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Background: YF-H-2015005, a novel CXCR4 antagonist, has been proven to increase the quantities of circulating hematopoietic stem cells (HSCs), which results in an adequate collection of HSCs in non-Hodgkin lymphoma (NHL) patients.

Methods: This was a multicenter, double-blind, randomized (1:1), placebo-controlled phase III clinical trial. All patients received granulocyte colony-stimulating factor (G-CSF) for up to 8 consecutive days. YF-H-2015005 or placebo was administrated on the evening of day 4 and continued daily for up to 4 days. Apheresis was conducted 9–10 h after each dose of YF-H-2015005 or placebo. The primary endpoint was the proportion of NHL patients procuring ≥5 × 106/kg CD34+ HSCs within ≤4 apheresis sessions.

Results: In total, 101 patients with NHL were enrolled. The proportions of patients achieving primary endpoint were 57 and 12% in YF-H-2015005 and placebo groups, respectively (P < 0.001). Moreover, a higher proportion of YF-H-2015005-treated patients reached a minimum target collection of ≥2 × 106/kg CD34+ HSCs in ≤4 apheresis days compared to placebo-treated patients (86 vs. 38%, P < 0.001). Furthermore, the median time to collect ≥2 or 5 × 106/kg CD34+ HSCs were 1 and 3 days in YF-H-2015005-treated patients, but 4 days and not reached in placebo-treated patients, respectively. No severe treatment emergent adverse events were observed in both YF-H-2015005 treatment and placebo groups.

Conclusions: YF-H-2015005 plus G-CSF regimen was a tolerable combination with high efficacy, which might be used to rapidly mobilize and collect HSCs in NHL patients.
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INTRODUCTION

Autologous hematopoietic stem cell transplantation (AHSCT) is often used as a consolidative therapy for patients with newly diagnosed non-Hodgkin lymphoma (NHL) or salvage therapy for those with relapsed or refractory disease (1–4). The mobilization and collection of adequate CD34+ hematopoietic stem cells (HSCs) is crucial for supporting AHSCT, of which granulocyte colony-stimulating factor (G-CSF) alone or G-CSF plus chemotherapy have been the most common mobilization methods (5–8). Moreover, plerixafor, a CXCR4 antagonist, has been demonstrated to optimize the mobilization procedures in patients with NHL and multiple myeloma, due to its capability to enhance the HSC mobilization effect of G-CSF (9–12).

YF-H-2015005, a biosimilar to plerixafor, has been found to increase the mean peripheral blood CD34+ cell counts by 2.0–2.9-fold and improve the quantity of mobilized CD34+ HSCs in peripheral blood with good tolerance, which can serve as a promising therapy for NHL patients undergoing AHSCT (13). The multicenter, randomized, double-blind, placebo-controlled, phase III study aimed to assess the effectiveness and tolerability of YF-H-2015005 plus G-CSF for mobilizing HSCs in NHL patients.



MATERIALS AND METHODS


Study Design

This was a multi-center, double-blind, randomized, placebo-controlled phase 3 clinical trial, which was conducted in compliance with the Declaration of Helsinki. Ethical approval was obtained from the Ethics Committee at Peking University Cancer Hospital and Institute and the participating centers' institutional review boards. Written informed consent was signed by all patients prior to randomization. This trial was registered on www.chinadrugtrials.org.cn (Clinical trial registration number: CTR20161069).

The study consisted of two periods: (i) mobilization period was the time from random assignment to 24 h after the last apheresis and (ii) follow-up period was the time from 24 h after the last apheresis to 30 days after transfusion of HSCs for those patients who received transplantation or to 30 days after the last apheresis for those patients who did not receive transplantation.



Patient Eligibility

The key inclusion criteria included NHL patients with eligible for AHSCT, aged 18–65 years, Eastern Cooperative Oncology Group (ECOG) performance status score ≤1, achieving complete or partial remission after first- or second-line therapy, and ≥4 weeks following the last cycle of chemotherapy. AHSCT was performed as consolidation therapy for mantle cell lymphoma, peripheral T/NK cell lymphoma, lymphoblastic lymphoma, and high-risk diffuse large B-cell lymphoma, while salvage therapy for relapsed/refractory NHL.

