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Background

Allogeneic hematopoietic stem cell transplantation (HSCT) is a potentially curative therapy for various hematologic disorders. Alternative donor strategies such as mismatched unrelated donors (MMUD) offer the option of HSCT to patients lacking a human leukocyte antigen (HLA)-matched donor. We conducted a systematic review and meta-analysis to evaluate outcomes after MMUD-HSCT.



Methods

A literature search was performed on PubMed, Cochrane Library, and ClinicalTrials.gov from the inception date through April 6, 2022. After screening 2477 manuscripts, 19 studies were included. Data was extracted following the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines. Pooled analysis was done using the meta-package by Schwarzer et al. Proportions with 95% confidence intervals (CI) were computed.



Results

A total of 3336 patients from 19 studies were included. The median age was 52.1 years, and 53% of recipients were males. The graft source was bone marrow in 19% and peripheral blood stem cells in 81% of recipients. The median time to transplant from hematologic diagnosis was 10 (1-247) months. Hematologic diagnoses included myeloid (82.9%), lymphoid (41.1%), and other disorders (3%). The reduced intensity and myeloablative conditioning were used in 65.6% and 32% of recipients, respectively. In-vivo T-cell depletion was performed in 56.7% of the patients. Most patients had one (87.9%) or two (11.4%) antigen HLA-mismatch. The pooled 1-year overall survival (OS) was 63.9% (95% CI 0.57-0.71, n=1426/2706), and the pooled 3-year OS was 42.1% (95% CI 0.34.2-0.50, n=907/2355). The pooled progression-free survival was 46.6% (95% CI 0.39-0.55, n=1295/3253) after a median follow-up of 1.8 (range 1-6) years. The pooled relapse rate was 26.8% (95% CI 0.22-0.32, n=972/3253) after a median follow-up of 2.25 (1-3) years. The pooled incidence of acute (grade II-IV) graft-versus-host disease (GVHD) and chronic GVHD was 36.4% (95% CI 0.31-0.42, n=1131/3030) and 41.2% (95% CI 0.35-0.48, n=1337/3228), respectively. The pooled non-relapse mortality was 22.6% (95% CI 0.17-0.29, n=888/3196) after a median follow-up of 2.6 (1-5) years.



Conclusion

MMUD-HSCT has demonstrated favorable outcomes with an acceptable toxicity profile. It represents a promising option in patients lacking an HLA-matched or haploidentical donor and may expand HSCT access to underrepresented racial and ethnic populations.
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Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) is a potentially curative therapy for various high-risk hematologic malignancies and non-malignant disorders. Almost half of stem cell transplants performed in the United States are allogeneic (1). The first human leukocyte antigen (HLA) was discovered in 1958, and it was quickly found that HLA mismatch plays a significant role in the development of graft-versus-host disease (GVHD) and non-relapse mortality (NRM) among transplant recipients (2). Outcomes of HSCT have improved with the emphasis on HLA matching. The first successful HSCT utilized a related donor. The matched sibling donor (MSD) remains an ideal source of stem cell transplantation; however, the chance of finding an MSD is only 25-30% (3, 4). The worldwide donor registries, including Bone Marrow Donors Worldwide (BMDW)/World Marrow Donor Association (WMDA) and National Marrow Donor Program (NMDP), were established to improve the chances of finding a non-related HLA-matched donor (4, 5). There is a significant over-representation of Caucasian donors in these registries, with a paucity of donors for many racial and ethnic groups (6, 7). Since 2014, the chances of finding a matched donor improved from 25% to 75% for Caucasians, 7% to 29% for African-Americans, and 10% to 48% for Hispanics (6). The racial disparity in access to the matched unrelated donor is multifactorial, including frequent HLA heterogeneity, lower representation in donor registries, and lack of access to health care and education (4, 8–10).

