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Abstract

The use of post-transplantation cyclophosphamide (PTCy) for graft-versus-host disease (GVHD) 

prophylaxis in recipients of haploidentical and fully matched transplantations is on the increase. 

Published studies have reported an increased incidence of cytomegalovirus (CMV) infection with 

the use of PTCy. Limited data exist on the incidence and outcomes of infection with non-CMV 

herpesviruses (NCHV) in this setting. The aim of this study was to evaluate the cumulative 

incidence of NCHV infections and the association of NCHV infections with transplantation-

specific outcomes in recipients of haploidentical transplantation with PTCy (HaploCy), matched 

sibling donor transplantation with PTCy (SibCy), and matched sibling donor transplantation with 

calcineurin inhibitor-based prophylaxis (SibCNI). We hypothesized that, like CMV infection, 

HaploCy recipients of also will have a higher risk of NCHV infections. Using the Center for 

International Blood and Marrow Transplantation Research database, we analyzed 2765 patients 
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(HaploCy, n = 757; SibCNI, n = 1605; SibCy, n = 403) who had undergone their first 

hematopoietic stem cell transplantation (HCT) between 2012 and 2017 for acute myelogenous 

leukemia, acute lymphoblastic leukemia, or myelodysplastic syndrome. The cumulative incidence 

of NCHV at 6 months post-NCT was 13.9% (99% confidence interval], 10.8% to 17.3%) in the 

HaploCy group, 10.7% (99% CI, 7.1% to 15%) in the SibCy group, and 5.7% (99% CI, 4.3% 

to 7.3%) in the Sib CNI group (P < .001). This was due primarily to a higher frequency of 

human herpesvirus 6 viremia reported in patients receiving PTCy. The incidence of Epstein-Barr 

viremia was low in all groups, and no cases of post-transplantation lymphoproliferative disorder 

were seen in either PTCy group. The incidence of NCHV organ disease was low in all 3 cohorts. 

The development of NCHV infection was associated with increased treatment-related mortality, 

particularly in the HaploCy group. There was no association with the development of GVHD, 

relapse, or disease-free survival. Patients in PTCy cohorts who did not develop NCHV infection 

had lower rates of cGVHD. This study demonstrates that the use of PTCy is associated with 

an increased risk of NCHV infection. The development of NCHV infection was associated with 

increased nonrelapse mortality, especially in the HaploCy group. Prospective trials should consider 

viral surveillance strategies in conjunction with assessment of immune reconstitution for a better 

understanding of the clinical relevance of viral reactivation in different HCT settings.

Keywords

Non-CMV herpesvirus; Post-transplantation; cyclophosphamide; Haploidentical; HHV-6; Epstein-
Barr virus

INTRODUCTION

Allogeneic hematopoietic cell transplantation (HCT) has curative potential for several 

hematologic malignancies. There has been a considerable increase in the number of 

partially matched (haploidentical) transplantations performed worldwide [1]. Traditionally, 

haploidentical HCT has been associated with substantial bidirectional alloreactivity, which 

often results in graft failure or severe graft-versus-host disease (GVHD). However, the 

use of post-transplantation cyclophosphamide (PTCy) in the haploidentical HCT platform 

has resulted in improved GVHD rates and overall outcomes comparable to those in fully 

matched donor HCT; thus, the PTCy platform is being increasingly applied in the matched 

donor setting [2]. With the increased use of this platform has come the identification of 

changes in of post-transplantation complications, including hemorrhagic cystitis, relapse, 

and infections [3].

Before widespread adoption of the T cell-replete graft with PTCy platform, haploidentical 

HCT regimens often used in vivo (antithymocyte globulin [ATG] or alemtuzumab) or ex 

vivo depletion of T cells (CD34 selection) from the graft, which likely contributed to 

poor immune reconstitution and increased risk of infections [4]. The patterns of immune 

reconstitution after haploidentical HCT remain poorly characterized in the PTCy era, but 

recent studies suggest impaired T cell and natural killer cell recovery compared with 

matched donor HCT [5,6].
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Infection with viruses from the human herpesvirus family—herpes simplex virus (HSV)-1 

and 2, varicella zoster virus (VZV), cytomegalovirus (CMV), Epstein-Barr virus (EBV), 

human herpes virus-6 (HHV-6)—is a well-established cause of morbidity and mortality after 

HCT, especially with HLA-mismatched transplants [7]. CMV in particular is associated 

with an increased risk of transplantation-related mortality with all transplantation platforms 

[8]. Data from the Center for International Blood and Marrow Transplantation Research 

(CIBMTR) demonstrate that both PTCy and haploidentical donors contribute to this risk [9]. 

