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Background

For children with severe aplastic anemia, if the first immunosuppressive therapy (IST) fails, it is not recommended to choose a second IST. Therefore, for patients without matched sibling donor (MSD) and matched unrelated donor (MUD), haploidentical hematopoietic stem cell transplantation (Haplo-HSCT) can be chosen as a salvage treatment. This article aims to explore the comparison between upfront Haplo-HSCT and salvage Haplo-HSCT after IST.





Methods

29 patients received salvage Haplo-HSCT, and 50 patients received upfront Haplo-HSCT. The two groups received Bu (Busulfan, 3.2mg/kg/d*2d on days -9 to-8), CY (Cyclophosphamide, 60mg/kg/d*2d on days -4 to-3), Flu (fludarabine, 40mg/m2/d*5d on days -9 to -5) and rabbit ATG (Anti-thymocyte globulin, total dose 10mg/kg divided into days -4 to -2).





Results

The OS of the salvage Haplo-HSCT group showed no difference to the upfront Haplo-HSCT group (80.2 ± 8.0% vs. 88.7 ± 4.8%, p=0.37). The FFS of the salvage Haplo-HSCT group also showed no difference to the frontline Haplo-HSCT group (75 ± 8.2% vs. 84.9 ± 5.3%, p=0.27). There was no significant difference in the incidence of other complications after transplantation between the two groups, except for thrombotic microangiopathy (TMA). In the grouping analysis by graft source, the incidence of II-IV aGVHD in patients using PBSC ± BM+UCB was lower than that in the PBSC ± BM group (p=0.010)





Conclusion

Upfront Haplo-HSCT and salvage Haplo-HSCT after IST in children with acquired severe aplastic anemia have similar survival outcomes. However, the risk of TMA increases after salvage Haplo-HSCT. This article provides some reference value for the treatment selection of patients. In addition, co-transplantation of umbilical cord blood may reduce the incidence of GVHD.
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1 Introduction

The treatment of severe aplastic anemia (SAA) in children includes immunosuppressive therapy (IST) and hematopoietic stem cell transplantation (HSCT). IST mainly relies on anti-thymocyte globulin (ATG) and cyclosporine (CsA) as skeletons. According to the consensus in China, matched sibling donor (MSD) HSCT and matched unrelated donor (MUD) HSCT are recommended for patients under 50 years old. If the patient does not have MSD or MUD, haploidentical hematopoietic stem cell transplantation (Haplo-HSCT) can also be considered in well-experienced transplant centers (1). Similarly, the Japanese guidelines stratified the risk factors for SAA in children. In emergencies, patients with short telomere or PNH clones can choose Haplo-HSCT instead of IST (2). For pediatric patients who choose IST on the first line, there may be three outcomes: the first being responsive to IST without recurrence, the second being responsive to IST treatment then relapsed, and the third being consistently unresponsive to IST, defined as refractory. The response rates of retreatment with horse-ATG or rabbit ATG (r-ATG) in refractory or relapsed patients have varied significantly, from 22% to 77%. However, the average age of the subjects in these studies is mostly greater than 18 years old, and they are not solely targeted at pediatric patients (3–8). For children, Seiji Kojima et al.’s prospective study suggested that salvage alternative donor HSCT therapy is superior to repeated IST, and that pediatric patients are more susceptible to the currently used enhanced ATG therapy than adult patients, and a single ATG process is sufficient to identify their response to these immunosuppressive agents. In addition, IST increases the risk of clone evolution cannot be ignored. Overall, for children, if they fail to respond to an initial IST, it is not recommended to choose a second IST treatment (9).