The key exclusion criteria included patients with chronic lymphocytic leukemia, previous HSC collection or transplantation, a history of pelvic radiotherapy, a history of radio-immunotherapy such as tositumomab and ibritumomab tiuxetan, treatment with carmustine or fludarabine within 6 weeks, receipt of G-CSF within 2 weeks or granulocyte-macrophage colony-stimulating factor within 3 weeks before randomization, and active bone marrow involvement before randomization.



Treatment Protocol

All patients received G-CSF with a dose of 10 μg/kg per day in each morning for up to 8 consecutive days. Starting on the evening of day 4, they received either placebo or YF-H-2015005 (0.24 mg/kg) daily for up to 4 days. Circulating CD34+ cell numbers and complete blood cell count were monitored from day 4 to the last apheresis day.

Apheresis was performed by standard methods (at least 3 times blood volume), which was initiated on day 5 after the morning dose of G-CSF and continued daily for up to 4 days or until ≥5 × 106/kg CD34+ HSCs. Assessment of CD34+ cell yield during apheresis collection was performed using a flow cytometer (Beckman Coulter or BD FACS instruments) equipped with four solid-state lasers with excitation wavelengths of 488, 515–545, 562–607, and 650 nm. Evaluation of CD34+ cell viability was carried out using a trypan blue exclusion test.

If the collection of CD34+ HSCs was <0.8 × 106/kg after 2 apheresis sessions or 2 × 106/kg after 4 apheresis sessions, an open-label rescue procedure with G-CSF plus YF-H-2015005 identical to the treatment plan was performed for those patients who rested at least 7 days. A separate informed consent for rescue therapy was obtained.

Patients who achieved ≥2 × 106/kg CD34+ HSCs proceeded to AHSCT within 3 months after the last apheresis. Based on the standard procedures of the local study centers, the conditioning regimens included, but not limited to, CBV (cyclophosphamide, carmustine and etoposide), BEAM (carmustine, etoposide, cytarabine, and melphalan) and BEAC (carmustine, etoposide, cytarabine and cyclophosphamide) regimens. G-CSF was initiated at a dose of 5 μg/kg on day 5 after HSC transfusion in both experimental and placebo groups.



Efficacy and Safety Assessment

The primary efficacy endpoint was the proportion of patients achieving ≥5 × 106/kg CD34+ HSCs within ≤4 apheresis sessions. The secondary efficacy endpoints included the cumulative collected number of CD34+ HSCs, proportion of patients procuring ≥2 × 106/kg CD34+ HSCs in ≤4 apheresis sessions, time to collect ≥2 × 106/kg CD34+ HSCs, time to collect ≥5 × 106/kg CD34+ HSCs, time to neutrophil engraftment (the first day when the absolute neutrophil count was ≥1.0 × 109/L for 1 day or ≥0.5 × 109/L for 3 consecutive days), and time to platelet engraftment (the first day when the platelet count was ≥20 × 109/L without a transfusion for 7 consecutive days). The parameters for safety assessment included adverse event (AE), serious AE (SAE) and treatment emergent adverse event (TEAE).



Statistical Analysis

Sample size was calculated with Power Analysis and Sample Size (version 13.0). Given that there is estimated 30% of placebo-treated patients would achieve the primary efficacy endpoint, a minimum sample size required for this trial was 42 patients per group in order to examine a 30% difference with 80% power. The final sample size was estimated to be 50 patients per group due to the consideration of potential dropouts.

Quantitative data analysis was conducted using the Student's t-test or Wilcoxon rank sum test. Categorical data were evaluated by the chi-square test or exact probability test. Grade data were compared using the Wilcoxon rank sum test or Cochran-Mantel-Haenszel mean score test. All statistical analyses were performed with Statistical Analysis Software (version 9.4).




RESULTS


Patient Characteristics

From January 9, 2017 to December 18, 2018, 101 patients at 15 sites in China were recruited. All patients were randomized into YF-H-2015005 (n = 51) and placebo (n = 50) groups at a ratio of 1:1. The median age of the patients was 47 years, with a gender ratio of 1:1, for the whole cohort. The most common historical types were diffuse large B-cell lymphoma (n = 56) and peripheral T/NK cell lymphoma (n = 17). The most common chemotherapy regimens were R-CHOP (rituximab, cyclophosphamide, doxorubicin, vincristine, prednisone) regimen (n = 19, 31.7%) in 60 patients treated with front-line chemotherapy and DICE (dexamethasone, ifosfamide, cisplatin, etoposide) regimen (n = 17, 41.5%) in 41 patients treated with salvage chemotherapy. As presented in Table 1, the baseline characteristics were relatively similar between the two groups, except for younger median age in YF-H-2015005 group.


