fixed and stained on day 18 of differentiation, a few days prior to terminal differentiation. Adipocytes were fixed, stained (phalloidin=green, Oil Red-O=red, DAPI=blue), and imaged with a 10X objective after differentiation and co-culture with or without myeloma cells (B); images are from one hMSC donor, but are representative of n=3 donors. Lipid content was assessed by Oil Red-O staining, elution, and quantification (C). Cytokines were assessed in conditioned media by human cytokine array (R&D) (D); n=3 donors for each condition (control=naïve, +MM.1S, +OPM-2, +RPMI-8226). Significance was assessed via two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Interestingly, we detected different responses of the myeloma cells to BMAT differentiation media (Supplementary Figure 8A), with severe reduction in MM.1S cell number (Supplementary Figure 8B), proliferation (Supplementary Figure 8C), coupled with high levels (~80%) of apoptosis (Supplementary Figure 8D). Conversely, OPM-2 cells were largely unaffected by the BMAT differentiation media, with a slight but significant reduction in cell number (Supplementary Figure 8E), coupled with minimal reductions in proliferation (Supplementary Figure 8F) and apoptosis (Supplementary Figure 8G). Treatment of RPMI-8226 cells with BMAT differentiation media resulted in an approximate 50% reduction in cell number (Supplementary Figure 8H), no effect on proliferation (Supplementary Figure 8I), with a moderate increase in apoptosis (Supplementary Figure 8J). The experimental design of this direct co-culture experiment therefor investigated the pre-exposure of MSCs (MM.1S), as well as co-culture with low (RPMI-8226), and high (OPM-2) levels of tumor cells throughout the differentiation process. This data could, in part, explain the differing levels of adipocyte differentiation and/or lipid accumulation, and its correlation with the production of SASPs, if these processes are tied to tumor cell presence, but cannot be teased apart from cell-line specific signals that might be involved in altering adipogenesis. Combined these results suggest that MM cells are likely inducing senescence in cells within the marrow niche including both adipocytes and their precursors (MSCs), which has implications for tumor cell proliferation and survival.




Discussion

In this study, we demonstrate that exposure to myeloma cells modulates adipocyte progenitors by altering adipogenic differentiation capacity, skewing metabolism-related transcripts, and increasing the expression of inflammatory cytokines. Our data build on what is known in the field of myeloma, to demonstrate that preadipocytes that are exposed to soluble MM-derived factors are phenotypically altered. Overall, these data support the interpretation that MM cells modulate adipocytes and their precursors by inducing senescence, and stimulating production of MM-supportive cytokines and other factors that likely contribute to “the vicious cycle” (2) of bone destruction and release of growth factors fueling myeloma cells in the bone marrow.

Corre and colleagues determined that MM-MSCs exhibit extremely different expression profiles from NBM-MSCs (28). Among the upregulated genes highlighted in these findings were factors that promote lipolysis, ANGPTL4 (50), growth differentiation factor 15 (GDF15) (51), and known SASPs IL1B and SERPINE1. This study also detected downregulation of chemokine C-X-C motif ligand 12 (CXCL12, SDF1) and insulin-like growth factor 1 (IGF1), and aberrant expression of genes encoding molecules involved in WNT signaling Dickkopf homolog 1 (DKK1) and WNT1 inducible signaling protein 1 (WISP1) (28). By relaxing the stringency of our reanalysis, we were able to detect additional differences in gene expression (p<0.05; FC>|2|), confirm diminished expression of osteogenic-related transcripts and growth factors, and further identify FADS1 and FADS2 as being elevated in MM-MSCs. The downregulation of these enzymes in MM-MSCs would likely manifest in an altered portfolio of long-chain fatty acids available to the cell, which has been tied to both osteogenic (52) and adipogenic differentiation (53). In breast cancer cells, FADS1/2 have also been linked to inflammation via their production of arachidonic acid (54), suggesting that their suppression in MM-MSCs may be linked to an anti-inflammatory response linked to increased cytokine signaling (55).

While we did observe some changes in transcript expression related to PPAR signaling, no significant differences were detected in PPARG or CEBPA/CEBPB, suggesting that MM-MSCs were not committed to adipogenesis, although trends for low-level elevated expression were observed in two independent datasets. Our data suggest that while these genes can be turned on in MM-MSCs during in vitro differentiation, traditional adipogenic differentiation is inhibited. Our findings are consistent with single cell qRT-PCR analysis of normal MSCs exposed to myeloma cells, which exhibit trends for suppression of LEPR and PPARG (26). In addition, a second dataset comparing gene expression in MM- to NBM-MSCs demonstrated significant reductions in CEBPA, SOX9, MEIS1, ZFP36, and SAV1—all of which have been linked to the promotion of adipogenic differentiation (40), supporting our hypothesis that adipogenesis is likely suppressed in MM-MSCs.

An increased number of preadipocytes within the marrow of myeloma patients has been reported, as well as supportive effects of preadipocytes and adipocytes on MM cells (8). Studies utilizing conditioned media from 3T3-L1 preadipocytes and mature adipocytes specifically highlighted a recruitment/pro-migration role for mature adipocytes, and a proliferative effect of preadipocytes on MM cells (8). These findings implicate adipocyte-lineage cells as a source of chemokines that drive myeloma bone marrow homing (8). A recent study demonstrated that BMAds from myeloma patients are reprogrammed to produce adipokines that stimulate osteoclastogenesis and suppress osteoblastogenesis (27). Our studies build on these findings by highlighting both similar and new chemokines produced by uncommitted MSCs, differentiating MSCs, and committed adipocytes, and recapitulate their production after MM exposure. Within our reanalysis of the data from Corre et al., we uncovered significantly decreased expression of FOXA1, a transcription factor whose suppression in cancer stem cells has been tied to increased IL6 expression (56). We hypothesize that a similar mechanism is controlling expression of IL6 in MM-MSCs, and potentially other SASP proteins. We specifically highlight SASP-related transcripts encoding inflammatory cytokines in each of our adipocyte-lineage experiments and demonstrate that the induction of these transcripts is sustained after differentiation. In addition, we found that direct co-culture of hMSCs with two myeloma cell lines prior to and during adipogenic differentiation resulted in increased secretion of CXCL1/GRO, IL-8, and ICAM-1 in co-culture conditioned medium samples. We also observed complete inhibition of adipogenic differentiation with OPM-2 co-culture.

Interestingly, direct co-culture with MM.1S myeloma cells, did not inhibit adipogenesis and resulted in no significant changes in secreted cytokines. A recent study by Liu et al. (57) directly co-cultured hMSCs with MM.1S cells and characterized their gene expression profiles and adipogenic differentiation capacity. After 48 h of direct co-culture, myeloma cells were removed, and single cell RNA sequencing (scRNA-seq) was used to demonstrate a shift in the gene expression profile of MSCs cultured with MM.1S cells, including enrichment of the adipokine signaling pathway. They also demonstrated impaired mineralization with osteogenic differentiation (as assessed with alizarin red staining) and elevated Oil Red O staining in MSCs previously cultured with MM.1S cells compared to naïve MSCs (57). Similar findings were also observed with ARP-1, U266, and RPMI-8,226 cells. These findings are consistent with the data presented in our current study, which utilizes a slightly different experimental design, and demonstrates no negative effect in Oil Red O staining in adipocytes directly co-cultured with either MM.1S cells or RPMI-8226 cells. Liu et al. demonstrate that MM.1S and ARP-1 cells stimulate PPARG in MSCs via a protein kinase C-mediated mechanism that is triggered by the binding of integrin-α4 on myeloma cells to VCAM1 on MSCs (57).

We also build on the findings of Liu et al. (57), by providing evidence that direct co-culture with OPM-2 myeloma cells eliminates or prevents adipogenic differentiation of hMSCs. The experimental design of our direct co-culture experiments differs from the study by Liu and colleagues (57), as myeloma cells were allowed to persist in culture during the adipogenic differentiation process. We observed adverse effects of the adipogenic differentiation media on the tumor cells themselves, with a severe reduction of MM.1S cells (coupled with a high level of apoptosis), a moderate reduction of RPMI-8226 cells (moderate apoptosis), and a slight reduction of OPM-2 cells (low apoptosis) after a 72-h culture. This suggests that MM.1S cells were not likely to persist throughout the adipogenic differentiation process in the co-culture system, while OPM-2 cells remained and interacted with MSCs throughout the duration of the experiment. Indeed, we observed complete inhibition of the presence of lipid laden adipocytes in OPM-2 hMSC co-cultures, and significantly elevated levels of the SASPs, GROα (CXCL1), IL8, and CD54 (ICAM-1), in the culture media. Elevated levels of IL-6 and SDF-1 (CXCL12) protein were also detected, although these were not significant by two-way ANOVA. Interestingly, hMSCs differentiating with RPMI-8226 in direct co-culture were able to differentiate into lipid-laden adipocytes and expressed significantly more CD54 (ICAM-1) and IL-8, and slightly more PAI-1 (SERPINE1), SDF-1, MCP-1 (CCL2), and GROα. Further investigation is required to determine whether the differences observed in direct co-culture with these three cell lines is cell-line specific, or dependent on the absence/presence of MM cells during differentiation.

Our findings are consistent with previous reports of myeloma “primed” MSCs differentiated into adipocytes such as the Mehdi et al. study that demonstrated MSC-MM co-culture for 3 days suppressed adipogenic differentiation and reduced the overall size and lipid content of those adipocytes (26). In patient samples, the authors suggest that production of small, immature IGFBP2+ adipocytes is negatively correlated with disease progression- suggesting that myeloma inhibits the formation of these cells, or that these cells are somehow utilized during MM progression (26). In 3T3-L1 adipocytes, we observed a slight, non-significant increase in Igfbp2 expression after a two-day exposure to MM cells by indirect co-culture. The authors did report an increase in genes associated with senescence in MM patient MSCs, consistent with our findings, and adding strength to a potential role of SASPs in myeloma disease progression (31). Indeed, two key risk factors for myeloma—aging (58) and obesity (12)—have been shown to increase senescence in the bone marrow, suggesting that targeting senescent cells via senolytic therapies (59) may be beneficial in myeloma treatment.