In addition, limited available data suggest a possible increased risk of non-CMV herpesvirus 

(NCHV) infections after haploidentical transplants with PTCy [10,11].

To address this, we designed a retrospective observational study using the large multi-

institutional database of the CIBMTR to compare the incidence and outcomes of NCHV 

in 3 different HCT settings: haploidentical HCT using PTCy (HaploCy), matched sibling 

donor HCT using PTCy (SibCy), and matched sibling donor HCT using standard GVHD 

prophylaxis with a calcineurin inhibitor (CNI) plus methotrexate/mycophenolate mofetil 

(SibCNI). We hypothesized that, like CMV infection, patients receiving HaploCy will have 

higher risks of NCHV infections.

METHODS

Data Source

The CIBMTR is a large working group of more than 500 transplant centers worldwide 

that collects data on autologous transplantations, allogeneic transplantations, and other 

immune effector cell therapies. These data are reported to a statistical center located 

at the Medical College of Wisconsin in Milwaukee and the National Marrow Donor 

Program coordinating center in Minneapolis. Participating centers are required to report 

all transplantations consecutively with longitudinal follow-up. Onsite audits monitor data 

and reporting compliance. Automated checks for discrepancies, physicians’ reviews of 

submitted data, and onsite audits of participating centers ensure data quality. Observational 

studies conducted by the CIBMTR are performed in compliance with all applicable federal 

regulations pertaining to the protection of human research participants. The CIBMTR 

collects data at 2 levels: Transplant Essential Data (TED) and Comprehensive Report 

Form (CRF) data. Detailed disease and pretransplantation and post-transplantation clinical 

information, including infection-related data, are collected on a subset of registered patients 

selected for CRF data by a weighted randomization scheme. TED and CRF level data are 

collected pre-HCT, at 100 days and 6 months post-HCT, and annually thereafter until death. 

Only CIBMTR CRF data are used in this analysis, and all patients provided signed consent 

for CIBMTR registry data collection. Infection data collected include organism, site of 

infection, and date of infection. Information on screening parameters, severity, diagnostic 

methodology, and treatment is unavailable.

Patients

This study included patients age >2 years of age with a diagnosis of acute myelogenous 

leukemia (AML), acute lymphoblastic leukemia, or myelodysplastic syndrome (MDS) who 

underwent HCT with a haploidentical donor and PTCy (HaploCy), a matched sibling donor 
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receiving PTCy (SibCy), or a matched sibling donor treated with calcineurin inhibitor and 

methotrexate/mycophenolate mofetil (SibCNI) reported to the CIBMTR between 2012 and 

2017. Because of the small sample size, patients who underwent matched unrelated donor 

HCT with PTCy were excluded. Patients receiving an umbilical cord blood transplant, 

single-mismatch related donor transplant, transplant with CD34 selection or ex vivo 

T cell depletion, antithymocyte globulin and/or alemtuzumab were also excluded. To 

minimize center bias for viral surveillance, patients transplanted at centers with no reported 

haploidentical transplants were also excluded. The data were locked on January 1, 2019, 

with a 2-year completeness index of 91% in the HaploCy cohort, 93% in the SibCy cohort, 

and 95% in the SibCNI cohort.