Table 1. Baseline characteristics.
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Peripheral Blood CD34+ Cells

The median peripheral blood CD34+ cells on day 4 between YF-H-2015005 and placebo groups were similar (8.5 vs. 6.0/μL, P = 0.119). On day 5, the median peripheral blood CD34+ cells increased to 38.0/μL in YF-H-2015005 group and to 9.0/μL in placebo group P < 0.001). Moreover, YF-H-2015005 led to 3.1-, 3.1- and 2.4-fold increase of peripheral blood CD34+ cells on day 5 for those patients with threshold values of <10, 10–20, and >20/μL peripheral blood CD34+ cells on day 4, respectively (Table 2).


Table 2. Comparison of CD34+ hematopoietic stem cell yields between the two groups.
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Efficacy

As shown in Table 3, the proportion of patients achieving primary efficacy endpoint was remarkably higher in YF-H-2015005 group than in placebo group (56.9 vs. 12.0%, P < 0.001). With respect to secondary efficacy endpoint, the cumulative collected number of CD34+ HSCs was greater in YF-H-2015005 (median, 5.10 × 106 cells/kg; range, 0.27–11.12 × 106 cells/kg) than in placebo group (median, 1.67 × 106/kg; range, 0.17–8.09 × 106 cells/kg). YF-H-2015005 increased the proportion of patients mobilizing ≥2 × 106/kg CD34+ HSCs within four apheresis sessions (86.3 vs. 38.0%, P < 0.001), and shorten the median time to collect ≥2 × 106/kg CD34+ HSCs (1 vs. 4 days) or ≥5 × 106/kg CD34+ HSCs (3 days vs. not reached). YF-H-2015005 resulted in a significantly higher probability of achieving ≥2 × 106/kg CD34+ HSCs or ≥5 × 106/kg CD34+ HSCs within 4 apheresis days, especially for those patients who had a threshold of <10 or 10–20/μL peripheral blood CD34+ cells (Table 3). Thirty patients (YF-H-2015005, n = 4; placebo, n = 26) proceeded to rescue therapy, of whom 20 (YF-H-2015005, n = 2; placebo, n = 18) achieved CD34+ HSC collection of ≥2 × 106/kg during rescue therapy.


Table 3. Summary of efficacy endpoints.
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Thirty-three patients did not proceed to AHSCT (16 due to disease progression, 11 due to inadequate HSCs, and 6 due to patient's refusal). Finally, 37 patients treated with YF-H-2015005 and 31 patients treated with placebo underwent AHSCT. All patients in YF-H-2015005 group and 94.1% of patients in placebo group had achieved neutrophil engraftment, and the median time to neutrophil recovery was similar between the two groups (11 vs. 11 days). Besides, 94.3% of patients treated with YF-H-2015005 and 88.2% of patients treated with placebo achieved platelet engraftment. The median time to platelet recovery was similar between the two groups (13 vs. 13 days).



Safety

Overall, the incidence rates of AEs were comparable between YF-H-2015005 and placebo groups. During the mobilization period, 45 (88.2%) patients in YF-H-2015005 group and 49 (98.0%) patients in placebo group suffered from at least one AE, ranging from mild to moderate grades (Table 4). The incidence of TEAE were 39.2 and 34.0% in YF-H-2015005 and placebo groups, respectively (P > 0.05). The most common TEAE were diarrhea (14%), elevated alkaline phosphatase (6%), and hyperhidrosis (6%) in YF-H-2015005 group, while hyperuricemia (8%), elevated alkaline phosphatase (8%), and diarrhea (6%) in placebo group.


Table 4. Treatment emergent adverse events during HSC mobilization period.
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During the follow-up period, the incidence rates of AE and TEAE were 49.0% (n = 25) and 2.0% (n = 1) in YF-H-2015005 group, and 52.0% (n = 26) and 6.0% (n = 3) in placebo group, respectively. Only 1 patient in YF-H-2015005 group experienced TEAE with a manifestation of mild thrombocytopenia. During AHSCT, the incidence rates of febrile neutropenia, infection and intravenous antibiotics were 60.5% (n = 23), 34.2% (n = 13), and 60.5% (n = 23) in YF-H-2015005 group, and 40.0% (n = 12), 23.3% (n = 7), and 76.7% (n = 23) in placebo group, respectively. The median transfusion number of packed red blood cell units and platelet units were 2 and 1 in the two groups. In addition, no severe TEAEs were observed in the two groups during the entire study period.