Patients who do not have an HLA-matched donor can still potentially undergo transplantation by strategies aimed to cross HLA barriers, including utilizing an alternative donor source, such as haploidentical (haplo) family donors, mismatched unrelated donors (MMUD), or umbilical cord blood cells (UCB), and improved GVHD prophylaxis using interventions such as T-cell depletion (TCD) and post-transplant cyclophosphamide (PT-Cy) (11, 12). These strategies also have improved access to HSCT for currently underrepresented populations in donor registries (13, 14). We conducted this systematic review and meta-analysis to investigate the outcomes following MMUD HSCT.



Methods


Data sources and search strategy

The literature search for the systematic review and meta-analysis was carried out following the guidelines outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) (15). Population, intervention, comparison, and outcome (PICO) tables were developed. Three electronic databases (PubMed, Cochrane Library, and ClinicalTrials.gov) were searched thoroughly through April 6, 2022, using the MeSH terms and entry words for “hematopoietic stem cell transplantation” “hematologic neoplasms,” unrelated donors,” and “treatment outcome.” No filters or publication time limits were applied for the search, and 2480 records were identified. A manual search of the professional meeting abstracts, e.g., the American Society of Hematology and the American Society of Clinical Oncology, identified two records. All search results were imported into the Endnote X9.0 reference manager, and duplicates were removed.



Selection criteria

After removing duplicates, 2477 articles were screened by two authors independently. In primary screening, non-relevant articles were excluded based on title and abstract. Full texts of the remaining 56 articles were then assessed for eligibility based on predetermined criteria, set after discussion and consensus between all authors, and approved by the principal investigator (M.U.M.). Inclusion criteria were original studies (clinical trials, case-control, retrospective, and prospective cohort) that reported outcomes with mismatched unrelated donor HSCT. Only adult studies were included in the analysis except Watkins et al. (16), which had few pediatric patients. This study was included because of its clinical significance and most of the patients were adults. A total of 37 studies were excluded in secondary screening based on relevancy, case reports, pediatric population, non-availability of the abstract or full-length article, and articles in a language other than English. (Figure 1) Supplementary Table S1 lists excluded studies and the reasons for exclusion.




Figure 1 | PRISMA Diagram for included and excluded studies.





Data extraction

Two authors extracted data from the 19 selected studies independently. Following individual data extraction, data sheets were double-checked for any discrepancies. In addition, Data was collected for baseline characteristics, including the number of patients, gender, age, indication for HSCT/hematologic diagnosis, HSCT platform, source of stem cells for primary graft, HLA status of the donor, and efficacy and safety, including overall survival (OS), progression-free survival (PFS), relapse rate (RR), acute and chronic GVHD, and NRM.



Quality evaluation

The methodological quality of the included studies was evaluated using the National Institute of Health (NIH) quality assessment tool. The Joanna Briggs Institute (JBI) Critical Appraisal Checklist for Studies Reporting Prevalence Data was used for quality assessment, and all studies were reported as good.



Data analysis

Proportions along with 95% confidence intervals (CIs) were extracted to compute pooled analysis using the R ‘meta-package in R version 4.16-2 (R Foundation for Statistical Computing, Vienna, Austria) (17). We pooled the experimental arm results of included trials using the inverse variance method and logit transformation. The variance among studies was calculated using the Der Simonian-Laird estimator (18).




