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Cord blood (CB) is a valuable graft source for patients undergoing allogeneic hematopoietic cell transplant (HCT) who lack human leukocyte antigen (HLA)-matched donors. However, single-unit CB-HCT is limited by the insufficient cell dose and slow engraftment. To overcome these limitations, we combined a single-unit CB with third-party healthy donors’ bone marrow (BM) derived mesenchymal stromal cells (MSCs) to improve engraftment and injected intra-osseously (IO) to enhance homing. In this phase I clinical trial, six patients with high-risk hematologic malignancies were enrolled and received allogeneic HCT using reduced intensity conditioning regimens. The primary objective was to determine the engraftment rate at day 42. The median age of enrolled patients was 68 years, and only one patient was in complete remission at the time of HCT. The median CB total nucleated cell dose was 3.2x107/kg. No serious adverse events were reported. Two patients had early deaths due to persistent disease and multi-drug resistant bacterial infection, respectively. Of the remaining four evaluable patients, all had successful neutrophil engraftment in a median of 17.5 days. No grade 3 or higher acute graft-versus-host disease (GvHD) was observed, and only one patient developed moderate-extensive chronic GvHD. In conclusion, IO co-transplantation of a single-unit CB and MSCs was feasible and resulted in a reasonable engraftment rate in these very high-risk patients.
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Introduction

Cord blood (CB) has been established as an important graft source for allogeneic hematopoietic cell transplantation (allo-HCT). CB hematopoietic stem cells possess a higher capability for proliferation than bone marrow stem cells (1). Moreover, the immune tolerant state and low frequency of alloreactive T cells in CB have led to a lower incidence of graft-versus-host disease (GVHD) than BM-based allo-HCT. Additionally, CB requires less restrictive HLA matching for successful engraftment (2, 3). However, the limited number of stem cells in a single CB unit and slow engraftment remain significant challenges in CB-HCT, leading to high rates of infection and transplant-related mortality (TRM) (4). Therefore, there is a need for further development of techniques to improve CB engraftment.

In 2008, Frassoni et al. first demonstrated that directly injecting CB stem cells into the bone marrow (intra-osseous or IO injection) could improve CB homing to the BM, by potentially reducing trapping in solid organs like the liver after intravenous injection (5). Retrospective studies showed that IO injection of a single-unit CB was associated with an improved neutrophil engraftment compared to double-unit CB-HCT, despite a lower cell dose (6). Additionally, co-transplantation of CB with mesenchymal stromal cells (MSCs) have been explored in pre-clinical and early clinical studies to facilitate CB engraftment (7). As a part of the BM microenvironment, MSCs play a key role in regulating and maintaining hematopoietic stem cells. Moreover, given their immunomodulatory effects, co-transplantation with MSCs may also decrease the risk of graft-versus-host disease (GvHD). In a study by Lee et al., co-transplantation of third-party MSCs with single- or double-unit CB in patients with hematologic malignancies was safe and associated with improved engraftment compared to historic controls (8).

Preclinical study from our group showed that combining the above two approaches – IO injection and co-transplantation of CB and MSC – had resulted in significantly improved engraftment in mice compared to IV infusion or IO injection alone (9). Based on these findings and previously demonstrated safety of third-party MSCs, we conducted a phase I, single arm study of IO co-transplantation of single-unit CB and healthy donor-derived BM MSCs using reduced intensity conditioning (RIC) regimens in patients with high-risk hematological malignancies who lacked an available HLA matched related, unrelated, or haploidentical donor.



Methods




Patients

From 7/2015 to 12/2019, adult patients (≤75 years old) with a diagnosis of high-risk hematological malignancies who were eligible for reduced-intensity conditioning (RIC) regimen allogeneic hematopoietic cell transplantation and did not have HLA matched related, unrelated, or haploidentical donors were screened for the trial enrollment. High-risk hematological malignancies include relapsed/refractory (R/R) acute myelogenous leukemia (AML) or newly diagnosed (ND) AML with adverse-risk cytogenetics, higher-risk myelodysplastic syndromes (MDS), or primary myelofibrosis (PMF). Patients are required to have cord blood units that were HLA matched at ≥4/6 (HLA-A, B, DRB1) with a minimum total nucleated cell (TNC) dose of 1.9x107/kg according to our institutional guidelines. All subjects provided written informed consent.