When selecting the types of grafts for transplantation, G-CSF mobilized PBSC (G-PB) is a faster and more practical alternative to BM as a source of stem cells. However, G-CSF mobilized BM can also result in faster implantation of neutrophils and platelets. Furthermore, compared to PBSC, BM appears to result in fewer cases of acute and chronic GVHD (10). Recently, Haplo-HSCT combined with a third-party umbilical cord blood (UCB) unit has been used in clinical trials. UCB has fewer mature or primed T cells that are predominant in inducing GVHD compared with peripheral blood grafts. Additionally, UCB is a rich and rapidly accessible source of several immunomodulatory cells, such as regulatory T cells (Tregs) and mesenchymal stromal cells (MSCs), both of which have been found to be effective in controlling severe GVHD (11). However, because the number of stem cells derived from the donor is one order of magnitude larger than that of third-party cord blood, the cord blood will be rejected under normal circumstances, ultimately achieving donor chimerism.

Therefore, for patients without MSD and MUD, Haplo-HSCT can be a relatively good choice. We conducted a retrospective multicenter study to compare upfront Haplo-HSCT and salvage Haplo-HSCT after IST.




2 Methods



2.1 Patients

From December 12, 2015, to September 26, 2022, A total of 79 patients were included in our retrospective multicenter study, with data from 6 hospitals, namely First People’s Hospital of Chenzhou, Children’s Hospital of Soochow University, Wuhan Children’s Hospital, The First Affiliated Hospital of Zhengzhou University, Hunan Children’s Hospital, Guangzhou Women’s and Children’s Medical Center. All patients were diagnosed according to standard diagnostic methods (12) and excluded from MDS, inherited bone marrow failure syndrome, and all patients who underwent testing had negative PNH clones. Patients with any severe liver, heart, lung or kidney disease, or any active infection were excluded. Receiving upfront Haplo-HSCT is defined as not using IST before transplantation or only using CsA for less than three months (<3 months). Salvage Haplo-HSCT after IST is defined as using CsA and ATG or using CsA for more than three months (≥3 months) before transplantation. Twenty-nine patients received salvage Haplo-HSCT, and 50 patients received upfront Haplo-HSCT. The average age of the study subjects is 7.07 ± 3.07 years. The time from diagnosis to transplantation is 2.9 ± 7.5months in the upfront Haplo-HSCT group and 14.6 ± 19.3 months in the salvage Haplo-HSCT group. The median follow-up time is 30.46 ± 22.49 months. Patient characteristics are shown in Table 1.


Table 1 | Patient characteristics.






2.2 Graft types

The selection of graft types includes PBSC ± BM or PBSC ± BM+UCB. To mobilize stem cells, rhG-CSF were subcutaneously injected into donors on days −4 to 0 (5 μg/kg/day). The target CD34+ should reach 2.5(10^6/kg), and the number of mononuclear cells was less than 10 (10^8/kg). The umbilical cord blood (UCB) units were obtained from the cord blood bank across China. The choice of UCB was according to HLA typing (from 6/6 to 4/6), cell count (from high to low), blood type (from matched to mismatched) and the patient’s preference. Days before the first and last stem cell infusion were designated by a minus (–) sign and a plus (+) sign, respectively. If choosing to use UCB in combination, a single UCB fusion was conducted on day-1 (Figure 1).




Figure 1 | Schematic diagram of conditioning regimen.






2.3 Conditioning regimen

The two groups received Bu (Busulfan, 3.2mg/kg/d*2d on days -9 to-8), CY (Cyclophosphamide, 60mg/kg/d*2d on days -4 to-3), Flu (fludarabine, 40mg/m2/d*5d on days -9 to -5) and rabbit ATG (Anti-thymocyte globulin, total dose 10mg/kg divided into days -4 to -2) (Figure 1).




2.4 GVHD prophylaxis

For prophylaxis of GVHD, CsA is routinely used intravenously from day-1, with the concentration maintained at 200-250ng/ml, and the dosage will be reduced after six months of use, and it will be stopped for about one year. In the case of liver GVHD, adjust to FK506 and keep the concentration between 8-12ng/ml. Mycophenolate mofetil (MMF) is routinely used, 30mg/kg per day, divided into twice or three times, until 30 days after transplantation. Methotrexate (MTX) is administered at a dosage of 15mg/m2 on day+1, 10mg/m2 on day+3, and day+6, respectively. G-CSF was used to increase the neutrophil count on day+5.