Results

A total of 3336 patients from 19 studies were included in this systematic review and meta-analysis, with a median age of 52.1 (6-76.5) years (16, 19–36), and 53% (n=1659/3116) of recipients were male (20–25, 27–36). Eighty-six percent (n=1055/1222) patients were Caucasian and 5.8% (n=71/1222) were African American (30–16). The primary graft source was bone marrow (BM) in 19% (n=646/3336) and peripheral blood stem cells (PBSC) in 81% (n=2690/3336) of the recipients (16, 19–36). The median time to transplant was 10 (1-247) months (15, 20, 22–24, 28) and median follow-up time was 33 (0.4-135.6) months (16, 20–22, 24–32, 34–37). Reduced-intensity conditioning (RIC) conditioning was used for 65.6% (n=2191) of the patients while 32% (n=1066) of patients received myeloablative conditioning (MAC). In-vivo TCD was performed in 56.7% of the patients, as reported by ten studies with available data (n=1359/2395) (20–26, 28, 30, 31). Among them, 20% (n=272) patients received anti-thymocyte globulin (ATG) and 9.2% (n=125) patients received alemtuzumab whereas details regarding in-vivo TCD regimen were not available in 70.8% (n=962) of patients from studies based on registry databases. Underlying hematologic diagnoses included myeloid disorders (82.9%, n=2767/3336), lymphoid disorders (41.1%, n=471/3336), and others (3%, n=98/3336). HLA mismatch (MM) status was reported as HLA 9/10 MM (62%, n=1462/2360), HLA 7/8 MM (26%, n=612/2360), HLA 8/10 MM (5.7%, n=136/2360), HLA 6/8 MM (5.7%, n=134/2360), and 3 or higher HLA MM (0.7%, n=16/2360) of the patients (19, 21–23, 28, 34). Six studies (n=1068) specified the type of allele mismatch (MM) as follows: HLA-A MM in 26.3% (n=281/1068), HLA-B MM in 11.9% (n=127/1068), HLA-C MM in 34.2% (n=366/1068), HLA-DRB1 MM in 11.1% (n=119/1068), HLA-DQB1 MM in 17.3% (n=185/1068), and HLA-DPB1 MM in 29.6% (n=317/1068) of the patients (21, 25, 30, 31, 34, 35) (Table 1)


Table 1 | Baseline characteristics of patients with mismatched unrelated donor allogeneic stem cell transplantation.



OS ranged from 93% at one year to 28% at three years. The pooled OS was 63.9% (95% CI 0.57-0.71, I2= 92%, n=1426/2706) at one year, while the pooled OS at three years was 42.1% (95% CI 0.34.2-0.50, I2 = 93%, n=1513/2355). (Figures 2A, B) The pooled PFS was 46.6% (95% CI 0.39-0.55, I2 = 95% n=1295/3253) at a median follow-up of 1.8 (1-6) years. (Figure 2C) The pooled RR was 26.8% (95% CI 0.22-0.32, I2 = 89%, n=972/3253) at a median follow-up of 2.25 (1-3) years. (Figure 3A) The pooled incidence of acute GVHD (grade II-IV) was 36.4% (95% CI 0.31-0.42, I2 = 88%, n=1131/3030) and the pooled incidence of acute GVHD (grade III-IV) was 14.8% (95% CI 0.10-0.19, I2 = 86%, n=369/1861). (Figures 3B, C) The pooled incidence of chronic GVHD was 41.2% (95% CI 0.35-0.48, I2 = 93%, n=1337/3228). The pooled incidence of chronic GVHD (extensive) was 24% (95% CI 0.14-0.37, I2 = 92%, n=487/1996). (Figures 3D, E) At a median follow-up of 2.6 (1-5) years, the pooled NRM was 22.6% (95% CI 0.17-0.29, I2 = 93% n=888/3196) (Figure 3F and Table 2).




Figure 2 | (A) Forest plot of pooled 1-year overall survival after mismatched unrelated donor allogeneic stem cell transplant (n=2706). (B) Forest plot of pooled 3-year overall survival after mismatched unrelated donor allogeneic stem cell transplant (n=1972). (C) Forest plot of pooled progression-free survival after mismatched unrelated donor allogeneic stem cell transplant (n=3253).






Figure 3 | (A) Forest plot of pooled incidence of relapse after mismatched unrelated donor allogeneic stem cell transplant (n=3253). (B) Forest plot of pooled incidence of acute graft versus host disease grade (II-IV) after mismatched unrelated donor allogeneic stem cell transplant (n=3030). (C) Forest plot of pooled incidence of acute graft versus host disease grade (III-IV) after mismatched unrelated donor allogeneic stem cell transplant (n=1861). (D) Forest plot of pooled incidence of chronic graft versus host disease after mismatched unrelated donor allogeneic stem cell transplant (n=3228). (E) Forest plot of pooled incidence of chronic graft versus host disease (extensive) after mismatched unrelated donor allogeneic stem cell transplant (n =1996). (F) Forest plot of pooled incidence of non-relapse mortality after mismatched unrelated donor allogeneic stem cell transplant (n=3196).