We see a number of ways in which our work could translate to the clinic. First, as mentioned above, targeting senescent cells using senolytic treatment may remove senescent, myeloma-associated bone marrow adipocytes (31), or pre-adipocytes, as shown here, from the microenvironment. New ways to remove senescent cells are being developed in the field of aging, such as quercetin or dasatinib + quercetin, and the role of local senescent cells in tumor growth is becoming increasingly evident in a variety of cancers (60). The field of senotherapeutics is burgeoning and senolytics as well as senomorphics, which act to interfere with a specific senescence pathway in order to restore the appropriate cellular function, may prove useful in cancer treatment. Interestingly, dormant myeloma cells themselves (61), or MGUS (monoclonal gammopathy of undetermined) cells may also be removed through targeting senescent cells, as Weivoda et al. have recently suggested at the ASBMR, 2020 annual meeting. Others have also seen that other types of tumor cells can express senescent genes and are sensitive to senolysis (60). Overall, targeting senescence clinically may be a new means by which to target the tumor cells and the host microenvironment simultaneously.

Moreover, targeting SASPs and other factors from myeloma-associated adipocytes is another potential way to translate our findings to the bedside. For example, targeting IL6 (e.g., Johnson and Johnson’s drug sirukumab), or the IL6 receptor (e.g., Regeneron’s sarilumab) could be tailored perhaps by using BMAT biomarkers (62), knowing now that BMAds, especially myeloma-associated adipocyte lineage cells, are a source of IL6. Better alignment with patient populations for enhanced precision medicine could also be considered based on our data, for therapies targeting the CXCL12/CXCR4 axis, such as the CXCR4 inhibitor AMD3100 (plerixafor) (63), or the CXCL12 antagonist NOX-A12 (64). Our data may also help explain the ability of treatment with plerixafor to overcome bortezomib resistance and mobilize stem cells and immune cells, which was recently reported in a phase I/II trial (65), by providing new insight into the players in the bone marrow niche involved in this pathway. Interestingly, new data in vitro has shown that SDF-1α stimulation of CXCR4 on MM cells may up-regulate the expression of IL-6 through the activation of the PI3K/AKT, suggesting that the IL6 and CXCR4/CXCL12 pathways overlap in MM cells (64). Overall, our study provides insight into the mechanism of action of drugs targeting the CXCL12/CXCR4 axis, the IL6/IL6R axis, or other SASP protein signaling pathways in MM, and suggests that targeting proteins identified herein may lead to new therapeutic avenues.

In conclusion, our studies demonstrate that adipocyte-lineage cells are dramatically altered by MM cells. MSCs exposed to myeloma-derived soluble factors exhibited reduced differentiation capacity, and elevated expression of senescence-related transcripts including MM-supportive Il6/IL6. Mouse preadipocytes exposed to MM.1S myeloma cells can differentiate, but accumulate less lipid and exhibit aberrant gene expression, including upregulation of key SASP genes; however this was not observed with exposure to 5TGM1 murine myeloma soluble factors. Direct co-culture of hMSCs with human myeloma cell lines revealed extreme differences in the effects of myeloma cells on adipogenic differentiation, with an increase in adipogenesis observed in response to MM.1S co-culture, and an inhibitory response observed in response to OPM-2 co-culture, which stimulated SASP production. The induction of SASP gene expression by MM cells in adipocyte lineage cells underlines the importance of future studies to examine whether SASPs promote MM tumor initiation, disease stage transition, or resistance to traditional chemotherapies. Moreover, the myeloma-derived factors that induce senescence and modulate adipogenesis and in pre-adipocytes should be explored in future experiments. Our studies indicate that myeloma cells induce senescence in adipocyte-lineage cells and add to the building knowledgebase that SASP proteins are involved in MM pathogenesis.
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Diffuse large B-cell lymphoma (DLBCL) is an extremely heterogeneous tumor entity, which makes prognostic prediction challenging. The tumor microenvironment (TME) has a crucial role in fostering and restraining tumor development. Consequently, we performed a systematic investigation of the TME and genetic factors associated with DLBCL to identify prognostic biomarkers for DLBCL. Data for a total of 1,084 DLBCL patients from the Gene Expression Omnibus database were included in this study, and patients were divided into a training group, an internal validation group, and two external validation groups. We calculated the abundance of immune–stromal components of DLBCL and found that they were related to tumor prognosis and progression. Then, differentially expressed genes were obtained based on immune and stromal scores, and prognostic TME‐related genes were further identified using a protein–protein interaction network and univariate Cox regression analysis. These genes were analyzed by the least absolute shrinkage and selection operator Cox regression model to establish a seven-gene signature, comprising TIMP2, QKI, LCP2, LAMP2, ITGAM, CSF3R, and AAK1. The signature was shown to have critical prognostic value in the training and validation sets and was also confirmed to be an independent prognostic factor. Subgroup analysis also indicated the robust prognostic ability of the signature. A nomogram integrating the seven-gene signature and components of the International Prognostic Index was shown to have value for prognostic prediction. Gene set enrichment analysis between risk groups demonstrated that immune-related pathways were enriched in the low-risk group. In conclusion, a novel and reliable TME relevant gene signature was proposed and shown to be capable of predicting the survival of DLBCL patients at high risk of poor survival.
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous tumor entity with a striking degree of genetic and clinical heterogeneity. Although more than half of DLBCL patients may achieve long-term remission, the disease remains a major clinical challenge, with approximately 30% of patients not being cured (1, 2). The heterogeneity of the tumor, in particular, poses a major barrier to understanding the genetic basis of the disease and its response to therapy (3). Therefore, there is an urgent need to identify new individual prognostic and risk-stratified biomarkers.

In recent years, the role of the tumor microenvironment (TME) in tumorigenesis has gradually been discovered (4). Studies have revealed that tumor cells are targets of the immune system in the early stages of tumor development; however, over time, these cells begin to resist the innate immune response and then gradually weaken and adapt to it (5–7). Thus, a better understanding of the interactions between the TME and the immune response may provide new approaches to improve the efficiency of current immunotherapies, especially immune checkpoint inhibitor and chimeric antigen receptor (CAR) T cell therapies (8). Several studies have considered the latent role of the TME in the occurrence and development of DLBCL, but their results were controversial (9).

In the era of rituximab and immunotherapy, the ability of the International Prognostic Index (IPI) to predict the prognosis of individual DLBCL patients has decreased (10). A better understanding of the interactions between the TME and IPI scores may provide new approaches to improve response rates to current treatment strategies. Thus, incorporating a prognostic factor from the TME into the existing IPI system would help greatly in the development of prognostic stratification of DLBCL. Here, we propose a compound prognostic nomogram combining a TME-related prognostic model with clinical features. This approach provides a basis for better understanding the molecular mechanisms underlying the prognoses of DLBCL patients.



Materials and Methods


Data Sources

Gene expression profiling and clinical data of patients with DLBCL were obtained from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). Data series were downloaded in a normalized expression matrix file format and were used directly for the analyses. Patients in the GSE31312 dataset were randomly divided into a training group (N = 282) and an internal validation group (N = 188) in a 6:4 ratio. In addition, two DLBCL microarray datasets were used for validation, including 414 DLBCL patients from the GSE10846 dataset and 200 DLBCL patients from the GSE11318 dataset.



Generation and Analysis of ImmuneScore, StromalScore, and ESTIMATEScore

The ESTIMATE (Estimation of STromal and Immune cells in MAlignant Tumors using Expression data) package in R version 3.6.3 was used to evaluate the abundance of immune and stromal components of the TME from expression data (11). We obtained three scores, ImmuneScore, StromalScore, and ESTIMATEScore, which respectively represent the immune abundance, the stromal abundance, and the sum of both in the TME; for instance, a higher ImmuneScore means a higher abundance of immune components in the TME.



Identification of Differentially Expressed Genes

To obtain DEGs between high- and low-scoring samples, microarray data from GEO were analyzed using NCBI GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/). 470 patients with GSE31312 were divided by the median of ImmuneScore (StromalScore), and the high and low ImmuneScore (StromalScore) groups were obtained, respectively. Based on comparisons of the high- and low-scoring groups, Adj. P <0.05 and fold change >1.05 were set as the thresholds for DEG identification to obtain differential immune and stromal genes. We then took the intersection of immune differential genes and stromal differential genes. The DEGs were visualized using heatmaps (https://software.broadinstitute.org/morpheus/) and Venn plots (http://bioinformatics.psb.ugent.be/webtools/Venn/).



Functional Enrichment Analyses

DAVID (https://david.ncifcrf.gov/summary.jsp), an online tool for gene functional enrichment, was used for gene ontology (GO) analysis (with respect to cellular component, molecular function, and biological process) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the 183 DEGs shared between the ImmuneScore groups and the StromalScore groups. The results were displayed using the ggplot2 R package. P <0.05 was considered statistically significant.

Gene set enrichment analysis (GSEA) was performed using the gsea-4.0.3 software downloaded from https://www.gsea-msigdb.org/gsea/index.jsp to explore whether immune pathways were significantly different between the high-risk and low-risk groups.



Protein–Protein Interaction Network Construction and Univariate Cox Regression Analysis

The PPI network was obtained from the STRING database (https://string-db.org/) and reconstructed with version 3.7.2 of Cytoscape. Univariate Cox analysis of overall survival (OS) was used to determine the relationships between expression of 183 DEGs and prognosis. In order to obtain the most critical and meaningful genes to construct the model, we used a method from Bi et al. (12) to further screen the genes. In the PPI network, we kept the core gene located in the center by eliminating genes with fewer peripheral nodes. In univariate Cox regression, the smaller the p-value, the more significant the prognosis. Therefore, the sharing factors between the degree of the nodes ≥3 in PPI and the p <0.0001 of univariate Cox regression analysis were carried out.