Statistical Analysis

Because the 3 groups were defined by the presence or absence of infection at day 180, 

baseline patient-, disease-, and transplantation-related factors are descriptive. Cumulative 

incidence estimates to account for competing risks were calculated. The day 180 cumulative 

incidence of NCHV (HSV, VZV, EBV, and HHV-6) by donor group was measured, with 

death as a competing risk. For all other analyses, as the main effect variable was time-

dependent; dynamic landmark studies were used by choosing 3 landmark time points 

comprising the median and interquartile range (IQR) for the development of NCHV 

infection [12]. Owing to interactions between the donor type, GVHD prophylaxis with 

PTCy (or not), and variables of interest in each analysis, composite variables were used. For 

each of the 6 groups defined by donor, GVHD prophylaxis, and infection status, outcomes 

described included overall survival (OS), disease-free survival (DFS), nonrelapse mortality 

(NRM), relapse, and chronic GVHD at 2 years. Supplementary Table S1 lists the variables 

considered in the Cox proportional hazards regression models.

Acute GVHD occurring before onset of infection was included as a time-dependent 

variable in the Cox models. The assumption of proportional hazards for each factor in 

the Cox models was tested. When the proportional hazards assumption was violated, a time-

dependent variable was added to the model. The stepwise variable selection method was 

used to identify significant risk factors associated with the outcomes. Factors significantly 

associated with the outcome variable at a significance level of 0.01 were kept in the final 

model. Interactions between the main effect and significant covariates were tested. Center 

effects were examined, and all reported multivariable analyses were adjusted for center 

effects using the score test [13]. Because infections are expected to have the greatest impact 

around the time of transplantation, all outcomes were examined to 2 years post-HCT.

RESULTS

Patient Demographics

This study included 757 HaploCy patients from 100 centers, 403 SibCy patients from 77 

centers, and 1605 SibCNI patients from 100 centers. Table 1 describes the patient, disease, 

and transplantation characteristics classified by the development of NCHV infection by day 

180.
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Irrespective of infection occurrence, SibCy patients were younger (HaploCy: median, 58 

[IQR, 3 to 78] years; SibCy: median, 46 [IQR, 3 to 75] years; SibCNI: median, 57 [IQR, 

2 to 78] years; P< .001), and the HaploCy group had a greater representation of African 

Americans (HaploCy, 18%; SibCy, 15%, SibCNI: 7%) and a younger donor population 

(HaploCy: median, 36 [range, 9 to 76] years; SibCy: median, 45 [range, 4 to 72] years; 

SibCNI: median, 54 [range, 2 to 82]; P< .001). Most transplantations were performed in 

patients with AML in first complete response with intermediate cytogenetics. The HaploCy 

group had more bone marrow grafts, use of reduced-intensity conditioning (RIC) regimens, 

low-dose total body irradiation, and use of granulocyte colony-stimulating factor (G-CSF). 

Absolute lymphocyte count at days 100 and 180 were similar in the 3 cohorts; however, data 

were missing in 5% of patients at day 100 and in 20% at day 180.

Infection Outcomes

The cumulative incidence of NCHV at day 30 was 6.9% (99% CI, 5% to 9% in the HaploCy 

cohort, 3.2% (99% CI, 1% to 6%) in the SibCy cohort, and 1.7% (99% CI, 1% to 3%) in 

the SibCNI cohort. This increased to 13.9% (99% CI, 11% to 17%), 10.7% (99% CI, 7% to 

15%), and 5.7% (99% CI, 4% to 7%) (P< .001) by 6 months post-HCT (Figure 1).

The median onset of NCHV infections for the entire study population was 40 days (IQR, 

23 to 98 days). HHV-6 viremia contributed to the majority of NCHV in both the HaploCy 

and SibCy arms (HaploCy, 9.3%; SibCy, 5.7%; SibCNI, 1.9%); however, the incidence of 

HHV6 end-organ disease was low in all 3 cohorts. The incidence of EBV viremia was low in 

all 3 cohorts (HaploCy, 2.9%; SibCy, 3.7%; SibCNI, 1.8%). Only 1 case of EBV-end organ 

disease was reported, occurring in the SibCNI cohort. The incidence of NCHV organ disease 

was low in all 3 cohorts (HaploCy, 2%; SibCy, 1%; SibCNI, 2%). The majority of NCHV 

organ disease was related to HSV and VZV infections. Table 2 presents the characteristics of 

NCHV infections in these cohorts.

NRM

For patients still alive and developing an NCHV infection before day 40 (median onset), the 

estimated 2-year NRM was 37.6% (99% CI, 22% to 55%) for the HaploCy cohort, 26.1% 

(99% CI, 3% to 61%) for the SibCy cohort, and 24% (99% CI, 8% to 46%) for the SibCNI 

cohort (Supplementary Figure S1).