Study design

The primary objective of the study was to determine the feasibility of IO co-transplantation of a single-unit CB and MSCs with a RIC regimen. The feasibility was determined by the rate of primary graft failure less than 10%, which is based on historical data in single-unit CB-HCT where the rate of primary graft failure ranges between 10 to 20% (10). Primary engraftment failure was defined as absolute neutrophil count (ANC) <500/µl at day 42 without disease, or BM cellularity <10% at day 42 without evidence of donor engraftment, or hematopoietic recovery with donor chimerism <10% at day 42 or <40% at day 100. The chimerism was tested on the peripheral blood or bone marrow using a panel of 16 polymorphic DNA markers. ANC engraftment is defined as the first of three consecutive days with an ANC ≥500 cells/µL. Platelet engraftment is defined as the first of seven consecutive days with a count ≥20,000 cells/µL without transfusion support. The study was approved by the Case Comprehensive Cancer Center Institution Review Board and was conducted in accordance with the Declaration of Helsinki. The study was registered at clinicaltrials.gov (NCT02181478).




Preparation of BM-derived MSCs

MSCs were derived from the bone marrow of healthy individuals who were not HLA matched to the potential recipients. They were tested negative for hepatitis B surface antigen and core antibody, hepatitis C antibodies and PCR, HIV antibodies and PCR, HTLV antibodies, treponema pallidum antibodies, CMV antibodies, or trypanosoma cruzi antibodies. All subjects provided written informed consent. MSCs were produced under the guidelines set forth by the Foundation for the Accreditation of Cellular Therapy (FACT) in the Clinical Research Unit at University Hospitals. Briefly, after a 1.073 gm/ml Percoll gradient centrifugation, mononuclear cell layer was removed and placed into tissue flasks containing MSC culture medium with DMEM-low glucose (Arteriocyte Medical Systems, Inc). The culture medium was replaced every 3 to 4 days and the cells were monitored under a microscope. The primary culture was harvested at approximately 10 to 16 days and then cryopreserved. For culture expansion, vials of cryopreserved MCSs were thawed and cultured for additional 2 to 3 weeks. Once release testing (sterility, mycoplasma, endotoxin, and surface marker analysis) were passed, cells were released to the principal investigators either fresh or cryopreserved. A total dosage of MSCs of 2x106 cells/kg (+/-20%) was targeted based on our previous experience (11).




Intra-osseous co-transplant of MSCs and CB

The RIC regimens included cyclophosphamide 50 mg/kg on day -6, fludarabine 40 mg/m2 daily on days -6 to -2, and total body irradiation 200 cGy on day -1(Flu/Cy/TBI); or fludarabine 40 mg/m2 daily on days -5 to -2, melphalan 100 or 140 mg/m2 on day -2, and rabbit antithymocyte globulin (ATG) 1.25mg/kg on day -3 and 1.75mg/kg on day -2 (Flu/Mel/ATG). GVHD prophylaxis with mycophenolate mofetil (MMF) and cyclosporine were used with Flu/Cy/TBI conditioning, and MMF and tacrolimus were used with Flu/Mel/ATG conditioning. On the day of transplant (T0), a Jamshidi bone marrow needle was inserted into the posterior iliac crest of the patient after local anesthesia. An aspiration of about 2 mL was drawn to assess that the needle was securely inserted into the bone-marrow cavity. Subsequently, 25 mL of MSCs was infused over 5 minutes followed by 10 mL of CB suspension over 5 minutes. The process was then repeated on the contralateral posterior iliac crest using the remaining MSCs and CB.




Statistical analysis

The overall survival (OS) was measured from the date of transplantation to the date of death and was censored at the date of last follow-up for survivors. The disease-free survival (DFS) was measured from the date of transplantation to the disease progression or the date of death and was censored at the date of last follow-up for those alive without disease progression. The cumulative incidence of platelet engraftment and neutrophil engraftment and survivor distribution was estimated using Kaplan-Meier methods and differences of engraftment (neutrophil and platelet) and survival (OS, DFS) between/among groups was examined by the log-rank test. All tests were two-sided and a p-value ≤ 0.05 was considered statistically significant. Statistical calculations and figures were created using R statistical software version 4.2.1 (R Foundation for Statistical Computing, Vienna, Austria).