Generation of the Risk Prediction Model

The training dataset GSE31312 was used to establish the TME risk model. The R package “glmnet” was used for least absolute shrinkage and selection operator (LASSO) Cox regression analysis. A risk formula for predicting prognosis was established by LASSO Cox regression analysis. Then, we calculated the individualized risk score of each patient by dividing all patients into high-risk and low-risk groups using the median risk score as the cut-off value. Kaplan–Meier survival analysis and log-rank test were used to evaluate the difference in OS between the high- and low-risk groups. Time-dependent receiver operating characteristic (ROC) curves were plotted to evaluate prognostic value (13). The analysis was performed using SangerBox (http://sangerbox.com/Tool).



Univariate and Multivariate Cox Regression for IPI Components and the Seven-Gene Signature

To assess whether the risk prediction model could be used as an independent prognostic indicator for DLBCL patients, univariate and multivariate Cox regression analyses were performed with SPSS 26.



Construction and Validation of the Nomogram

A nomogram integrating IPI components and the seven-gene model was established based on the GSE31312 cohort to assess the probability of 1-, 3-, and 5-year individualized OS via the rms R package (https://cran.r-project.org/web/packages/rms/). In addition, the discriminatory ability of the nomogram was graphically evaluated using a calibration map.



CIBERSORT and Tumor-Infiltrating Immune Cell Profile

We used the CIBERSORT computational method to estimate the abundance distribution of TICs in GSE31312. The abundance of 22 immune cells was detected by t-test to observe the differences among risk groups. All analyses were performed with R (version 3.6.3, https://www.r-project.org/).




Results


Identification of Scores Associated With Survival and Clinical Features

The clinical information of DLBCL patients from the GSE31312, GSE10846, and GSE11318 datasets is summarized in Table 1. To determine the correlations of ImmuneScore, StromalScore, and ESTIMATEScore with clinical features of DLBCL, clinical data from the GSE31312 dataset were analyzed. As shown in Figure 1A, the high-scoring group had longer OS than the low-scoring group for ImmuneScore, StromalScore, and ESTIMATEScore. Significant differences in ImmuneScore, StromalScore, and ESTIMATEScore were found at different stages of DLBCL by Kruskal–Wallis rank sum test (Figure 1B). On average, stage IV ranked the lowest among all stages with respect to ImmuneScore, StromalScore, and ESTIMATEScore (Figure 1B). Moreover, the scores showed a negative correlation with IPI scores by Kruskal–Wallis rank sum test (Figure 1C). Taken together, these results show that the immune and stromal components of the TME are related to prognosis and progression of DLBCL.


Table 1 | The clinical characteristics of the DLBCL patients from GEO.






Figure 1 | Relationship of scores with the survival and important clinical factor of patients with DLBCL. (A) Kaplan–Meier analysis for DLBCL patients grouped by ImmuneScores, StromalScores and ESTIMATEScore, and the differences between the two curves were determined by the logrank test. (B) The distribution of ImmuneScores, StromalScores and ESTIMATEScore in stages using Kruskal–Wallis rank sum test. (C) The distribution of ImmuneScores, StromalScores and ESTIMATEScore in IPI scores using Kruskal–Wallis rank sum test.






DEGs and Enrichment Analysis

To gain insight into the role of the TME in DLBCL, we divided patients into high-scoring and low-scoring groups according to the median ImmuneScore (StromalScore). The number of patients in the high ImmuneScore group who also had a high StromalScore group was 147, and the number of patients in the low ImmuneScore group who also had a low StromalScore group was also 147. Therefore, 294 patients had consistent ImmuneScore and StromalScore subgroups, representing 62.5% of all patients (Supplementary Table S1). We next investigated the changes in immune (or stromal) score-related DEGs between high-scoring and low-scoring samples. A total of 865 ImmuneScore-related DEGs were identified among which 836 genes were upregulated and 29 genes were downregulated (Figure 2A). Similarly, there were 597 StromalScore-related DEGs, including 569 upregulated and 28 downregulated genes (Figure 2A). A Venn diagram was used to depict the co-up/downregulated genes associated with the different score groups (N = 183, Figure 2B, Supplementary Table S2). Enrichment analyses showed that these DEGs were related to immune-related GO terms, including immune response and informatory response (Figure 2C, Supplementary Table S3). KEGG pathway analyses also indicated that the genes were mainly involved in cytokine-cytokine receptor interaction pathways (Figure 2D, Supplementary Table S3).




Figure 2 | Heatmaps, Venn plots, and enrichment analysis. (A) The DEGs heatmaps are obtained by comparing the high score group and the low group in Immunescores and Stromalscores. (B) Venn diagram shows that there are 181 co-up-regulated gene and 2 co-down-regulated genes. (C, D): GO (C) and KEGG (D) analysis for 183 TME-related DEGs. number: Number of genes enriched. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.




Sharing of PPI Network and Univariate Cox Regression

A total of 183 DEGs were used to construct the PPI network, which is shown in Figure 3A. Univariate Cox regression was performed on 183 genes, and the genes with p <0.0001 were selected (Figure 3B). Then, intersection analysis was performed between the degree of the nodes ≥3 in the PPI and p <0.0001, resulting in 18 overlapping genes (Figure 3C).




Figure 3 | The sharing of PPI Network and Univariate COX Regression. (A) 183 TME-related DEGs were used to construct PPI network. (B) 183 DEGs was analyzed by univariate cox analysis, selecting the top significant factors with p < 0.0001. (C) 18 factors of overlap are obtained by venn map. PPI, Protein–protein interaction network.





Construction of a Risk Prediction Model Based on the TME

According to the characteristics of variable selection and regularization, LASSO Cox regression was used to determine the optimal weight coefficient for the prognostic TME-related genes. Using one standard error of the best penalty parameter λ value and 1,000-fold cross-validation (Figure 4A), we obtained a seven-gene prognostic signature from the 18 genes identified above (Figure 4B). The left line indicated the optimal values by λ.min criteria (Figure 4B). Then, coefficient values were extracted, and the coefficients of the seven genes were multiplied by their mRNA expression levels to calculate individual risk scores using the following formula: Risk score = the mRNA expression level of CSF3R*(−0.06993781) + the mRNA expression level of QKI*(−0.76400334) + the mRNA expression level of LAMP2*(−2.14079252) + the mRNA expression level of TIMP2*(−0.98332426) + the mRNA expression level of LCP2*(−1.23980147) + the mRNA expression level of AAK1*(−0.46856491) + the mRNA expression level of ITGAM*(−0.20720812). Patients from the training group were divided into high-risk and low-risk groups based on the median risk score. The distributions of risk scores, survival status, and expression levels in the training set are presented in Figure 4C. Time-dependent ROC curve analysis showed that during 1-, 3-, and 5-year follow-up, the area under the curve (AUC) values were 0.71, 0.68, and 0.67 (Figure 4D). Survival analysis showed that patients in the high-risk group had significantly shorter median OS compared with the low-risk group (hazard ratio (HR) = 4.63; 95% confidence interval (CI) = 2.85–7.54; p < 0.0001; Figure 4E).




Figure 4 | Construction of the prognostic signature. (A, B) Using 18 genes to perform a LASSO COX regression (A) and obtaining the seven-gene prognostic signature (B). (C) The distribution of risk scores, the survival status of patients, and expression levels in training set were presented. (D) The time-dependent ROC curve and AUC of the signature. (E) Kaplan–Meier plots of overall survival between high- vs low-risk groups in training set by the logrank test. LASSO, Least absolute shrinkage and selection operator; ROC, Receiver operating characteristic curve; AUC, Area under curve.





Internal Validation of our Signature in GSE31312 Cohort

To verify the robustness of the seven-gene prognostic signature, we used the signature to calculate individual risk scores and divided patients from the GSE31312 cohort into high-risk and low-risk groups using the same cutoff value determined in the training set. The distributions of risk scores, survival status, and expression levels were consistent with those obtained in the training set (Supplementary Figure S1A). The verification results demonstrated that the AUC values were 0.71, 0.68, and 0.61 during 1-, 3-, and 5-year follow-up, respectively (Supplementary Figure S1B). The prognosis of the low-risk group was significantly better than that of the high-risk group (HR = 4.1; 95% CI = 2.3–7.33; p = 0.001; Supplementary Figure S1C). Finally, we also applied the seven-gene signature to all GSE31312 samples and found that the relationships between the distributions of risk scores, survival status, and expression levels were again consistent with those obtained in the training set (Supplementary Figure S2A). Time-dependent ROC curve analysis showed that in predicting 1-, 3-, and 5-year OS, the AUC values were 0.71, 0.68, and 0.65, respectively, indicating an acceptable degree of distinction (Supplementary Figure S2B). Similarly, the prognosis of the low-risk group was significantly better than that of the high-risk group (HR = 4.45; 95% CI = 3.07–6.47; p < 0.0001; Supplementary Figure S2C). Thus, the model effectively provided prognostic classifications within the GSE31312 dataset.



External Validation of our Signature in GSE10846 and GSE11318 Cohorts

The seven-gene prognostic signature was validated in the GSE10846 and GSE11318 datasets. The results are presented in Figure 5 as Kaplan–Meier curves. Consistent with the above findings, there were significant differences in survival outcomes among different risk groups in both GSE10846 (HR = 1.96; 95% CI = 1.42–2.7; p < 0.0001; Supplementary Figure S1D) and GSE11318 (HR = 1.66; 95% CI = 1.14–2.42; p = 0.008; Supplementary Figure S1E). Thus, the signature was predictive in both internal and external datasets.




Figure 5 | Validation of seven-gene signature in significant clinical subgroups. (A, B) Kaplan–Meier plots of overall survival between high and low risk groups in ABC subtype (A) and GCB subtype (B) by the logrank test. (C, D): Kaplan–Meier plots of overall survival between high- and low-risk groups in stages I–II (C) and III-IV (D) by the logrank test. (E, F) Kaplan–Meier plots of overall survival between high- and low-risk groups in IPI<2 (E) and IPI≥2 (F) by the logrank test.