Conversely, for those patients alive and without NCHV infection by day 40, the NRM was 

lower: HaploCy, 17.5% (99% CI, 14% to 22%); SibCy, 15.9% (99% CI, 1% to 21%); 

SibCNI, 12.4% (99% CI, 10% to 15%). Multivariable analysis for NRM performed using a 

group of SibCNI without NCHV infection as the reference group found that development of 

NCHV infection was associated with higher NRM (Figure 2).

GVHD

Univariate analysis at each of the landmark times for NCHV infection demonstrated no 

impact of NCHV infection on grade II-IV acute GVHD development by 6 months post-HCT 

(Supplementary Figure S2).
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Multivariable analysis for cGVHD showed that patients in both PTCy cohorts who did not 

develop NCHV infection by day 180 had a decreased risk of developing cGVHD compared 

with the reference group of SibCNI without infection (HaploCy: hazard ratio [HR], 0.62 

[99% CI, 0.46 to 0.82], P< .0001; SibCy: HR, 0.59 [99% CI, 0.39 to 0.88], P= .0006) 

(Figure 2). Notably, patients receiving PTCy regardless of donor type and who developed 

NCHV infection had a similar risk of developing chronic GVHD as seen in the infected and 

noninfected SibCNI cohorts (HaploCy: HR, 0.97 [99% CI, 0.61 to 1.55], P = .87; SibCy: 

HR, 0.89 (99% CI, 0.38 to 2.13], P= .74). Other factors associated with an increased risk 

of cGVHD include receipt of peripheral blood stem cells (HR, 2.25; 99% CI, 1.68 to 3.02; 

P< .0001), a female donor and male recipient (HR, 1.26; 99% CI, 1.03 to 1.53; P< .003) 

or a female donor and female recipient (HR, 1.25; 99% CI, 1.02 to 1.54; P = .006), and 

development of grade II-IV aGVHD prior to infection (HR, 1.32; 99% CI, 1.08 to 1.61; P = 

.0003) (Table 3).

Relapse

There was no impact on the risk of relapse based on the main effect variable of development 

of a NCHV by day 180 and donor type with/without PTCy (Figure 2). As shown in 

Table 3, factors associated with increased risk of relapse by 2 years post-HCT included 

transplantation for high/very high risk MDS (HR, 2.12; 99% CI, 1.19 to 3.80; P < 

.001) or advanced acute leukemia (HR, 1.80; 99% CI, 1.06 to 3.07; P = .004) and 

nonmyeloablative/RIC conditioning (HR, 1.51; 99% CI, 1.27 to 1.79; P < .001). A longer 

interval from diagnosis to HCT was associated with a lower risk of relapse during the first 

4 months post-transplantation, but the effect was lost beyond 4 months. The development 

of grade II-IV aGVHD was protective against relapse (HR, 0.80; 99% CI, 0.68 to 0.93; P= 

.0001).

OS

In the first 2 years post-HCT, mortality was 49.5% (n = 375) in the HaploCy cohort, 44.4% 

(n = 179) in the SibCy cohort, and 46.9% (n = 753) in the SibCNI cohort. Supplementary 

Table S2 lists the causes of death in the 3 cohorts.

Thirty-eight percent of deaths in the HaploCy cohort were due to infection of any kind, as 

either the primary or secondary cause, compared with 27% of the deaths in both the SibCy 

and SibCNI cohorts (P< .001). Compared to SibCNI patients without NCHV infection, 

patients in the HaploCy cohort had a higher risk of death irrespective of NCHV infection 

(HaploCy with infection: HR, 1.82 [99% CI, 1.18 to 2.80], P = .0004; HaploCy without 

infection: HR, 1.31 [99% CI, 1.02 to 1.67], P = .006) (Figure 2). Patients in the SibCy cohort 

did not have a higher risk of death compared with the SibCNI without NCHV infection 

cohort. Additional factors associated with decreased survival included HCT for high/very 

high-risk MDS (HR, 2.04; 99% CI, 1.10 to 3.80; P = .003), higher Hematopoietic Cell 