Table 2 | Outcomes of mismatched unrelated donor allogeneic stem cell transplantation.




Outcomes after MMUD HSCT without post-transplant cyclophosphamide for GVHD prophylaxis

Fifteen studies, including 3169 patients, did not use PT-Cy for GVHD prophylaxis. The median age was 51.7 (6-76.5) years (16, 19–32), and 56.5% (n=1614/2859) recipients were male (20–25, 27–32). The graft source was BM in 17% (n=546/3169) and PBSC in 82% (n=2623/3169) of the recipients (16, 19–32). The median time to transplant from hematologic diagnosis was 10 (1-247) months (20, 22–24, 28, 30), and median follow-up time was 35.1 (0.4-135.6) months (16, 20–32). The pooled OS was 57.5% (95% CI 0.50-0.64, I2 = 92%, n=1377/2539) at one year (19–25, 28, 30–32), while the pooled OS at three years was 44.2% (95% CI 0.35.2-0.52, I2 = 92%, n=787/1952) (19, 21, 22, 24, 25, 28, 30, 31). The pooled PFS was 41.5% (95% CI 0.33-0.49 I2 = 95% n=1183/3086) at a median follow-up of 2.7 (1-6) years (16, 19–24, 27–32). The pooled RR was 27.4% (95% CI 0.22-0.33, I2 = 91%, n=931/3086) at a median follow-up of 2.5 (1-3) years (16, 19–24, 27–32). The pooled incidence of acute GVHD (grade II-IV) was 37.3% (95% CI 0.31-0.43, I2 = 90%, n=1072/2863) (19, 21–23, 25–32), and the pooled incidence of acute GVHD (grade III-IV) was 15.2% (95% CI 0.10-0.20, I2 = 89%, n=369/2018 (16, 19–21, 26–32). The pooled incidence of chronic GVHD was 44.3% (95% CI 0.37-0.51, I2 = 93%, n=1337/3101) (16, 19, 21–32). The pooled incidence of chronic GVHD (extensive) was 27.4% (95% CI 0.15.7-0.41, I2 = 97%, n=486/1958) (16, 21, 22, 25, 26, 28, 29, 31). At a median follow-up of 3 (1-5) years, the pooled NRM was 26.3% (95% CI 0.20-0.33, I2 = 93% n=863/3029) (16, 19–22, 24, 25, 27–31) (Tables 1, 2).



Outcomes after MMUD HSCT with post-transplant cyclophosphamide for GVHD prophylaxis

Four studies, including 167 patients, reported the use of PT-Cy for GVHD prophylaxis. The median age was 54.2 (18-76) years, and 26.9% (n= 45/167) were male (33–36). The pooled OS was 81.9% (95% CI 0.75-0.88, I2 = 0%, n=136/167) at one year (33–36). At a median follow-up of 1.8 (1-6) years, the pooled PFS was 67.3% (95% CI 0.6-0.74, I2 = 0% n=112/167) (33–36). The pooled RR was 24.3% (95% CI 0.14-0.36, I2 = 89%, n=41/167) at a median follow-up of 2.25 (1-3) years (33–36). The pooled incidence of acute GVHD (grade II-IV) was 32.1% (95% CI 0.18-0.48, I2 = 74%, n=59/167) (33–36), and the pooled incidence of acute GVHD (grade III-IV) was 17.7% (95% CI 0.11-0.25, I2 = 0%, n=21/118) (33–36). The pooled incidence of chronic GVHD was 30.5% (95% CI 0.20-0.42, I2 = 51%, n=52/167) (33–36). At a median follow-up of 2.6 (1-5) years, the pooled NRM was 8.6% (95% CI 0.04-0.14, I2 = 93% n=15/167) (33–36) (Tables 1 and 2).