Validation of the Seven-Gene Signature Using Clinical Parameters and Patient Outcomes

To further understand the relationship between the seven-gene signature and other clinical data, including pathologic subtype, clinical stage, and IPI score, we performed survival analysis using clinical parameters. The results demonstrated that low-risk patients had significantly favorable OS compared to high-risk patients with the activated B-cell-like (ABC) subtype of DLBCL (p = 0.0014; HR = 2.04; 95% CI = 1.31–3.19; Figure 5A). Similar results were obtained in germinal center B-cell-like (GCB) patients (p < 0.0001; HR = 2.85; 95% CI = 1.7–4.48; Figure 5B). An analogous result was also obtained in patients at different stages; the low-risk group had a favorable prognosis compared with the high-risk group (Figures 5C, D). Moreover, patients in the low-risk group had significantly favorable OS compared with high-risk patients in both the IPI<2 group and the IPI≥2 group (Figures 5E, F). These results demonstrate the independent predictive ability of our signature in clinical applications.



Univariate and Multivariate Cox Regression for IPI Components and the Risk Prediction Model

To evaluate whether the risk prediction model could be used as an independent prognostic index for DLBCL patients, analyses were performed to identify the factors affecting the prognosis of DLBCL patients. These analyses were performed only on the datasets that included clinical IPI components data (GSE31312 and GSE10846), and the results showed that the seven-gene signature was an independent prognostic factor in these datasets (Table 2).


Table 2 | Univariable and multivariable Cox regression analysis in DLBCL.





Construction and Validation of the Nomogram

A nomogram was established to forecast 1-, 3-, and 5-year survival based on IPI components and the seven-gene model (Figure 6A). The nomogram demonstrated that high total points predicted worse survival. The calibration chart showed an acceptable agreement between the predicted survival rate and the actual survival rate, indicating that our proposed nomogram has stability in predicting DLBCL patient prognosis in clinical practice (Figures 6B–D).




Figure 6 | A nomogram Based on the seven-gene prognostic signature. (A) Construction of a nomogram to forecast 12-, 36-, and 60-month survival by the IPI components & the seven-gene model. (B–D) The calibration chart shows that the predicted survival rate is consistent with the actual survival rate for 12 months (B), 36 months (C), and 60 months (D). IPI, International Prognostic Index.





Immune-Infiltrating Cells and GSEA in Different Groups

In order to further verify the relationship between TME and DLBCL, we used CIBERSORT to analyze the proportions of 22 immune-infiltrating cells in GSE31312 samples between different risk groups. Figure 7A shows the compositions of immune cells in 470 patients, and Figure 7B shows the differences in the proportion of each immune cell type between the high-risk and low-risk groups. The results showed that 12 types of immune-infiltrating cells were correlated with the risk group. Specifically, the proportions of naïve B cells, memory B cells, regulatory T cells, resting natural killer (NK) cells, and monocytes were significantly higher in the high-risk group compared with the low-risk group, whereas the proportions of CD8+ T cells, activated CD4+ memory T cells, gamma delta T cells, activated NK cells, M1 macrophages, M2 macrophages, and neutrophils were significantly lower (Figure 7B). These results further confirmed that the prognostic signature was related to the immune activity of the TME. GSEA was used to probe the potential mechanism for the two risk groups to identify the enriched KEGG pathway. Two immune-related pathways were enriched in the low-risk group: intestinal immune network for IgA production and primary immunodeficiency diseases (Figures 7C, D), and the rest of the enrichment results are shown in the Supplementary Figure S1. The immune pathway of the intestinal immune network for IgA production is associated with central deficits in the pathogenesis of the disease (14). Primary immunodeficiency is a pathway associated with primary immunodeficiency (15). These results suggest that the prognosis of DLBCL may be closely related to immune regulation in the TME.




Figure 7 | Immune-Infiltrating Cells and GSEA in Difference of Groups. (A) The landscape of immune cell infiltration of DLBCL patients in GSE31312. (B) the difference of 22 immune-infiltrating cells in GSE31312 samples among risk groups. (C, D) GSEA was performed between high-risk and low-risk groups based on the seven-gene signature. (*p < 0.05; **p < 0.01; ***p < 0.001).






Discussion

DLBCL is characterized by a heterogeneous tumor entity with variable therapeutic outcomes. Risk stratification and prognosis of DLBCL patients remain challenges for clinicians and researchers (1, 16). In the rituximab era, IPI, R-IPI, and NCCN-IPI risk scores are calculated using easily obtained clinical features that are part of standard diagnostic procedures. However, all three scoring systems fail to identify a very high-risk group with long-term OS clearly below 50% (10). Moreover, the progression of a tumor is affected not only by its intrinsic characteristics but also by the extrinsic TME. Immune system accumulation and immune cell infiltration could have a profound impact on carcinogenesis and prognosis (17). There is also increasing evidence that the microenvironment has an important role in predicting tumor progression and prognosis (17, 18). Consequently, screening for a gene prognostic signature that adequately reflects the TME would be of great significance for individualized prevention and treatment of DLBCL patients (16, 19). In this study, we established seven prognostic gene markers which robustly and reliably predicted an individualized immune prognostic model for DLBCL patients on the basis of immune genes. The seven-gene prognostic signature was combined with IPI components to build a composite prognostic nomogram, which was capable of accurate prediction and showed positive net benefit in DLBCL.

The seven genes in our signature were TIMP2, QKI, LCP2, LAMP2, ITGAM, CSF3R, and AAK1. Although these genes are differentially expressed in immune cells or stromal cells, the expression of these genes in normal germinal center B cells and in a subset of DLBCL is uncertain, and our sequencing data comes from tumor tissues, so we cannot distinguish whether the expression level is caused by stromal or tumor components. High expression of TIMP2 has been reported to inhibit matrix metalloproteinases to produce anti-tumor activity (20). TIMP2 was also demonstrated to interact with multiple integrin pathways and is involved in angiogenesis in gastric cancer (21). LCP2 encodes a protein of 533 amino acids that participates in T cell activation and increases the activity of the IL-2 gene promoter through its transient overexpression (22). High expression of LCP2 is associated with better outcomes in DLBCL patients (17, 18). CSF3R is closely related to prognosis of patients with chronic neutrophilic leukemia or atypical chronic myeloid leukemia and thus represents a potentially useful criterion for disease diagnosis (23). QKI gene encodes an RNA-binding protein that regulates the functions of diverse mRNAs, which play critical parts in tumorigenesis through inactivation of tumor suppressor genes in multiple tumors (24, 25). LAMP2 is essential for maintaining the structural integrity of the lysosomal compartment and relocalizes to the cell surface of some highly metastatic tumor cells. LAMP2 has been functionally validated as an essential mediator of drug resistance and tumor recurrence in hematological diseases (26–28). ITGAM and AAK1 have not been previously reported to be related to cancer, and our study is the first to suggest that they could be used as new prognostic markers of DLBCL. Furthermore, the GSEA results showed that enrichment of the seven-gene signature was significantly correlated with immune-related signaling pathways, indicating that this model has potential clinical applications in predicting survival outcomes of patients.

Zamani-Ahmadmahmudi et al. constructed an independent seven-gene prognostic signature that could distinguish low-risk patients with DLBCL from high-risk ones (29). In our study, we not only constructed a risk prediction model for the prognosis of DLBCL patients, but we also explore the relationship between TME and DLBCL. The results showed that immune and stromal components in the TME were negatively correlated with the prognosis of DLBCL patients. Our TME-related seven-gene prognostic signature was shown to have strong predictive power and to represent an independent prognostic factor. In the era of immune targeting, distinguishing high-risk patients from the perspective of TME can inform clinical decisions and lead to better outcomes.

Although our TME-based prognostic model was shown to predict tumor prognosis in a large sample, this study had some limitations. First, owing to the retrospective design and the unavailability of control group samples in the GEO databases, the results were biased to some extent. Thus, a well-designed, prospective, international, multicenter clinical trial is needed to verify our findings in the future. In addition, further functional research is warranted to explore the molecular functions of the identified immune genes during DLBCL progression.

In conclusion, we established for the first time a TME-related prognostic signature in DLBCL patients, which is a promising prognostic model when combined with clinical IPI components. The results presented here not only help to clarify immune responses in the DLBCL microenvironment but also indicate new clinical applications for immune therapy and individualized therapy in patients with DLBCL.
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Supplementary Figure 1 | Validation of the prognostic signature. (A) The distribution of risk scores, the survival status of patients, and expression levels in internal validation set were presented. (B) The time-dependent ROC curve and AUC in internal validation set. (C) Kaplan-Meier plots of overall survival between high- vs low-risk internal validation groups by the logrank test. (D) Kaplan–Meier plots of overall survival between high- and low-risk groups in GSE10846 by the logrank test. (E) Kaplan–Meier plots of overall survival between high- and low-risk groups in GSE11318 by the logrank test. ROC, receiver operating characteristic curve; AUC, area under curve.

Supplementary Figure 2 | Validation of the prognostic signature in all GSE31312 tumor samples. (A) The distribution of risk scores, the survival status of patients, and expression levels were presented. (B) The time-dependent ROC curve and AUC in all GSE31312 patients. (C) Kaplan–Meier plots of overall survival between high- and low-risk groups in GSE31312 by the logrank test. ROC, receiver operating characteristic curve; AUC, area under curve.

Supplementary Table 1 | ImmuneScores, StromalScores, and ESTIMATEScore.

Supplementary Table 2 | The list of 183 DEGs.

Supplementary Table 3 | The results of the gene enrichment analysis.