2.5 Definition of engraftment and evaluation of outcomes

Neutrophil engraftment is defined as ANC ≥0.5×10^9/L for three consecutive days, platelet engraftment is defined as platelets ≥20×10^9/L without transfusion for seven consecutive days, and red blood cell engraftment is defined as hemoglobin not less than 80g/L without transfusion. Graft failure is defined as the failure to achieve hematopoietic recovery after transplantation, with all or part of the hematopoietic cells derived from the recipient. Chimerism was detected by using fluorescence in situ hybridization probes to detect peripheral blood for sex-mismatched pairs or short tandem repeats of polymorphic DNA sequences for sex-matched pairs. After chimerism detection, only donor-type hematopoietic cells after allogeneic HSCT are defined as complete donor chimerism (13). To evaluate outcomes, three-year overall survival (OS) and failure-free survival (FFS) were estimated. The OS is calculated from the transplant date to the final follow-up date. The definition of FFS is the survival rate without treatment failure. Death, graft rejection, recurrence and the need for remedial treatment are considered as treatment failures (14).




2.6 Statistical methods

Continuous variables are expressed as mean ± standard deviation (SD) or median and interquartile spacing, while categorical data are expressed as quantity (N) and percentage (%). Kruskal-Wallis test and analysis of variance (ANOVA)were used for continuous variables, and the Chi-square test or Fisher’s exact test were used for categorical variables. In addition, a subgroup analysis of graft types was also conducted. The relationship between independent variables and OS and FFS was analyzed using Cox regression. All independent variables are included in univariate analysis, and significant variables in univariate analysis are included in multivariate analysis. The probability of OS and FFS and survival curves are obtained by the Kaplan – Meier method. Log-rank test was used to compare the survival rate among groups. Compare the number of platelets, neutrophils, and lymphocytes in the first, third, and sixth month and donor chimerism rate at 1-month post-transplantation between the two groups to evaluate hematopoietic reconstitution. All statistical analyses were conducted using IBM SPSS version 25 and R project (4.2.2). A P-value of <0.05 was considered statistically significant.





3 Results



3.1 Patient characteristics

Table 1 shows the clinical characteristics of 79 patients. There were no significant differences between the two groups in terms of age, gender, donor age, gender, graft type, serum ferritin levels, average time of neutrophil and platelet implantation. The salvage Haplo-HSCT group was longer than the upfront Haplo-HSCT group in terms of time to diagnosis to transplantation before transplantation(14.6 ± 19.3 months VS 2.9 ± 7.5 months, p=0,004), and there are differences in the distribution of ABO matching between the two groups (p=0.002).




3.2 Complications after transplantation

Only thrombotic microangiopathy (TMA) showed differences between the two groups, and the salvage Haplo-HSCT group had a higher probability of developing TMA (0% VS 13.8%, p=0.031, Table 2). The four patients who experienced TMA were all in the salvage Haplo-HCT group. Patient 1 developed TMA more than three months after transplantation, underwent plasma exchange, discontinued IST, and treatment with rituximab and basiliximab, but was unable to control the condition. Eventually, patient 1 died due to cytomegalovirus encephalitis, GVHD, and TMA. Patient 2 was cured under the treatment of rituximab, heparin, steroid hormones, and ruxolitinib. Patient 3 developed TMA on day +17 after transplantation and was cured after discontinuing cyclosporine. Patient 4 developed TMA at two months and eight months after transplantation and was treated with plasma exchange, rituximab, corticosteroids, basiliximab, and infliximab. Patient 4 died due to TMA, IV GVHD, pulmonary infection (Aspergillus), and cytomegalovirus infection one year after transplantation. There was no significant difference in other complications between the two groups, such as aGVHD, cGVHD, Posterior reversible encephalopathy syndrome, Veno-occlusive disease, Cytomegalovirus infection, Epstein-Barr virus infection, Post-transplant Lymphoproliferative Disorder, Graft failure and Poor graft function. In the upfront Haplo-HSCT group, 12 patients (24%) developed grade III-IV acute graft versus host disease (aGVHD), and 3 patients (6.0%) developed intensive chronic graft versus host disease(cGVHD). In the salvage Haplo-HSCT group, the incidence of III-IV aGVHD and intensive cGVHD was 10.3% and 3.4%, respectively (Table 2). In the grouping analysis by graft source, the incidence of II-IV aGVHD in patients using PBSC ± BM+UCB was lower than that in the PBSC ± BM group (32.3% vs 70.6%, p=0.010, Table 3). In subgroup analysis of graft types (Table 4), for the upfront Haplo-HSCT group, the incidence of II-IV aGVHD in patients using PBSC ± BM+UCB as the graft source was lower than that in the PBSC ± BM group (30.6% vs 78.6%, p=0.006). For the salvage Haplo-HSCT group, using PBSC ± BM+UCB as the graft source can reduce the severity of cGVHD (p=0.009).