Results




Patient characteristics

Between 2016 and 2019, 6 patients with high-risk hematologic malignancies received IO co-transplantation of CB and MSCs at the University Hospitals Cleveland Medical Center. The patients’ characteristics are summarized in Table 1. Three patients had AML; one relapsed after a previous allogeneic HCT and was transplanted with active disease, one with treatment-related AML who was transplanted with active disease, and one with adverse-risk cytogenetics who was transplanted at first complete remission. Two patients had higher-risk MDS; one was treatment related and the other was evolved from a myeloproliferative neoplasm. The remaining patient had PMF.


Table 1 | Patients’ characteristics.



The median TNC in a single unit CB was 3.2x107/kg (range 1.9 to 7.1x107/kg) and the median CD34+ count was 0.12x106/kg (range 0.03 to 0.37x106/kg). Four patients received Flu/Cy/TBI conditioning with MMF and cyclosporin GvHD prophylaxis; the other two patients received Flu/Mel/ATG conditioning with MMF and tacrolimus GvHD prophylaxis.



Engraftment

The IO co-infusion was well tolerated in all patients. Of the four evaluable patients, all (100%) had successful engraftment. The median time to ANC and platelet engraftment was 17.5 (range 8 to 27) days and 52 (range 21 to 79) days, respectively. (Figure 1A)




Figure 1 | (A) Cumulative incidence of ANC and platelet engraftment. (B) Overall survival of all the patients. ANC, absolute neutrophil count.






Survival outcomes

Three patients had early deaths within the first two months. One patient died at day 24 due to multiple cyclosporin-related complications, including posterior reversible encephalopathy syndrome (PRES), acute renal failure, and transplant-associated thrombotic microangiopathy, despite achieving ANC engraftment at day 21. The second patient with PMF died at day 35 due to multidrug resistant Stenotrophomonas maltophilia pneumonia. The third patient died at day 42 due to persistent disease – this patient had a previous allogeneic HCT and was transplanted with active disease. Of the remaining three patients, none had disease relapse. After a median follow up of 3.1 (range 0.8 to 59.8) months, the OS was 95.5 days. (Figures 1B, 2)




Figure 2 | Swimmer plot of all the patients. Patient 1, 2, 3, and 8 received conditioning regimen of fludarabine, cyclophosphamide, and total body irradiation, while Patient 5 and 7 received conditioning regimen of fludarabine, melphalan, and rabbit antithymocyte globulin. ANC, absolute neutrophil count. Plt, platelet.






Acute and chronic GvHD

Altogether three patients develop acute GvHD; one and two patients developed overall grade 1 and grade 2 acute GvHD, respectively. One patient developed moderate-extensive chronic GvHD which resolved after corticosteroids.




Discussion

In this phase I study, we enrolled six patients with high-risk hematologic malignancies who lacked HLA matched or haploidentical donors. Our approach of intra-osseous co-transplantation of single-unit CB and healthy donor-derived MSCs was feasible and led to a 100% engraftment rate in evaluable patients with a median ANC engraftment time of 17.5 days.

Insufficient cell dose is the most common restricting factor for CB-HCT (12). IO transplantation was developed to hypothetically reduce the required total stem cell dose by minimizing cell trapping in other organs. Multiple phase I/II studies have confirmed the feasibility of this approach, with engraftment rates around 80% and ANC engraftment time ranging from 17 to 23 days, despite lower than standard TNC and CD34+ cell doses (13–17). However, no randomized studies have confirmed its superiority over the standard intravenous administration. Another obstacle to CB-HCT is the slow engraftment, which may have contributed to the higher infection rate and transplant-related mortality when compared to alternative donor sources (18). Because MSCs are supporting cells for hematopoietic stem cells, co-infusing MSCs with CB has the potential to facilitate CB engraftment. This approach has been tested in early phase clinical trials in patients with hematologic malignancies as well as non-malignant disorders (7). Among trials studying MSC combined with CB in patients with hematologic malignancies, the doses of MSC range from 1 to 7x106 cells/kg, leading to median ANC engraftment time from 12 to 19 days (8, 19). Moreover, low rates of acute GvHD were observed (8, 19). To our knowledge, however, trials combining the above two approaches have not been reported. In our study, all patients received single-unit CB, and four patients received CD34+ cell doses lower than 0.15x106 cells/kg, which was the minimal dose recommended by the American Society of Transplantation and Cellular Therapy (ASTCT) (12). We decided to administer MSCs before CB to prevent CB from being flushed into the systemic circulation due to the larger volume of MSCs. Although this study is limited by a small sample size, all evaluable patients achieved engraftment with a median ANC engraftment time of 17.5 days, which is similar to the aforementioned studies. Moreover, two patients demonstrated rapid ANC recovery at day 8 and 14.