Supplementary Picture 1 | GSEA enrichment results.
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Although the “seed and soil” hypothesis was proposed by Stephen Paget at the end of the 19th century, where he postulated that tumor cells (seeds) need a propitious medium (soil) to be able to establish metastases, only recently the tumor microenvironment started to be more studied in the field of Oncology. Multiple myeloma (MM), a malignancy of plasma cells, can be considered one of the types of cancers where there is more evidence in the literature of the central role that the bone marrow (BM) microenvironment plays, contributing to proliferation, survival, migration, and drug resistance of tumor cells. Despite all advances in the therapeutic arsenal for MM treatment in the last years, the disease remains incurable. Thus, studies aiming a better understanding of the pathophysiology of the disease, as well as searching for new therapeutic targets are necessary and welcome. Therefore, the present study aimed to evaluate the protein expression profiling of mononuclear cells derived from BM of MM patients in comparison with these same cell types derived from healthy individuals, in order to fill this gap in MM treatment. Proteomic analysis was performed using the mass spectrometry technique and further analyses were done using bioinformatics tools, to identify dysregulated biological pathways and/or processes in the BM microenvironment of patients with MM as a result of the disease. Among the pathways identified in this study, we can highlight an upregulation of proteins related to protein biosynthesis, especially chaperone proteins, in patients with MM. Additionally, we also found an upregulation of several proteins involved in energy metabolism, which is one of the cancer hallmarks. Finally, with regard to the downregulated proteins, we can highlight mainly those involved in different pathways of the immune response, corroborating the data that has demonstrated that the immune system of MM is impaired and, therefore, the immunotherapies that have been studied recently for the treatment of the disease are extremely necessary in the search for a control and a cure for these patients who live with the disease.
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Introduction

Multiple myeloma (MM) is a hematologic malignancy of post-germinal center plasma cells, characterized by the infiltration of these tumor cells in the bone marrow (BM), presence of clonal immunoglobulin in the blood and/or urine of most patients, and damage to target tissues and organs, including bone lesions, hypercalcemia, kidney failure and anemia, and an increased risk of infections (1, 2). MM accounts for approximately 1% of all cancer cases and 10% of hematologic malignancies, being the second most common hematological malignancy after lymphomas (3). Over 30,000 new patients are diagnosed in the United States each year (4). The average age at diagnosis is 70 years and only 2% of patients are less than 40 years of age at diagnosis (4), which makes this disease attractive to study the interactions among tumor immunology, immunosenescence and aging, since the majority of the new cancer cases are diagnosed in people aged above 60 (4).

MM etiology is unknown, but aging and life exposure to cancer risk factors, including environment exposure to carcinogens, such as radiation, might contribute to MM development (5). Men are slightly more affected than women (4), Afro-descendants are twice as affected compared to Caucasians (4), and almost all cases of MM evolve from a premalignant condition called monoclonal gammopathy of undetermined significance (6, 7).

The treatment of MM has evolved markedly over the past few years, especially due to the introduction of high-dose of melphalan followed by autologous stem cell transplantation for eligible patients, and the introduction of immunomodulatory drugs such as thalidomide and lenalidomide, and proteasome inhibitory molecules such as bortezomib (8). More recently, several new drugs have been approved, including new immunomodulators (pomalidomide) and proteasome inhibitors (carfilzomib, ixazomib), improving the risk-benefit profile of these classes of therapies (9). Besides, monoclonal antibodies (anti-CD38 and anti-SLAMF1) was also introduced in the therapeutic MM armament, and an inhibitor of the histone deacetylase enzyme (panobinostat) (9).

These new molecules had a major impact on the survival of patients and currently younger individuals diagnosed with MM can have an average survival of ten years (10). New approaches involving immunotherapies such as CART (chimeric antigen receptor T)-cells or bi-specific antibodies (BiTEs) are underdevelopment, although they will not be available for the majority of patients worldwide (11). However, although all this progress has occurred with the expansion of the therapeutic arsenal, most patients will relapse one or more times over the course of the disease and, eventually, will become refractory to treatments available. Therefore, MM remains an incurable disease and further studies are needed to better elucidate the pathophysiology of the disease, as well to discover new potential therapeutic targets and surrogate biomarkers.

With regard to the pathophysiology of MM, BM tumor microenvironment plays a central role during disease development, and in its maintenance and progression (12). A growing body of evidence has shown that this tumor microenvironment, consisting of cellular and non-cellular elements, differs in its composition when comparing MM patients and healthy individuals (13). Regarding the cellular elements, we can highlight the mesenchymal stem cells (MSC), which have the capacity of self-renewal and differentiation in several cell types such as fibroblasts, osteoblasts, adipocytes, chondrocytes, among others (14). Through direct and indirect communication with tumor plasma cells, MSC promote their proliferation, survival, migration and drug resistance (15). Additionally, several studies, including one conducted by our group, have shown that MM MSCs differ in several aspects, including, gene expression and functional changes, in comparison to their normal counterparts derived from BM of healthy individuals (16). Other cell types are also very important to MM progression, including myeloid derived immunosuppressive cells (MDSCs), T cells, NK cells, dendritic cells, macrophages, osteoclasts and osteoblasts (13). These cells contribute to the maintenance of a tolerogenic microenvironment in BM, favoring the evasion of the immune system by tumor plasma cells. Besides, the imbalance of proliferation, differentiation and function of osteoblasts and osteoclasts are one of the most important factors for the formation of bone lesions in these patients. With regard to the non-cellular elements of the tumor microenvironment, we can mention cytokines, chemokines, growth factors and exosomes, which favor the progression of the disease, in addition to an altered composition of the extracellular matrix, which also contributes to the pathophysiology of MM (13).

Among the current therapies approved for MM, some of them also have effect on the tumor microenvironment mentioned above (17). Thus, for a better understanding of the biology of the disease and the search for new therapies, studies on the BM microenvironment of these patients are extremely relevant. In this context, proteomic studies are a very interesting approach to characterize the protein expression profiling of these cells from MM compared to BM cells from healthy individuals. In addition, evidences from the literature show that proteomic analysis gives a high confident picture of proteins differentially expressed, when compared with gene expression analysis (18).

Therefore, the present study aimed to evaluate the protein expression profiling of cells derived from BM of MM patients in comparison with these same cell types derived from healthy individuals, in order to search for potential new therapeutic targets and surrogate biomarkers, as well as to better understand the pathophysiology of the disease.



Casuistic and Methods


Ethical Aspects

This study was approved by the Institutional Review Board from Federal University of São Paulo (CAAE: 07297019.9.0000.5505). BM samples from MM patients and healthy donors were obtained after written informed consent forms by participants or legal representative, according to Helsinki Declaration and local regulations.



Subjects

Eight newly diagnosed patients with MM (and without any previous treatment for the disease) were successfully enrolled in this study and allocated in the case group. Six young healthy individuals (BM donors for allogeneic stem cell transplantation) not matched by age or gender were also enrolled in this study and allocated in the control group.



Bone Marrow Samples and Sorting of Mesenchymal Stem Cells and Mononuclear Cells

BM samples from newly diagnosed MM patients (n=8) and healthy donors (n=6) were harvested from iliac crest, through core biopsy marrow aspiration. Then, BM mononuclear cells were isolated by density gradient, using Ficoll-Paque PLUS (GE Healthcare, Little Chalfont, Bucks, GBR) and following the manufacturer’s instructions. Firstly, plasma cells were sorted by Magnetic-Activated Cell Sorting (MACS) methodology, using CD138+ as a positive marker (Miltenyi Biotec, Bergisch Gladbach, DEU). These cells were analyzed in another study from our group (19). Then, MSC were isolated, using CD105+ as a positive marker. Due to the low number of these cells, both in patients’ and controls’ BM, they were expanded in vitro according to the protocol described in Fernando et al. (16), n=4 for each group. Finally, the flow through, i.e., the BM mononuclear cells depleted of plasma cells (CD138+) and MSC (CD105+) were frozen in liquid nitrogen for the following experiments. In this study, we named these cells as mononuclear cells (MC)CD138-CD105-.



MSC Characterization

After MSC in vitro expansion, we characterized the MSC according to the protocol described in Fernando et al. (16). In summary, positive markers CD105, CD90 and CD73, and negative markers CD45, CD34, CD14, and HLA-DR were tested by flow cytometry. In addition, the osteoblastic differentiation capacity of these cells was also evaluated, by measuring the osteocalcin protein produced by these cells and secreted in the culture medium supernatant on days 7, 14 and 21, during the stimulus that favors the differentiation of them into osteoblasts. The Human Osteocalcin Quantikine ELISA kit (R&D Systems, Minneapolis, MN, USA) was used to perform this analysis, according to the manufacturer’s instructions. All MSC from both groups used for characterization and submitted to mass spectrometry were between passages 2 to 5 of cell culture.



Protein Extraction and Quantification

We pooled the samples from each group in order to obtain the required amount of protein to perform the mass spectrometry experiment. Therefore, we obtained 1) a pool from MCCD138-CD105- (n=8) and 2) a pool from MSC (n=4), all derived from MM patients, i.e., four MM patients had both the MCCD138-CD105- and the MSC analyzed by mass spectrometry; and 3) a pool from MCCD138-CD105- (n=6) and 4) a pool from MSC (n=4), all from healthy donors (HD), i.e., four HD had both the MCCD138-CD105- and the MSC analyzed by mass spectrometry. Protein extraction and quantification were performed using the Pierce Surface Protein Isolation kit and the Pierce 660 nm Protein Assay, respectively (Thermo Scientific, Rockford, IL, USA), following the manufacturer’s instructions.



Mass Spectrometry Analyses

The proteins (30μg) were reduced (5 mM dithiothreitol, 25 min at 56°C), alkylated (14 mM iodoacetamide, 30 min at room temperature in the dark), and digested with trypsin (Promega). The resulting peptides were submitted to desalting using C-18 solid phase extraction cartridges (Sep-Pak® Vac tC18 cartridge 3cc/100mg, Waters) and resuspended in dissolution buffer of iTRAQ 4-plex kit. The samples were labeled following the manufacturer’s instructions: MM-MCCD138-CD105- was labeled with the 117 isobaric tag and the HD-MCCD138-CD105- with the 116. As each sample was evaluated in a technical replicate, they were also marked with the other isobaric tag, i.e., the cells from MM patients with the tag 116 and the controls with tag 117. The same rationale was used for MM-MSC and HD-MSC labeling, but, in this case, isobaric tags 114 and 115 were used.