Outcomes after MMUD HSCT using reduced intensity conditioning

Seven studies, including 924 patients, reported RIC conditioning with a median age of 57.5 (18-76) years (19, 21, 23, 25, 34, 35, 37). Fifty-six percent (n= 429/769) recipients were males (21, 23, 25, 33–35). The graft source was PBSC in 69.6% (n=643/924) and BM in 30.4% (n=281/924) of the patients (19, 21, 23, 25, 34, 35, 37). The median follow-up time was 28 (3-125) months. The pooled 1-year was 66.9% (95% CI 0.55-0.77, I2 = 88%, n=498/924) (19, 21, 23, 25, 34, 35, 37), and 3-years OS was 43.5% (95% CI 0.33-0.54, I2 = 84% n=300/855) (19, 21, 23, 25, 35). The pooled incidence of acute GVHD (grade II-IV) was 33% (95% CI 0.22-0.45, I2 = 84%, n=262/639) (19, 22, 25, 33–35), while the pooled incidence of acute GVHD (grade III-IV) was 16.4% (95% CI 0.07-0.28, I2 = 87%, n=113/542) (19, 21, 33). The pooled incidence of chronic GVHD was 36.2% (95% CI 0.27-0.47, I2 = 84%, n=400/877) (19, 21, 23, 25, 34, 35, 37). The pooled PFS, RR, and NRM was 46.6% (95% CI 0.32-0.61, I2 = 91%, n=280/866), 29% (95% CI 0.21-0.38, I2 = 77%, n=294/866), and 20.3% (95% CI 0.18-0.30, I2 = 83%, n=227/809), respectively (19, 21, 23, 25, 34, 35, 37) (Tables 1, 2).




Discussion

Allogeneic hematopoietic stem cell transplantation is a potentially curative therapy for malignant and non-malignant hematologic disorders (4, 38). The mismatched unrelated donor is utilized in clinical settings as an alternate donor strategy for potential recipients of HSCT who lack an HLA-matched donor or haploidentical family donor. Recent improvements in HLA typing, GVHD prophylaxis including TCD and PT-Cy, and supportive care have improved survival and transplant-related mortality in MMUD HSCT recipients (11, 12, 39). Our systematic review and meta-analysis, including 19 studies, report outcomes of 3336 patients who underwent HSCT utilizing a mismatched unrelated donor, primarily with one antigen mismatch (88% of the recipients). The one- and three-year OS after MMUD HSCT was 64% and 42%, respectively. Historically, MMUD HSCT has been associated with higher rates of GVHD and NRM (40); however, our analysis showed an improvement in acute GVHD rates with grade III-IV acute GVHD reported in 15% of MMUD HSCT recipients. The incidence of grade III-IV GVHD in the matched unrelated donor and haploidentical HSCT is 14% and 16% respectively, which is comparable to the incidence of severe GVHD in mismatched unrelated donor HSCT (41).

Historically, many studies have reported poor outcomes of MMUD HSCT compared to matched donors, even with a single allele mismatch. However, these results could have been related to the GVHD prophylaxis regimens used, as higher GVHD incidence was associated with higher NRM after HSCT (19, 21, 31). Similarly, several studies reported a direct correlation between higher NRM and degree of HLA mismatches (38, 40, 42, 43). Kasamon et al. showed that two or more mismatched HLA loci or HLA-C mismatch did not increase the incidence of graft failure or grade III-IV acute GVHD when PT-Cy- based GVHD prophylaxis was used, suggestive of an important role of PT-Cy-based GVHD prophylaxis in MMUD HSCT (35). In our review, analysis based on the number and type of allele mismatching was not done due to the paucity of data; however, most patients included in this meta-analysis had one (88%) or two (11%) antigen HLA-mismatch. The graft source was bone marrow in 19% and peripheral blood stem cells in 81% of the patients. PBSCs are used due to ease of collection and faster engraftment of stem cells. Several studies have reported comparable survival between BM and PBSC with a lower rate of chronic GVHD with BM transplant and a lower relapse rate with PBSC (7, 44, 45). Better quality of life has been reported with bone marrow graft source (46).

