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                                                            Acute leukemia is a clonal expansion of malignant hematopoietic cells leading to impaired production of normal blood cells in the bone marrow (BM). Acute leukemia can be classified, according to the lineage involved, into acute myeloid leukemia (AML) or acute lymphoblastic leukemia (ALL).1 AML is the most common form of acute leukemia in adults, accounting for over 80% of all diagnosed acute leukemias. Despite advances in the understanding of disease pathogenesis, the standard treatment protocols for adult acute leukemia have remained largely unchanged for the past decades. As a result, the overall 5-year survival in AML patients over 65 years of age is less than 5%,2 and, although the initial responses are better in ALL, the overall outcome of relapsed ALL in adults is poor, with an overall 5-year survival of less than 7%.3 Hence, more and novel treatment options are warranted for both types of adult acute leukemia. Targeted immunotherapies, including monoclonal or bispecific antibodies and chimeric antigen receptor (CAR) T cells, are currently being developed and clinically tested in a wide variety of hematologic malignancies. CD38 is a transmembrane glycoprotein that can function as an adhesion partner for CD31 or as multifunctional ectoenzyme involved in the catabolism of NAD and NADP. In the hematopoietic system, CD38 is expressed by lymphoid and myeloid cells, and is also expressed on red blood cells and platelets, with the highest expression found on plasma cells. This uniform, high expression on healthy and malignant plasma cells makes CD38 an ideal target for targeted immunotherapy in multiple myeloma (MM). Indeed, CD38 monoclonal antibodies (daratumumab, isatuximab, and MOR202) have been shown to be effective in relapsed or refractory MM patients and their use is gradually moving towards front-line therapy.4
The unmet need to develop novel, less toxic, but effective therapeutic strategies for adult acute leukemia, together with the safety and effectiveness of daratumumab in MM, led us to evaluate the use of CD38 as a potential target in adult AML and T-cell ALL, and to investigate the efficacy of daratumumab against these diseases.
We first used flow cytometry to measure CD38 expression on leukemic blasts of 37 AML and 12 T-ALL patient samples taken at diagnosis. As shown, we observed a heterogeneous expression of CD38 in AML, while in T-ALL the expression of CD38 was more uniform (Figure 1A and B). CD38 expression did not correlate with French-American-British (FAB) classification nor European LeukemiaNet (ELN) risk stratification in AML or maturation status in T-ALL (data not shown). Moreover, there was no significant difference in CD38 expression between AML blasts at diagnosis and after chemotherapy in minimal residual disease positive (MRD ) AML patients (Figure 1C). Furthermore, no difference was seen between leukemic cells isolated either from peripheral blood or BM (Figure 1A and B; red vs. blue dots). Since we have recently shown that the level of CD38 expression observed on CD38 regulatory T cells (Tregs) is sufficient for these cells to be affected by daratumumab treatment,5 we also analyzed the expression of CD38 on healthy peripheral blood mononuclear cells, including CD3 T cells, CD38 Tregs, CD19 B cells, and CD33 monocytes. These data indicate that the CD38 expression found on the leukemic blasts of most samples in this study is higher than that found on CD38 Tregs, and that, therefore, they could be targeted with daratumumab.
[image: ]

Figure 1.CD38 expression in adult acute myeloid leukemia (AML) or T-cell acute lymphoblastic leukemia (T-ALL). (A and B) Evaluation of CD38 expression by flow cytometry. (A) Mean fluorescent intensity (MFI) of the leukemic blasts of 17 AML samples incubated with a FITC-conjugated CD38 mAb. (B) CD38 antigen density on leukemic blasts of 21 AML and 12 T-ALL patient samples and the density on CD3+ T cells, CD38+ regulatory T cells (Tregs), CD19+ B cells, and CD33+ monocytes of 6 healthy individuals determined using QuantiBRITE beads and a PE-conjugated CD38 mAb. Each dot represents a patient sample. Patient sample 14 (red number) is overlapping between the different cohorts shown in (A) and (B). The cells were isolated either from bone marrow (indicated by blue dots) or from peripheral blood (indicated by red dots). Black numbers indicate samples used for patient-derived xenograft (PDX) evaluation. (C). CD38 expression levels on the leukemic blasts at diagnosis and after chemotherapy in matched samples of minimal residual disease positive (MRD+) AML patients. (D). Patients’ characteristics of samples selected for xenografting in huBMsc PDX model to test efficacy of daratumumab. NK: normal karyotype.