The resulting peptide mixture (5 μg) was analyzed on an ETD enabled LTQ Velos Orbitrap mass spectrometer (Thermo Fisher Scientific) coupled with LC-MS/MS by an EASY-nLC system (Proxeon Biosystem) through a Proxeon nanoelectrospray ion source. Peptides were separated by a 2-90% acetonitrile gradient in 0.1% formic acid using an analytical column PicoFrit Column (20 cm x ID75 μm, 5 μm particle size, New objective) at a flow rate of 300 nL/min over 180 min. The nanoelectrospray voltage was set to 2.1 kV and the source temperature was 275°C. All instrument methods for the LTQ Velos Orbitrap were set up in the data dependent acquisition mode of HCD fragmentation. The resolution in the Orbitrap system was set to r= 60,000 and the 5 most intense peptide ions with charge states ≥ 2 were sequentially isolated to a target value of 50,000 and fragmented in HCD with normalized collision energy of 40% with the resolution in the Orbitrap system was set to r= 7,500 for MS/MS. The signal threshold for triggering an MS/MS event was set to 80,000 counts and activation time of 0.1 ms was used. Dynamic exclusion was enabled with exclusion size list of 400 and exclusion duration of 60 s, and repeat count of 2.

Peak lists (msf) were generated from the raw data files using Proteome Discoverer version 1.3 (Thermo Fisher Scientific) with Sequest search engine and searched against NCBI database IPI Human v3.86 (IPI Human: 91,522 sequences; 36,630,302 residues, release July 2011) with carbamidomethylation (+57.021 Da), peptide N-terminus and lysine side chains with iTRAQ as fixed modification, oxidation of methionine (+15.995 Da) and tyrosine residues with iTRAQ as variable modifications, one trypsin missed cleavage and a tolerance of 10 ppm for precursor and 0.02 Da for fragment ions.

To ensure that only one PSM per spectrum is used for protein grouping it was applied strict maximum parsimony principle to protein grouping. Protein identifications were accepted if they contained at least one identified peptide. The peptides were filtered using cutoffs to obtain a false discovery rate less than 1%. For reporter ion identification, it was chosen the most confident centroid, which is almost always the largest peak inside the integration window because of the small inclination of the Gaussian curve in the 1-sigma interval. For reporter ion quantification, the validation step ensures that only peptides that have one of the specified reporter labels as a modification are considered for protein quantification and the protein ratios are calculate by the median of the peptide ratio. The mass spectrometry raw data are available via ProteomeXchange with identifier PXD019126.



Bioinformatics and Statistics Analyses Workflow

In order to identify the differentially expressed proteins (DEP), we have established the following cut-off criteria: since we had to combine the samples into pools, this prevented a previous statistical analysis; therefore, the criteria used were the exclusion of the proteins that had no expression in the technical replicates and, arbitrarily, the fold-change values of 1.5 for the upregulated proteins and of 0.6 for the downregulated ones. In order to guarantee that there was no great variability among technical replicates, the coefficients of variation (CV) of the protein expression values were calculated and the CV cut-off criteria less than 15% was established to consider a DEP consistent. After identification of the DEP, we performed the bioinformatics analyses in order to extract relevant biological information from these proteins. The construction of the protein-protein interaction network and the subsequent analyzes were carried out separately for up and downregulated proteins, using the STRING tool, version 11.0 <https://string-db.org>. Then, the proteins that have no connection in the network were removed, and we performed the enrichment analyses to look for overrepresented biological function and pathways from GO (Gene Ontology) (20, 21) and KEGG (Kyoto Encyclopedia of Genes and Genomes) databases (22–25), respectively. P-value was adjusted for multiple comparisons by the FDR method (26) and values less than 0.05 was used as cut-off criteria to consider a category as significantly enriched. Finally, the function of the most relevant proteins was manually searched in the databases Gene <https://www.ncbi.nlm.nih.gov/gene>, from NCBI, and in the Gene Cards <https://www.genecards.org>, and we also made comparisons with data from previous transcriptomic and proteomic studies of our group, looking for possible overlapping of DEP. All graphs in this study, except for protein-protein interaction networks generated with the aid of STRING and Venn diagram generated with the help of <http://bioinformatics.psb.ugent.be/webtools/Venn/>, were constructed using the GraphPad Prism software version 8.0.




Results


Subjects

The clinical and laboratory characteristics of MM patients enrolled in this study (n = 8) are shown in Table 1. All patients were classified as advanced-stage MM according to the Durie & Salmon (27) and/or International Staging System criteria (28). Most were male (75%) and the median age at diagnosis was 68.5 years.


Table 1 | Clinical and laboratorial characteristics of MM patients included in the study at diagnosis (N = 8).





MSC Isolation, Expansion, and Characterization

In vitro expansion of MSCs was successfully performed in four MM patients and four HD. MSC from both groups were positive for the markers assessed (CD105, CD90, and CD73), and negative for the markers (CD45, CD34, CD14, and HLA-DR), and there was no difference between groups (Supplementary Figures 1 and 2). After in vitro induction for osteoblastic differentiation, it was also possible to detect osteocalcin in the medium of cell culture, and there were no difference among MM-MSC and HD-MSC in this parameter (data not shown, 16). Therefore, there were no differences between groups with regard to immunophenotype and osteoblastogenic potential after in vitro expansion.



Protein Isolation, Quantification, and Mass Spectrometry Analyses

As described in the methodology, in order to obtain the protein concentration required for performing mass spectrometry analyses, the samples were pooled. Between MCCD138-CD105-, the protein concentrations from cases and controls were 67 and 99 μg, respectively, whereas between the MSC, the concentrations were 90 and 69 μg for cases and controls, respectively. 30 μg of protein from each group was used for iTRAQ kit labeling.



Bioinformatic Analyses

Our study found 75 differentially expressed proteins (DEP) between MM-MCCD138-CD105- and HD-MCCD138-CD105-, being 66 upregulated and nine downregulated. Regarding MM-MSC and HD-MSC comparison, our work found 14 DEP, being 12 upregulated and two downregulated. As mentioned in the methods, we chose CV values less than 15%, among technical replicates, to consider a DEP as consistent. With regard to both comparisons, 80% of the total DEP were consistent according to our cut-off. Detailed information on the up and downregulated proteins derived from both comparisons, can be seen in the supplementary material (Supplementary Tables 1 and 2) and in the Table 2.


Table 2 | MM-MSC and HD-MSC comparisons detected 14 differentially expressed proteins, being 12 upregulated and two downregulated.



Figures 1 and 2 show the protein-protein interaction networks for the up and downregulated proteins, respectively, between the MC of MM patients in comparison with the controls. Regarding MSC, due to the low number of DEP identified, we did not build the protein-to-protein interaction network for this comparison.




Figure 1 | Protein-protein interaction network in MM- MCCD138-CD105- vs. HD-MCCD138-CD105-: upregulated proteins. Nodes represent proteins and edges represent protein-protein associations. Node color: colored nodes and white nodes represent, respectively, query proteins and first shell of interactions, and second shell of interactions. Node content: empty and filled nodes represent, respectively proteins of unknown 3D structure, and some 3D structure is known or predicted. The edges are composed of known interactions, predicted interactions, among other forms of interaction, including co-expression. (STRING https://string-db.org/).






Figure 2 | Protein-protein interaction network in MM-MCCD138-CD105- vs. HD-MCCD138-CD105-: downregulated proteins. Nodes represent proteins and edges represent protein-protein associations. Node color: colored nodes and white nodes represent, respectively, query proteins and first shell of interactions, and second shell of interactions. Node content: empty and filled nodes represent, respectively proteins of unknown 3D structure, and some 3D structure is known or predicted. The edges are composed of known interactions, predicted interactions, among other forms of interaction, including co-expression. (STRING https://string-db.org/).




MM-MCCD138-CD105- vs. HD-MCCD138-CD105-

We identified 68 biological processes of GO significantly unregulated between patients and controls (FDR <0.05). As the number of biological processes in the GO found was high, we chose to graphically represent only those with the highest level of significance (FDR <0.001), resulting in 24 processes (Figure 3A). Among the upregulated processes, we highlight three in particular - 1) Energy metabolism: which represented about 40% of the total proteins identified, including pathways related to cellular respiration and ATP synthesis (e.g.: “GO:0042776 mitochondrial ATP synthesis coupled proton transport”; “GO: 0046034 ATP metabolic process”; “ GO:0022904 respiratory electron transport chain”), oxidation reactions (e.g.: “GO:0015980 energy derivation by oxidation of organic compounds”; “GO:0055114 oxidation-reduction process”), and catabolic processes (e.g.: “GO:0009056 catabolic process”; “GO:0044248 cellular catabolic process”; “GO:1801575 organic substance catabolic process”), among others. 2) Cellular localization: representing about 13% of undetected processes, mainly pathways related to protein localization in specific regions of cells, such as “GO:0070972 protein localization to endoplasmic reticulum”. 3) Protein synthesis: approximately 20% of the total upregulated proteins found were related to protein synthesis, ranging from translation (e.g.: “GO:0006412 translation”, “GO:0006415 translational termination”), to protein folding, such as “GO:0006457 protein folding”, and “GO:0061077 chaperone-mediated protein folding”. We also identified seven biological pathways from the KEGG database significantly overrepresented (Figure 3B), in line with the GO biological processes, with emphasis on the following pathways: “protein processing in endoplasmic reticulum” and “ribosome” (both related to protein biosynthesis), and “oxidative phosphorylation”, “fatty acid degradation”, and “metabolism pathways “(all of them related to energy metabolism). In addition, we also identified an overlap of 24 upregulated DEP proteins from this study, compared to the data from our 2015 study (19), where we evaluated the protein expression of tumor plasma cells versus plasma cells from healthy donors (Figure 5).




Figure 3 | MM-MCCD138-CD105- vs. HD-MCCD138-CD105- upregulated proteins. – (A) KEGG enriched pathways (B) GO enriched biological processes.



Regarding downregulated proteins, we identified 27 significantly enriched biological processes. We chose to represent in Figure 4A, only the biological processes with the highest level of significance (FDR <0.01), resulting in 14 biological pathways. Most of the biological processes found by our study were related to the immune response, including the innate immune response, such as “GO:0070488 neutrophil aggregation”, “GO:0045087 innate immune response”, “GO:0030593 neutrophil chemotaxis”, among others. We also find fewer processes related to cell death, such as “GO:0010941 regulation of cell death”, “GO:0042981 regulation of apoptotic process”, and processes related to zinc ion homeostasis, including “GO: 0006882: cellular zinc ion homeostasis”. Finally, with regard to the biological pathways of the KEGG database, we found only one significantly enriched pathway “proteasome” (Figure 4B). Two downregulated proteins participate in this pathway: subunits 1 and 2 of the proteasome activator complex.