Transplantation-specific Comorbidity Index; age >60 years (HR, 1.61; 99% CI, 1.08 to 2.40; 

P = .002); and development of aGVHD grade II-IV prior to infection (HR, 1.54; 99% CI, 

1.25 to 1.89; P < .001) (Table 3).
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DISCUSSION

This is the largest study reported to date comparing the incidence and outcomes of NCHV 

infections in the setting of 3 different HCT platforms: HaploCy, SibCy, and SibCNI. Our 

data show that the incidence of NCHV infection was highest in the HaploCy cohort, 

followed by the SibCy and SibCNI cohorts. HHV-6 viremia was the primary contributor 

to this higher incidence. The development of NCHV infection was associated with increased 

NRM in all 3 cohorts; however, the magnitude was greatest in the HaploCy cohort and was 

associated with an inferior OS. We found very low rates of NCHV organ involvement in all 

3 cohorts.

The most common NHCV infection reported in our analysis was HHV-6. HHV-6 has 2 

distinct virus species, HHV-6A and HHV-6B, with a combined seroprevalence of >90% in 

adults [14]. Studies have reported incidence rates of 30% to 70% of post-transplantation 

HHV-6 reactivation, which has been associated with encephalitis, fever, rash, bone marrow 

failure, pneumonitis, acute GVHD, and CMV reactivation [15–21]. A unique feature of the 

HHV-6 virus is its ability for chromosomal integration in the host DNA, with resulting 

vertical transmission [22,23]. In a transplantation study, chromosomally integrated HHV6 

was found in 1.4% of the recipients and in 0.9% of the donors and was associated with 

a higher incidence of acute GVHD (adjusted HR, 1.7 to 1.9; P = .004 to .001) [24]. We 

found a lower incidence of HHV-6 infection in all 3 study cohorts compared with some 

previously reported studies [21,25]. The use of prospective screening of all patients in some 

of these studies likely resulted in many asymptomatic viremia cases contributing to the 

higher incidence. Because the CIBMTR does not collect data on institutional practices for 

viral detection, it is not possible to confirm whether the HHV-6 testing in this population 

was driven by clinical concerns or more aggressive screening. Many transplant centers do 

not use standard screening for HHV6, because there is no documented efficacy in treatment 

for isolated viremia. There is no evidence that low-level HHV-6 viremia increases the risk of 

encephalitis, the most clearly established complication of HHV-6 reactivation [26,27].

Because of this study’s retrospective design, we cannot determine whether the association 

of HHV-6 infection with increased NRM is a direct association or a result of increased 

viral testing in otherwise sick patients. We also do not have data on the prevalence of 

chromosomally integrated HHV-6 in this cohort. The higher incidence of infection in both 

PTCy cohorts raises concerns about impaired T cell and natural killer cell reconstitution 

resulting from PTCy [5,28]. There is also evidence that a high level of HHV-6 viremia itself 

may affect T cell reconstitution [29].

The low incidence of EBV infection in the HaploCy cohort is in sharp contrast to previous 

reports in non-PTCy haploidentical HCT showing a high incidence of EBV infection 

and subsequent post-transplantation lymphoproliferative disorder [30,31]. This difference 

is likely related to impaired early T cell reconstitution secondary to the use of in vivo or 

ex vivo T cell depletion in previous haploidentical HCT platforms. A large retrospective 

study using PTCy as GVHD prophylaxis for both haploidentical and matched donor 

transplantations reported no cases of EBV-associated PTLD at 1 year [32]. The exact 

mechanism responsible for this protection from EBV is unclear; hypotheses include PTCy-
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induced destruction of EBV-infected B cells with relative sparing of EBV-specific memory T 

cells [32].

The cumulative incidence of HSV and VZV infection was low in all cohorts in this 

study. The near-universal use of acyclovir/valacyclovir prophylaxis has resulted in a low 

incidence of HSV and VZV in all HCT settings. This study’s infection rate may represent 

breakthrough infections, discontinuation of prophylaxis, or patient noncompliance with 

prophylaxis; however, this cannot be determined in the absence of prophylaxis data.