To test this, we selected 5 samples (2 AML and 3 T-ALL) (Figure 1D), representative of the wide spectrum of observed CD38 expression (Figure 1A), for evaluation in our in vivo human BM-like scaffold (huBMsc)-patient-derived xenograft (PDX) model, which has been shown to closely recapitulate the human bone microenvironment and preserve the primary malignant phenotype.76 To this end, mice were subcutaneously implanted with four hybrid calcium phosphate scaffolds coated with human BM mesenchymal stromal cells that further develop into a human bone environment. Six weeks after implantation, mice were inoculated intrascaffold with leukemic cells of AML16 or AML17 or intravenously with T-ALL1 or T-ALL4 (Figure 2A). Three weeks after inoculation, the mice were treated with daratumumab 16 mg/kg body weight or vehicle control intraperitoneally once a week for five weeks (Figure 2A). Eight weeks after the last injection, mice were sacrificed and the efficacy of daratumumab was evaluated by flow cytometric determination of the percentage of human CD45 positive cells in the scaffolds. Interestingly, daratumumab significantly reduced the tumor burden in all four PDX models without any evidence of toxicity (Figure 2B). Moreover, among 4 samples, only AML16 did not exclusively grow in the huBMsc but also engrafted in the murine BM, where a significant difference in tumor burden between daratumumab- and vehicle-treated mice was observed (data not shown). We next studied the effect of daratumumab in a PDX model, representing T-ALLs with more aggressive growth (T-ALL2) (Figure 3). The PDX model TALL2, besides the huBMsc, also colonized murine hematopoietic tissues (i.e. spleen and BM) upon intravenous injection, and when compared to the other T-ALL models, reached the humane end point in only 35 days instead of 15 weeks, thus showing its aggressive nature. In order to follow and visualize the engraftment and the therapeutic activity of daratumumab in real time, we gene-marked the leukemic cells of sample T-ALL2 with luciferase. Subsequently, these marked cells were inoculated intravenously into huBMsc-mice and treatment was initiated seven days after tumor cell injection. Leukemic cell growth was observed in the human environment in scaffolds as well as in mouse tissues (BM and spleen). Mice were treated with daratumumab 16 mg/kg body weight or vehicle control twice a week for four weeks by intraperitoneal administration (Figure 3A). Weekly bioluminescent imaging showed that mice receiving daratumumab had a significantly lower tumor burden as compared to vehicle-treated mice (Figure 3B and C). Since the T-ALL cells showed splenic enlargement, we used splenic weight as an additional parameter. We observed that the reduction in luciferase signals in bioluminescent imaging in the daratumumab-treated group coincided with an impressive reduction in splenic weight in the mice treated with daratumumab (Figure 3D and E). These observations indicate that daratumumab is very effective in both types of adult acute leukemia: AML and T-ALL.
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Figure 2.Daratumumab significantly reduces tumor burden in acute myeloid leukemia (AML) or T-cell acute lymphoblastic leukemia (T-ALL) patient derived xenograft (PDX) mice models. (A) Rag2−/−γc−/− mice were implanted with scaffolds coated with human mesenchymal stromal cells. Primary AML and T-ALL cells were injected into the scaffolds (i.sc.) or intravenously (i.v.), respectively. Mice were treated with vehicle control or daratumumab at the indicated time points (blue arrows) for five weeks. At week 15 mice were sacrificed and the tumor burden was analyzed by flow cytometry. (B). Percentage of CD45-positive (CD45+) cells in AML16, AML17, T-ALL1 and T-ALL4 PDX mice are plotted for vehicle and daratumumab treatment. Each dot represents the average of four scaffolds/mouse and the number of dots represents the number of mice per treatment group. *P<0.05, **P<0.01, ***P<0.005 compared to vehicle, using an unpaired t-test. TBI: total body irradiation. i.p.: intraperitoneal.
[image: ]

Figure 3.Daratumumab (dara) shows efficacy in a patient-derived xenograft (PDX) mouse model for aggressive T-cell acute lymphoblastic leukemia (TALL) growth. (A) Rag2−/−γc−/− mice carrying scaffolds coated with human mesenchymal stromal cells were inoculated (red arrow) with luciferase-transduced primary acute lymphoblastic leukemia (ALL) cells of T-ALL patient 2 (T-ALL2). Mice were treated with vehicle control or dara at the indicated time points (blue arrows). Mice were monitored weekly by bioluminescent imaging (BLI), and sacrificed at day 33 at which time point splenic weight was determined. (B). BLI at day 21 and 28 of dara treatment. Representative images are shown. (C). Tumor growth was determined by average photon emission intensity measured for a region of interest in time. The results are expressed as relative growth with the intensity at day 6 set to 100. The lines represent the mean signal of 4 mice±Standard Error of mean. ****P<0.001 compared to vehicle, two-way ANOVA, Sidak’s multiple comparison test. (D). Splenic weight was plotted for vehicle and dara-treated mice where the number of dots represents the number of mice per treatment group. *P<0.05 vehicle, Mann-Whitney test. TBI: total body irradiation; i.v.: intravenous injection; i.p.: intraperitoneal; g: gramms.
In line with our findings that CD38 is a suitable therapeutic target for adult acute leukemia, Bride et al. recently showed the efficacy of daratumumab in pediatric TALL, particularly in early T-cell precursor (ETP)-ALL.8 In addition, Ichinohe’s group, using CD38-targeting CAR T cells, showed effective elimination of HTLV-1 positive T-cell leukemia and AML.109 Since it has been shown that CD38 expression was influenced by chemotherapy in BALL but not in T-ALL,8 we also analyzed the expression of CD38 on the leukemic blasts at diagnosis and after chemotherapy in MRD AML patients and observed no significant difference (Figure 1C). We and others have shown that all-trans retinoic acid (ATRA) could enhance the lytic capacity of the CD38 monoclonal antibodies and CAR T cells by increasing the CD38 levels on the target cells.119 In addition, we have previously shown that EVI-1-positive AML cases respond to ATRA by induction of differentiation,12 which coincides with the induction of CD38 expression (data not shown). Moreover, clinical and pre-clinical molecular studies show that patients with a NPM1 or IDH1 mutation, or an FLT3-ITD (which together constitute a sizable proportion of AML cases) could benefit from a combination of chemotherapy with ATRA.139 Hence, it would be interesting to evaluate combining daratumumab with ATRA as a therapeutic approach in adult AML and T-ALL. Finally, it has been demonstrated that the CD34 CD38 population of certain AML samples contains all, or at least most, leukemia-initiating cells,14 again indicating the suitability of CD38 as a therapeutic target in AML. Taken together, our data show that daratumumab is effective in adult acute leukemia, and that targeting CD38 in these malignancies warrants further clinical evaluation.
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