Figure 4 | MM-MCCD138-CD105- vs. HD-MCCD138-CD105- downregulated proteins. – (A) KEGG enriched pathways (B) GO enriched biological processes.





MM-MSC vs. HD-MSC

We found 14 DEP among the MSC of patients with MM compared to their normal counterpart from HD, being 12 upregulated and two downregulated (Table 2). Mainly due to the low number of DEP, no significantly enriched process or biological pathway was found in the GO and KEGG databases. Thus, we manually evaluated the 14 DEP through searches in the literature. In line with the results of the MC, among the upregulated proteins, some of them were involved in energy metabolism, such as glyceraldehyde-3-phosphate dehydrogenase, transaldolase 1, and pyruvate kinase M1/2, demonstrating a possible importance of the energy metabolism pathways in the pathophysiology of the disease. One upregulated protein that deserves to be highlighted is protein S100-A11. It is a member of S100 calcium-binding protein family, participating in the regulation of several cellular processes, including - but not limited to - cell cycle progression and differentiation. It has also been described in different types of cancer, playing an important role in tumorigenesis and metastasis. Another upregulated protein worth mentioning is calnexin. It is a protein that belongs to the calnexin family of molecular chaperones and plays an important role in the correct folding of proteins. Additionally, the upregulation of the proteasome subunit alpha type-1, which is a component of the proteasome complex and involved in the proteolytic degradation of intracellular proteins, has already been described in the literature in tumor plasma cells and may appear as a mechanism of resistance of these cells to effect of the proteasome inhibitor bortezomib. Finally, the RAB7A protein, member of the RAS oncogene family, was also upregulated in MM-MSC. It participates in several cellular processes, being able to perform its role as oncosuppressor or oncogenic.





Discussion

The tumor microenvironment is extremely important for the development, maintenance and progression of different types of cancer, being MM one of the malignancies where its essential role has been demonstrated by several independent studies (12, 13). Despite its importance in the pathophysiology of MM, the BM tumor microenvironment of MM patients is still not so much studied. MSC are considered the most relevant player and, as a result, are the most studied cell type (29–33). However, other cell types present in BM, including lymphocytes, monocytes, dendritic cells, among others, also play an important role in the disease progression. Thus, this study aimed to analyze these cells more deeply, through a proteomic and bioinformatic analyses, in order to better understand their proteome expression profiling, aiming to identify DEP that may serve as potential biomarkers/therapeutic targets, and/or further elucidate the pathophysiology of MM. Besides, we also studied the proteome expression profiling of MM-MSC in comparison with HD-MSC. Protein expression profiling analysis of MM-MCCD138-CD105- vs. HD-MCCD138-CD105 revealed 75 DEP, being 66 upregulated and nine downregulated. Bioinformatics analyses of these DEP showed that among upregulated proteins, the main functions and pathways were related to energy metabolism, cellular localization, and protein synthesis, whereas, among downregulated proteins, the main pathways and functions were related to the immune response, mainly to innate immunity, which raises the hypothesis of possible mechanisms of evasion of the immune response. Regarding MM-MSC vs. HD-MSC, we identified 14 DEP, being 12 upregulated and two downregulated. The search in the literature and databases showed that the most relevant proteins were among the upregulated proteins, with emphasis on the proteins S100-A11, calnexin, proteasome subunit alpha type-1, and RAB7A protein, all of them proteins described in the literature as being important in the pathophysiology of other types of cancer. Our study was the first to identify their increased expression in MM-MSC. In addition, other proteins upregulated in MM-MSC were also related to energy metabolism, as well as MM-MCCD138-CD105-, demonstrating a potential role of this pathway in the pathophysiology of the disease.

High throughput techniques, such as mass spectrometry, microarray, RNA-seq, among others, allow the generation of an abundant amount of data, allowing to compare patient cells in pathological conditions, such as MM, in relation to cells derived from HD. In 2015, our group published a proteomics study in which we evaluated the protein expression of tumor plasma cells from MM patients in comparison to plasma cells from palatal tonsils from normal individuals (19). In this study, we identified 81 DEP among these cells (72 upregulated and nine downregulated). Among upregulated proteins, we highlighted the ones related to protein biosynthesis, while among downregulated proteins, most of them were related to the immune response. These results are in line with what we identified in this present study between MM-MCCD138-CD105- and HD-MC. Regarding the upregulated proteins from these two studies, we do see an overlap of 24 proteins (Figure 5). Among them, there are mainly proteins related to protein biosynthesis, including chaperones, for instance, the endoplasmic reticulum chaperone BiP, and hypoxia upregulated 1, ribosomal proteins, and proteins capable of post-translational modifications. On the other hand, among the downregulated proteins, no overlap was identified. Our group also published another paper in 2019, where we evaluated the MM-MSC transcriptome compared to HD-MSC (16). In this study, we identified 485 differentially expressed genes (280 up and 205 downregulated). The most significant pathways and functions were among the downregulated genes, especially genes involved in cell cycle progression, immune response, and bone metabolism. However, in this case, we did not identify any overlap with the proteins identified in this study.




Figure 5 | Venn diagram showing the overlap between the upregulated DEP in the current study (MM-MCCD138-CD105- vs. HD-MCCD138-CD105-) compared to the upregulated DEP in our previous study (MM Plasma cells vs. HD Plasma cells) by Fernando et al. (19). (A) Fernando et al. (19) study; (B) Current study.



In relation to upregulated DEP identified in the MM- MCCD138-CD105- vs. HD-MCCD138-CD105- comparison, energy metabolism was one of the enriched pathways identified through bioinformatics analysis. Ward and Thompson (34) have proposed that metabolic reprogramming, driven by activated oncogenes and inactivated tumor suppressors, is a cancer hallmark. Metabolic changes have already been described in different types of malignancies, including MM - increase in glycolysis and glutaminolysis in MM cells compared to healthy cells, among other changes (35). Some studies have demonstrated the role of these metabolic alterations in drug resistance in patients who are refractory to current available treatments (36). In another study, the authors evaluated the proteome of plasma cell from naïve MM patients, in order to identify pathways associated with good response to bortezomib-based treatment protocols. The authors reported that alternation in energy metabolism might be associated with good response to a specific bortezomib-based regime (37). Recently, Ray et al. (38) have identified Alpha-Enolase (ENO1), which was one of the DEP detected in our study in the mononuclear cells comparison, as a possible immunometabolic target in MM. The authors have demonstrated, through in vitro analyses, that BM plasmacytoid dendritic cells (pDCs) from MM patients induce ENO1 expression in MM cells and pDCs, and they also have showed that patients with high ENO1 expression have poor overall survival in comparison with the ones with low expression of this gene. In addition, they also reported that the inhibition of ENO1 induces the activation of CD8+ T cells and NK cells against MM cells. Another protein, IDH3A, which was connected with ENO1 in our protein-protein interaction network, might also be important for MM pathogenesis. Although its role in malignant tumors is still unclear, its overexpression was reported in hepatocellular carcinoma and in extramedullary plasmacytomas (39, 40). In addition, other two proteins, which were also connected with ENO1 in our network, might play important roles in MM: Oxoglutarate dehydrogenase (OGDH) – it is a subunit of an enzymatic complex that participates in the Krebs cycles, and it was also found that several cancer cells depend on this protein for growth and survival (41); Heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1) – it influences pre-RNA process, and mRNA metabolism and transport; Shen et al. (42) have demonstrated that a long non-coding RNA, ST3GAL6-AS1, might promote adhesion and invasion of MM cells, through binding with hnRNPA2B1, resulting in the regulation of ST3GAL6 expression (42). Therefore, studies aiming to better understand the metabolic changes, both in the tumor plasma cells as well as in the tumor microenvironment, are extremely important in the search for new therapeutic targets, especially for refractory patients.

Regarding protein biosynthesis, which was another category identified among upregulated DEP in MC, we highlight proteins related to “protein processing in endoplasmic reticulum”, namely the following genes that code for these proteins RRBP1, ERP29, PDIA4, LMAN1, DDOST, UGGT1, RPN1, HSPA5, and HYOU1, and the ones related to “protein folding”, which are PRDX4, FKBP2, ERP29, PDIA4, LMAN1, HSPA5, UGGT1, HSPD1, HSPA9, and GNB2. The HSPA5, HSPA9, and HYOU1 proteins are part of the heat shock protein 70 family, a family of chaperones involved in physiological processes, such as the assistance of general folding of unfolded and/or misfolded proteins, and which has been described as deregulated in MM patients (43, 44). Another chaperone was also identified - HSPD1 - which belongs to the HSP60 family. Recently, the HSPD1 protein has been described to regulate metabolic and protein synthesis changes in MM cells, promoting its proliferation, thus representing a potential therapeutic target (45). Moreover, we found ribosomal proteins, including RPL6, RPL7, RPL11 and RPL12, which form the 60S subunit of ribosomes, and RPS19, which form the 40S subunit. In summary, we can highlight the relevance of chaperones belonging to the HSP70 and HSP60 families, some of which have been already described by other studies as deregulated in the tumor plasma cells of patients with MM, contributing to disease progression by maintaining protein homeostasis, blocking apoptosis and helping in the stabilization of oncoproteins (44). In addition, early clinical and preclinical studies have shown that HSP inhibitors, especially inhibitors of the HSP90 family, can be promising therapeutic targets in the treatment of patients with MM (46).