Table 2 | Complications after Transplantation.




Table 3 | The impact of graft types on implantation time and complications.




Table 4 | Subgroup analysis of graft types.






3.3 Engraftment and hematopoietic reconstruction

There was no significant difference in the average time of neutrophil and platelet implantation between the two groups (p>0.05, Table 1). Two patients (4%) in the upfront Haplo-HSCT group experienced graft failure, while three patients (10.3%) in the salvage Haplo-HSCT group experienced graft failure (p=0.524, Table 2). Table 5 reflects the hematopoietic reconstruction situation of the two groups, and overall, the speed of hematopoietic reconstruction in the salvage Haplo-HSCT group is equal to that in the upfront Haplo-HSCT group.


Table 5 | Hematopoietic reconstruction.






3.4 Survival

The OS of the salvage Haplo-HSCT group showed no difference to the frontline Haplo-HSCT group (80.2 ± 8.0% vs. 88.7 ± 4.8%, p=0.37) (Figure 2A). The FFS of the salvage Haplo-HSCT group also showed no difference to the frontline Haplo-HSCT group (75 ± 8.2% vs 84.9 ± 5.3%, p=0.27) (Figure 2B). Of the 79 patients, a total of 10 died due to infection (n=3), multiple organ failure (n=3), hemorrhagic shock (n=2), cerebral hemorrhage (n=1), and TMA(n=1). In univariate and multivariate Cox regression, only statistically significant independent variables were listed, and the results showed that the occurrence of Post-transplant Lymphoproliferative Disorder (PTLD) is a risk factor for FFS. For the upfront Haplo-HSCT group, prolonged platelet implantation time is a risk factor for OS and FFS (Table 6).




Figure 2 | Kaplan-Meier estimates of (A) OS of upfront Haplo-HSCT and salvage Haplo-HSCT; (B) FFS of upfront Haplo-HSCT and salvage Haplo-HSCT.




Table 6 | Results of Cox regression.







4 Discussion

Previous studies have shown that the OS of first-line Haplo-HSCT is comparable to IST, but the FFS and health-related quality of life of Haplo-HSCT are superior to IST treatment (15). However, due to the high risk of transplantation, patients may prefer to prioritize IST treatment. For patients who have failed IST treatment and do not have a matching donor, salvage Haplo-HSCT can be chosen. However, there are currently few studies that directly compare the survival outcomes of upfront Haplo-HSCT and salvage Haplo-HSCT. Therefore, our study aims to compare upfront Haplo-HSCT and salvage Haplo-HSCT post-IST, providing a basis for the selection of treatment for children with SAA. In our study, the baseline features of the two groups of patients were almost matched, making the comparison of results between the two groups more reliable.