DISCUSSION

For patients with NHL, the infused dose of HSCs has an important impact on engraftment kinetics. Although the HSC dose of 2.0 × 106/kg was usually considered as a minimum threshold (14, 15), higher mobilization target with an optimal dose of ≥5.0 × 106/kg CD34+ HSCs could improve engraftment (16). In the present study, YF-H-2015005 significantly enhanced the efficacy of HSC mobilization with acceptable toxicity, implying that it can be a potential mobilization strategy in the future.

CXCR4 antagonist has been shown to enhance the HSC mobilization efficacy of G-CSF (17–19). In a randomized study, plerixafor led to 62% of patients reaching the collection target of ≥5.0 × 106/kg CD34+ HSCs and 88% achieving the collection target of ≥2.0 × 106/kg CD34+ HSCs in Chinese patient population (10). In this clinical trial, the superiority of YF-H-2015005 was comparable to those in the earlier plerixafor trial (10). After treatment with YF-H-2015005, about 57% of patients achieved the optimal mobilization target of ≥5.0 × 106/kg CD34+ HSCs, and 86% of patients reached the minimum mobilization target of ≥2.0 × 106/kg CD34+ HSCs, which were remarkably higher than those treated with placebo. Apart from that, the combined treatment of YF-H-2015005 plus G-CSF enabled a target collection of 2~5 × 106/kg CD34+ HSCs in fewer apheresis sessions. The median time to collect a target of ≥2 × 106/kg CD34+ HSCs was reduced to 1 day in patients treated with YF-H-2015-005. These findings indicate that YF-H-2015005 is associated with favorable HSCs mobilization and less medical resource utilization.

Risk-adapted algorithms of plerixafor-based approaches have been developed, in which plerixafor was only used for poor mobilizers. A study (20) involved 136 patients with myeloma or lymphoma with two different plerixafor utilization methods. Between 2012 and 2014, plerixafor was only “just in time” used in 60 patients at high-risk for mobilization failures who had peripheral blood CD34+ HSCs <10/μL on day 4, collection yield of <1.0 × 106 CD34+ cells/kg in the first apheresis day, or collection yield of <1.5 × 106 CD34+ cells/kg in the first 2 apheresis days. Compared with the routine use of plerixafor, “just in time” methods could be safe and cost-effective, which saved 40% use of plerixafor and resulted in the similar mobilization success rates. In this study, YF-H-2015005 significantly increased the peripheral blood CD34+ cells and improved the successful mobilization rate, especially for those poor mobilizers who had a threshold of <10/μL peripheral blood CD34+ cells. Moreover, rescue therapy with YF-H-2015005 resulted in 69% of patients achieving a minimum CD34+ HSC collection of ≥2 × 106/kg, especially in placebo-treated patients who did not obtain adequate CD34+ HSCs during apheresis sessions. These findings highlighted the need of refining the differentiated mobilization strategy with CXCR4 antagonist such as plerixafor or YF-H-2015005, and further study should be warranted, especially in poor HSC mobilizers.

Previous studies reported that the engraftment and post-transplant recovery of NHL patients treated with plerixafor were comparable to those treated with other mobilizing agents (21–23). A prospective study involving 118 patients with Hodgkin lymphoma, multiple myeloma, and NHL showed that the neutrophil and platelet engraftment rates were 95 and 98% and there was no secondary graft failure at 12 months post-transplant (24). In this trial, the time to neutrophil and platelet recovery was similar between the two groups. It should be noted that the incidence rates of AEs and TEAEs observed in YF-H-2015005 group were consistent with those published previously (13). Although AEs were observed in 88.24% of YF-H-2015005-treated patients, most of them were mild to moderate. In addition, no SAEs and treatment-related SAEs were found after treatment with YF-H-2015005 regimen. These findings suggest that YF-H-2015005 is generally well-tolerated, which can be safely used with G-CSF.



CONCLUSIONS

The randomized controlled study demonstrated that the introduction of YF-H-2015005 into G-CSF regimen increased the proportion of NHL patients who met the optimal and minimum target HSCs dose required for AHSCT, and markedly reduced apheresis sessions compared to placebo-treated patients. Therefore, YF-H-2015005 plus G-CSF regimen was deemed as an effective combination with acceptable tolerability for HSC mobilization in NHL patients.
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