In healthy individuals, plasma cells are terminally differentiated B cells which are responsible for the synthesis of immunoglobulins against pathogens. Due to the high production of proteins, these cells are naturally subject to endoplasmic reticulum (ER) stress, which activates a pathway known as UPR, helping the cell to overcome this type of stress (47). In the case of MM patients, the tumor plasma cells, in the vast majority of patients, produce a monoclonal immunoglobulin, known as paraprotein. To deal with this type of stress, that is, an extremely high production of immunoglobulin, the UPR pathway is very and constantly activated and allows the tumor cell to remain viable (47). In the case of cells in the tumor microenvironment, paraprotein is not produced. On the other hand, due to the action of tumor plasma cells on these cells, there is a production of different types of soluble elements, such as cytokines, chemokines and growth factors (13). One hypothesis is that proteins related to protein biosynthesis, as well as UPR, as is the case of chaperones, are important to keep these cells viable by producing molecules important for the maintenance and progression of MM cells. Therefore, our hypothesis is that other MM BM mononuclear cells contribute to maintenance of tumor plasma cells homeostasis, avoiding tumor cell death due to accumulation of cytoplasmic immunoglobulin overload. Other possibility is that this process is too important for MM tumor cells that, even in a more than 85% enriched pool of MCs, we can still see these proteins’ expression as a sign of residual tumor plasma cells contamination.

Regarding downregulated proteins in the MC “compartment”, proteasome activators complex subunits 1 and 2 proteins are components of the proteasome and play an important role in its regulation. In bortezomib-resistant patients (a class of proteasome inhibitor used in the treatment of MM), these proteins are upregulated (37). Therefore, these protein downregulation in MCs is totally in agreement with their function, not related to overexpression of proteasome pathway typically found in MM tumor cells.

Still in relation to MM-MCCD138-CD105-, most of the downregulated proteins were related to the immune response, such as antigen processing, leukocyte recruitment, production of pro-inflammatory cytokines, and immune responses against pathogens. We can highlight the downregulation of proteins S100-A9 and S100A9, which form a complex called calprotectin and are involved in different functions, for instance, enhancing leukocyte recruitment and pro-inflammatory cytokines release. HP and CAMP have antimicrobial properties, whereas PSME1 and PSME2, discussed above, are also required for efficient antigen processing. The decrease in these proteins involved in the immune system may be related to mechanisms of tumor immune evasion, which have also been described by other groups (48, 49). We also highlight the downregulated of pathways related to innate immune response. Although the innate immune response is not as studied as adaptive response in MM patients, some studies have already demonstrated important changes in this arm of the immune response, such as changes in genes which code for innate immune response proteins, increasing the risk of developing MM (50). Additionally, Magalhães et al. (51) demonstrated that patients with long-term disease control and those with symptomatic MM differ, among other parameters, in the number of dendritic cells and tissue macrophages in BM. In addition, the number and function of NK cells is impaired in MM, and the function of dendritic cells is also altered (52). Among the new strategies to treat refractory MM cases are CART-cells and BiTEs (11). Chimeric antigen receptors (CARs) are chimeric proteins that assemble the signaling portions of the T cell receptor complex (TCR) and the variable domains of an antibody targeting an antigen of interest. A variety of targets are currently being studied in MM and include BCMA, SLAMF7, CD138, NKG2DA, kappa light chain, and CD19 ligands. Ongoing clinical trials will define its role in the coming years (11, 53). BITEs are generated to combine the specificities of two antibodies, binding simultaneously to multiple epitopes, one of which involves the activation of T cells through their CD3 molecules (54, 55). These new immunotherapies corroborate the relevance of microenvironment and strength immune system to control of refractory hematological tumors.

Finally, in relation to MM-MSC, although we have identified a low number of DEP, among the upregulated proteins, some of them are quite interesting and had not yet been described in the context of MM: Ras-related protein Rab-7a, among other functions, participate in cellular processes such as autophagy, apoptosis, signaling, and cell migration, being important for the progression and resistance to drugs in some types of cancer (56). Thus, our study suggests that further studies are needed to evaluate this molecule as a potential therapeutic target in the context of MM. In addition, we have also identified the protein S100-A11, which is a protein often upregulated in different types of human cancer, and its potential as a therapeutic target has not been evaluated yet in patients with MM. Besides, our analyses also found increased expression of the protein calnexin, a protein induced by stress in the endoplasmic reticulum. This protein has already been described in the literature as a prognostic marker and potential therapeutic target in colorectal cancer, but it has not yet been evaluated in MM (57). Finally, another protein that deserves attention is annexin V, which was upregulated in MM-MSC. Overexpression of annexin II, a protein that is related to annexin V, has already been described in plasma cells of MM patients and, in some cell lines of this disease, seems to promote proliferation, apoptosis, invasion potential and production of proangiogenic factors (58). In line with this data, Glavey et al. (59) reported that the upregulation of annexin II protein, produced by BM extracellular matrix from MM patients, is associated with a decreased overall survival.

The main limitations of this study are the low number of patients with MM enrolled. MM is a rare disease, representing only 1% of cases of cancer (3); in addition, all cases included here were seen at our public tertiary university hospital, the majority of them being severely ill patients, with advanced disease stage, often requiring immediate treatment due to medical emergencies. Since steroids or bisphosphonates could potentially alter protein expression of tumor microenvironment cells, patients who received these drugs were not eligible for the study. A possible source of bias is related to the BM biopsy site: in our study, we performed bone marrow biopsy in only one region of the iliac crest of each patient or control. However, recently, a group has demonstrated substantial intra-patient spatial heterogeneity in the bone marrow of MM patients (60). Another limitation that deserves to be highlighted is the fact that the case and control groups were not matched by sex or age, which might introduce bias in our analysis, including the relevant downregulation of immune system proteins related to physiological immunosenescence. However, several proteins identified as differentially expressed between the cells of these groups, had already been described by other groups as deregulated in MM, which increases the robustness of our data (61–63). In addition, another limitation of our study is the fact that the protein samples were analyzed in pools. This approach was necessary to obtain enough protein for the analysis proposed in this study. Although we performed experiments in technical replicates, which allowed us to verify the technical variability, we were unable to analyze possible biological variations among patients with MM. Finally, we also did not perform any functional analyses of the pathways/proteins deregulated by MM identified in our study. However, the main objective of our work was to identify molecules which can be better studied in the future as biomarkers and therapeutic targets: shifts in metabolic pathways and decrease of immune functions are among the cancer hallmarks ready to be explored in MM, which is representative of a cancer of immune system affecting elderly patients.

In summary, our study demonstrated that the BM tumor microenvironment of MM patients have a different protein expression profiling when compared to the BM microenvironment of healthy individuals. Among the main altered biological pathways in MC, we can highlight the increased expression of proteins related to different functions of protein biosynthesis, especially chaperone molecules, which have been studied as potential therapeutic targets in the treatment of MM in the last years. In addition, the increased expression of proteins related to energy metabolism, which was also identified by our work, has been increasingly studied in the context of different types of cancers, including MM, being a promising therapeutic target as well. The downregulation of different proteins involved in the immune response, may contribute to escape to the maintenance and progression of the disease, in addition to drug resistance. Thus, the new immunotherapies that have been studied for the treatment of MM and other cancers, such as CART-cells and BiTEs, can be promising tools to reverse this scenario of BM immunosuppression which MM patients are subjected. Finally, with respect to MM-MSC, we have identified some potential new therapeutic targets that can be evaluated in future studies.
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Case presentation

Classification B-precursor ALL Ph+

WBC (/Hb (g/dl)platelets () 40,000/8.7/87,000

Blasts 80%

Blasts phenotypes CD19+, CD20-, CD10bright,
CD45dim, CD34+, CD58+,
OD5-, CD38low

BCR-ABL isoform P210

Induction regimen Vincristine + Dasatinib

CDB4+ cell dose during transplant 4.6 x 108/kg

GVHD prophylaxis Cyclosporin, MTX

Time from transplantation to relapse (months) 16

Treatment after relapse DLI + ponatinib

Current status Alive in molecular remission

Time from diagnosis (months) a5
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WBC (ul/Hb 11,700/10.2/28,000 NA 40,800/NA/NA 67,000/12.3/49,000
(o/d)/platelets (1) at
diagnosis
BM Blasts 98.6% NA 97% NA
Blasts phenotypes CD10*, CD13*, CD19*, NA CD10*, CD13*, CD19*, NA
CD34+,CD33*+ CD34*, HLA-DR*
BCR-ABL isoform p190 p1%0 NA p190
SNG involverent NA Meningeal and ocular NA NA
1th Induction regimen ALL202 (prednisolone, VCR, daunorubicin, Prednisolone, DXR, UKALL14
CPA, daunorubicin, VCR) Il-asparaginase and vindesine and CPA + (PEG-asparaginase,
+ imatinib + intrathecal prednisone -+ intrathecal imatinib daunorubicin, VOR, GPA,
GHT (methotrexate, CHT (methotrexate, ARA-C, mercapopurine,
ARA-C and DEX) ARA-C and DEX) DEX + + intrathecal CHT
(methotrexate)
1th consolidation regimen HD MTX and HD ARA-G HAM protocol (HD ARA-C MTX, ARA-C, and GPA + total body
and mitoxantrone) + CNS methylprednisolone irradiation
radiotherapy
Response to 1th COR CCR OMR CMR
treatment
CD34+ cell dose during 5.0 x 10%kg 3.0 x 10%kg NA NA
transplant
Time from allo-SCT to first 45 55 3.0 6
relapse (months)
Treatment after relapse Imatinib  DLI Imatinib BFM protocol imatinib, CPA, DXR, VCR Dasatinib  DLI Dasatinib
(VCR, fosfamide, MTX, and prednisolone Imatinib +l2
ARA-C, and teniposide) + DLl imatinib, CPA, DXR,
DU + VCR + prednisone VCR, and prednisolone
Niotinib + DLI Dasatinib
Best response to TKI + CMR CMR GCR maintenance CCR
ou
Signs of GVHD ANA+ grade | skin and liver None NA
GVHD
Last reported status CMR at 24 months after CMR at 10 months after Relapse at 8 months after Relapse at 6 months after
Imatinib + DLI start Nilotinib + DLI start Imatinib + DLI start Dasatinib + DL start

HD, high doses; MTX, methotrexate; ARA-C, cyterabine; VCR, vincistine; CPA, cyclophosophamide; DEX, dexamethasone; DXR, doxorubicin; DLI, donor lymphocytes infusion; CCR,
complete cytogenetic remission, CMR, complete molecular remission; allo-SCT, allogenic stem cell transplant; NA, not available.
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