Even though this study’s primary objective was to assess the incidence of NCHV infections 

and their effect on NRM, we also analyzed the association of NCHV infection with GVHD, 

overall mortality, and relapse rates. We did not find an association of NCHV infection with 

the development of grade II-IV acute GVHD, which has been reported previously [33]. 

This study also found lower OS in the HaploCy cohort compared with the SibCNI cohort, 

irrespective of the development of NCHV infection. A recent CIBMTR publication reported 

similar OS in HaploCy and SibCNI groups of AML patients [34]. Our study also included 

patients with MDS and acute lymphoblastic leukemia, suggesting that outcomes between 

transplantation platforms also could be disease-dependent. There was no impact on relapse 

rate based on the main effect variable of developing an NCHVinfection by day 180 and 

donor type with or without PTCy. Interestingly, although multivariable analysis showed that 

patients in the PTCy cohorts with no NCHV infection by day 180 had a decreased risk 

of developing cGVHD, the PTCy cohorts with NCHV infection by day 180 had a similar 

risk of cGVHD compared with the SibCNI cohort. The exact mechanism by which PTCy 

is protective against cGVHD has not been established, and the role of regulatory T cells in 

promoting tolerance is under clinical investigation [6].

This study has several limitations, starting with the retrospective design. Even though the 

data were collected from a large prospective observational database, granular information 

on infections is not reported. The CIBMTR does not collect data on antiviral prophylaxis, 

institutional standards for monitoring virus levels in blood, and antiviral therapy threshold. 

Similarly, institutions differ regarding the definition of criteria for clinically significant 

infection; however, the multivariable analyses are all adjusted for center effect to minimize 

these differences.

We also were not able to assess the immunosuppression burden and the relationship to 

infections. Modifications to the current CIBMTR data collection forms should improve our 

understanding of viral infections and response to treatment. The CIBMTR does not collect 

data on the reasons for choosing PTCy over CNI for prophylaxis in sibling donor HCT. 

A future study also should include matched unrelated donor transplants with PTCy and 

conventional GVHD prophylaxis. There is an ongoing prospective clinical trial comparing 

outcomes including immune reconstitution and infectious complications between patients 

randomized to receive either CNI-based or PTCy-based GVHD prophylaxis in patients 

undergoing RIC allogeneic HCT [35].

In summary, in our study cohort, HaploCy HCT was associated with an increased incidence 

of NCHV infections, with a predominance of HHV-6 viremia. This was associated with 
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an increase in overall mortality for the infected HaploCy cohort. This information should 

aid transplant physicians in selecting the donor and transplantation platform, as well as in 

considering risk-adapted screening and preemptive strategies. Prospective studies are needed 

to understand the true incidence and outcomes of clinically significant infections in relation 

to unique immune reconstitution with different HCT platforms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cumulative incidence of NCHV infection across the 3 HCT cohorts.

The cumulative incidence of NCHV at day 30 was 6.9% (99% CI, 5% to 9%) in the 

HaploCy cohort, 3.2% (99% CI, 1% to 6%) in the SibCy cohort, and 1.7% (99% CI, 1% to 

3%) in the SibCNI cohort. This increased to 13.9% (99% CI, 11% to 17), 10.7% (99% CI, 

7% to 15%), and 5.7% (99% CI, 4% to 7%), respectively (P < .001) by 6 months post-HCT.
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Figure 2. 
Multivariable analysis of outcomes with NCHV infection. Values are HR (99% CI) from 

Cox models for risk of death, relapse, NRM, and chronic GVHD. The reference group is 

SibCNI without NHCV infection. The highest risk is seen in the HaploCy cohort (HR, 3.21; 

99% CI, 1.70 to 6.09; P < .001); however, increased NRM was also seen in the SibCy (HR, 

2.50; 99% CI, 1.02 to 6.09; P = .008) and SibCNI (2.75; 99% CI, 1.39 to 5.45; P < .001) 

cohorts. Other factors associated with increased NRM included HCT from a female donor 

to a male recipient (HR, 1.46; 99% CI, 1.14 to 1.88; P < .0001), older age (P = .0021), and 

development of grade II-IV aGVHD (HR, 2.67; 99% CI, 1.83 to 1.91; P < .0001) (see Table 

3).
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