The pooled incidence of relapse was 27% in our meta-analysis. Comparing relapse rates across these studies given is challenging given the heterogeneity of underlying hematologic malignancies, conditioning regimens, graft source, and GVHD prophylaxis. A recent study has reported a relapse rate of 31% for HLA-matched donor HSCT with PT-Cy-based GVHD prophylaxis (47). In a Center for International Blood and Marrow Transplant Research (CIBMTR) analysis, 2-year disease-free survival (55% vs. 41%) and OS (67% vs. 54%) were higher with MUD as compared to haplo HCT among RIC recipients (48). At the same time, there were no differences in relapse, non-relapse mortality, disease-free, and OS between MUD and haplo HCT with MAC (48). Bachanova et al. and Saraceni et al. reported similar relapse risk but higher NRM with MMUD than other donors (22, 30).

The optimum conditioning regimen before MMUD is not known. As the conditioning regimen plays a crucial role in HSCT outcomes, seven studies in our analysis showed slightly improved survival in patients treated with reduced-intensity conditioning with a one-year OS of 67% and NRM of 20% as compared to a one-year OS of 64% and NRM of 23% in all patients. Higher intensity regimens led to lower relapse risk but resulted in higher NRM. Additional factors that may intersect with conditioning regimen intensity include age, recipient donor chimerism, and the presence of residual host antigen-presenting cells (25). In a study by Robin et al., higher NRM was reported with MAC conditioning (49). Similarly, Brissot et al. show that RIC was associated with a better OS than MAC (28).

Treatment modalities to mitigate GVHD are essential in improving outcomes related to MMUD HSCT. The addition of ATG to standard cyclosporine and methotrexate for GVHD prophylaxis showed favorable results and a low incidence of severe acute GVHD (26). Kasamon et al. reported that GVHD prophylaxis with PT-Cy based regimen resulted in no incidence of graft failure or acute GVHD grade III-IV (35). Similarly, Al-Malki et al. reported that survival after MMUD remained poor in patients receiving calcineurin inhibitor (CNI)-based GVHD prophylaxis (31). Although a direct comparison among studies using TCD versus PT-Cy-based GVHD prophylaxis was difficult, the best outcomes were reported by four studies using PT-Cy-based GVHD prophylaxis compared to fifteen studies that used non-PT-Cy-based GVHD prophylaxis regimens, with a 1-year OS survival of 82% (vs. 56%), PFS of 67% (vs 41.5%), RR of 24% (vs. 27%), NRM of 9% (vs. 26%), grade III-IV acute GVHD incidence of 18% (vs. 15%), and chronic GVHD rate of 30.5% (vs. 44%). A recent study suggested improved GVHD in Haplo HCT patients with BM stem cells compared to PBSC when PT-Cy was used for prophylaxis with similar NRM and OS (50).

To our knowledge, this is the first meta-analysis to determine the outcomes after MMUD HSCT. Our meta-analysis has several limitations. Studies included in the meta-analysis were heterogeneous. Most of the included studies were conducted without randomization and blinding and did not have comparator arms. The study compared outcomes among different hematological malignancies with varying disease biology that could affect results, particularly the relapse rates. The data was insufficient to perform a separate analysis based on the type of hematologic disease. We reported outcomes for reduced-intensity conditioning and PT-Cy-based and non-PT-Cy-based GVHD prophylaxis separately, but data is not available for a head-to-head comparison.



Conclusion

Mismatched unrelated donor HSCT has demonstrated favorable outcomes with an acceptable toxicity profile. MMUD HSCT outcomes using reduced-intensity conditioning and post-transplant cyclophosphamide-based GVHD prophylaxis regimen are comparable to the mismatched related donor (haploidentical) HSCT outcomes. Our findings suggest a single-antigen mismatched unrelated donor HSCT should be utilized in patients lacking an HLA-matched donor or haploidentical family donor. This strategy may expand HSCT access, especially for racial and ethnic minority populations currently underrepresented in the donor registries.
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