The MSCs used in our study were obtained from a limited number of unrelated healthy donors and were not HLA-matched with the recipients. This is because research has demonstrated that MSCs possess low immunogenicity and HCT recipients are known to exhibit tolerance towards HLA-mismatched MSCs (20). In fact, the sole MSC product that is currently seeking approval from the US Food and Drug Administration (FDA), remestemcel-L, is derived from HLA-unmatched donors.

We enrolled patients with very high-risk hematologic malignancies, including two with AML who underwent transplantation with active diseases. In a large retrospective study by the European society for Blood and Marrow Transplantation (EBMT) focusing on patients with active diseases at transplantation, traditional CB-HCT had a high rate of primary engraftment failure of more than 25% and an inferior overall survival compared to unrelated donors (21). However, in our study, patients lacked identifiable HLA-matched or haploidentical donors, making CB the only donor source for allogeneic HCT. Moreover, two patients received ATG as part of the conditioning regimen, which has been linked to increased early mortality due to delayed T-cell recovery and is no longer recommended for inclusion in conditioning (22). Nonetheless, these factors likely contributed to the unfavorable survival outcomes in our study, which was evidenced by three early deaths in the trial. However, of the remaining three patients who survived the early post-HCT period, all achieved good graft function, and none had disease relapse. Furthermore, a long-term survivor is off all immunosuppressive medications. Therefore, IO co-transplantation with MSC is worth further investigation in patients with lower risk diseases who lack an alternative donor and only a single-unit CB can be identified.

Additionally, co-transplantation with MSCs may reduce acute GvHD due to their immunomodulatory effects. In a seminal study by Le Blanc et al., BM-derived MSCs induced remission in a patient with grade IV treatment-resistant acute GvHD (23). In our study, one patient developed grade 1 and two patients developed grade 2 acute GvHD. Despite four patietns receiving 5/6 matched CB, no high-grade acute GvHD was observed. However, given the small sample size, no conclusions can be drawn.

The study is limited by the small patient size. Additionally, we used a single dose level of MSCs, and the impact of difference MSC doses on engraftment remains to be determined. Larger studies enrolling patients under complete remission or with only measurable residual diseases at the time of transplantation are necessary to further demonstrate the safety and efficacy of this approach.



Conclusion

In conclusion, intra-osseous co-transplantation of single-unit CB and healthy donors’ BM-derived MSCs is feasible in patients with high-risk hematologic malignancies.
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Characteristics Patient number (%),

N=6

Age, median (range) 68 (57-71)
Sex

Male 3 (50)

Female 3 (50)
Race

White 3 (50)

Black 2 (33)

Asian 1(17)
Diagnosis

Acute myeloid leukemia 3 (50)

Myelodysplastic syndrome 2(33)

Primary myelofibrosis 1(17)

Disease status at transplantation

CRI 1(17)

Active disease 2(33)

Stable disease 3 (50)

HCT-CI

1to2 3 (50)

3 or more 3 (50)

CB TNC dose, median (range), x10”/kg 32 (1.9-7.1)
CB CD34+ dose, median (range), x106/kg 0.12 (0.03-0.37)

Conditioning regimen
Flu/Cy/TBI 4(67)
Flu/Mel/ATG 2(33)

Karnofsky performance status, %

70 3 (50)

80 3 (50)
HLA match

5/6 4 (67)

6/6 2(33)

GVHD prophylaxis
MMF + Cyclosporin 4 (67)

MMEF + Tacrolimus 2(33)

CR, complete remission; HCT-CI, hematopoietic cell transplantation-specific comorbidity
index; CB, cord blood; TNC, total nucleated cell; Flu, fludarabine; Cy, cyclophosphamide; TBI,
total body irradiation; Mel, melphalan; ATG, antithymocyte globulin; GvHD, graft-versus-
host disease; MMF, mycophenolate mofetil.