In terms of complications after transplantation, there was only a difference in the incidence of TMA between the two groups, and the salvage Haplo-HSCT group had a higher incidence of TMA, which may be related to the longer use of cyclosporine before transplantation. Previous studies have shown that cyclosporine may damage vascular endothelium, and exposure to prior calcineurin inhibitors is a risk factor for transplant-associated TMA (16, 17). In the past few years, the probability of developing III - IV aGVHD in patients with Haplo-HSCT based on G-CSF and ATG protocols was 4.9-29.6% (18), the incidence of aGVHD in our groups remains relatively low. Our study showed no significant difference in the frequency of aGVHD and cGVHD between the two groups, which is like the study by Zhu et al., who also mainly used Haplo-HSCT for salvage treatment. They concluded that the incidence of II-IV aGVHD for frontline Haplo-HSCT and salvage Haplo-HSCT was comparable (19). However, another study targeting pediatric patients, with matched family donor (MFD) as the main source of salvage treatment, found that the cumulative incidence of II-IV aGVHD of HSCT post IST failure was higher than MFD HSCT (25.0 ± 5.0% vs 8.0 ± 1.0%, P<0.0001). The five-year cumulative incidence of cGVHD was also higher in HSCT post-IST compared to MFD (20.0 ± 4.0% vs 6.0± 2.0%, P<0.0001) (20). Another study focuses on teenagers, cumulative incidence of aGVHD was similar in MFD transplants and transplants post failed IST(P=0.18). cGVHD was higher in transplants post failed IST than in MFD HSCT (P=0.0009) (21). In addition, our research findings suggest that co-transplantation with cord blood may reduce the incidence of GVHD, which is consistent with previous research findings. A study by Wu et al. included 91 children (average age 1-16 years old) based on the “Beijing protocol”, and the conclusion was that the incidence of GVHD in the haplo-cord group is lower compared to the haplo group (11).

In our study, hematopoietic reconstitution in the salvage Haplo-HSCT group was almost equal to the front-line Haplo-HSCT group. In multivariate analysis, the occurrence of PTLD is an adverse factor for FFS, but there is no difference in the frequency of occurrence between the two groups. Therefore, based on the above situation, there is no statistically significant difference in OS and FFS between the two groups. Zhu et al.’s study showed that the EFS was lower in the salvage HSCT group compared with the Haplo-HSCT group (41.7 ± 14.2% versus 80.0 ± 8.9%; P=0.046) (19) Marsh, Judith et al.’s research suggested that OS was comparable between 86% in the MFD HSCT group, 90% in patients given front-line IST alone, and 78% in transplantation post failed front-line IST (P=0.14). EFS in the same groups was respectively 83%, 64% and 71% (P=0.04) (21). Wu D et al.’s research showed that the estimated OS and FFS of salvage Haplo-HSCT at three years was 76.30 ± 9.70%, and the median age of research subjects was 26 years (10–54 years) (22). Yoo, K H et al.’s research suggested that the estimated EFS of the frontline HSCT group was higher than that of the salvage HSCT group (91.3% vs 50.9%, P = 0.015) (23). On the contrary, Xu et al. believed that there was no significant difference in II-IV aGVHD (P=0.699), cGVHD (P=0.916), OS (P=0.698), and FFS (P=0.899) between the two groups for children receiving upfront Haplo-HSCT or salvage Haplo-HSCT (24). Therefore, we believe that for experienced transplant centers, patients with generally acceptable conditions, and voluntarily, patients without MSD and MUD can actively receive upfront Haplo-HSCT. Of course, salvage Haplo-HSCT after IST failure is advisable, but it carries a higher risk of TMA. In addition, for well-experienced transplant centers, choosing upfront Haplo-HSCT can reduce the drug side effects of IST and avoid the risk of anxiety for parents and worsening infection when IST is ineffective for a long time.

However, our research has some limitations. Firstly, the sample size of the salvage treatment group is small. Secondly, as this study is retrospective, there may be other possible factors that have yet to be included in the analysis. In future research, we need a well-designed prospective study to verify our findings and increase our sample size.




5 Conclusion

Upfront Haplo-HSCT and salvage Haplo-HSCT after IST in children with acquired severe aplastic anemia have similar survival outcomes. However, the risk of TMA increases after salvage Haplo-HSCT. This article provides some reference value for the treatment selection of patients. In addition, co-transplantation of umbilical cord blood may reduce the incidence of GVHD.
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