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HLA-DPB1 mismatches between donor and recipient are common-
ly seen in allogeneic hematopoietic stem cell transplantation 
from an unrelated donor. HLA-DPB1 mismatch, conventionally 

determined by the similarity of the T-cell epitope (TCE), is associated 
with an increased risk of acute graft-versus-host disease (GVHD) and a 
decreased risk of disease relapse. We investigated the clinical impact of 
HLA-DPB1 molecular mismatch quantified by mismatched eplets (ME) 
and the Predicted Indirectly Recognizable HLA Epitopes Score (PS) in a 
cohort of 1,514 patients receiving hematopoietic stem cell transplants 
from unrelated donors matched at HLA-A, -B, -C, -DRB1/3/4/5, and -
DQB1 loci. HLA-DPB1 alloimmunity in the graft-versus-host direction, 
determined by high graft-versus-host ME/PS, was associated with a 
reduced risk of relapse (hazard ratio [HR]=0.83, P=0.05 for ME) and 
increased risk of grade 2-4 acute GVHD (HR=1.44, P<0.001 for ME), 
whereas high host-versus-graft ME/PS was only associated with an 
increased risk of grade 2-4 acute GVHD (HR=1.26, P=0.004 for ME). 
Notably, in the permissive mismatch subgroup classified by TCE group-
ing, high host-versus-graft ME/PS was associated with an increased risk 
of relapse (HR=1.36, P=0.026 for ME) and grade 2-4 acute GVHD 
(HR=1.43, P=0.003 for PS-II). Decision curve analysis showed that graft-
versus-host ME outperformed other models and provided the best clinical 
net benefit for the modification of acute GVHD prophylaxis regimens in 
patients with a high risk of developing clinically significant acute GVHD. 
In conclusion, molecular assessment of HLA-DPB1 mismatch enables 
separate prediction of host-versus-graft or graft-versus-host alloresponse 
quantitatively and allows further refinement of HLA-DPB1 permissive-
ness as defined by conventional TCE grouping.  
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ABSTRACT

Introduction 

Currently, allogeneic hematopoietic stem cell transplantation (HSCT) is the only 
curative therapy for many hematologic malignancies. Although modern immuno-
suppressive therapy and transplant interventions have significantly improved 
non-relapse mortality (NRM) over years,1 as a major complication after HSCT, 
acute graft-versus-host disease (GVHD) occurs in 20 to 80% of recipients with 
15% mortality.2 It is well established that patients who undergo allogeneic HSCT 



from an HLA-mismatched unrelated donor are more like-
ly to have a higher incidence of acute GVHD and subop-
timal clinical outcomes.3-5 Among patients who have 
received HLA-A, -B, -C, -DRB1, and -DQB1 matched 
(10/10) grafts from unrelated donors, the disparity 
between the donor and recipient at the HLA-DPB1 locus 
is associated with an increased risk of GVHD but is coun-
terbalanced by a reduced risk of relapse.6,7  

Given the weak linkage disequilibrium between the DP 
locus and DR/DQ loci, mismatching at the HLA-DPB1 
locus is observed in about 75-90% of transplants from 
unrelated donors regardless of matching at other HLA 
loci.7-10 Pioneering studies have classified HLA-DPB1 mis-
matches as permissive or nonpermissive using the func-
tional toxicity assay and by analyzing the similarity of T-
cell epitopes (TCE).11,12 The initial experimental hypothe-
sis has been confirmed clinically and translated into a 
donor selection algorithm; permissive HLA-DPB1 mis-
matches are associated with elicited alloreactivity result-
ing in a beneficial graft-versus-leukemia (GVL) effect with 
clinically tolerable GVHD.13,14 This approach has signifi-
cantly expanded the likelihood of finding suitable unrelat-
ed donors and reduced the risks of mortality by avoiding 
donors with nonpermissive mismatches.7,15,16 Although 
the TCE model assigns permissiveness based on T-cell 
alloreactivity within the same or from different immuno-
genicity groups,11 another partially overlapping model 
predicts HLA-DPB1 immunogenicity with similar success 
by analyzing expression levels of the specific HLA-DPB1 
allele.17,18  

Modern HLA molecular matching methods may open 
new avenues for alloimmune risk assessment and help to 
quantitatively refine the traditional TCE grouping. 
Additionally, the different direction of HLA-DPB1 non-
permissive mismatches defined by the TCE model, i.e., 
either in the host-versus-graft (HVG) or graft-versus-host 
(GVH) direction, appears to have a similar impact on the 
risk of GVHD and mortality in HSCT from unrelated 
donors.7,8,16 Although the underlying mechanism of non-
permissive mismatch in the HVG direction remains 
unclear, recent compelling evidence showed that periph-
eral host T cells present in the skin and gut are primed by 
donor-derived antigen-presenting cells and contribute to 
the development of GVHD.19-21 Computational prediction 
methods could separately assess immunogenicity from a 
donor’s or recipient’s perspective in a quantitative man-
ner, which might shed light on the alloreactive mecha-
nisms that mediate GVHD risk and the GVL effect in 
HSCT from HLA-DPB1 mismatched donors.  

HLAMatchmaker, one of the best-studied molecular 
matching strategies, compares eplets, which are the key 
structural component of epitopes, between the donor and 
recipient. The amount of mismatched eplets (ME) 
between donor and recipient has been shown to correlate 
with the level of immune response and is associated with 
clinical outcomes in patients who have undergone hap-
loidentical HSCT.22 As HLAMatchmaker focuses mainly 
on surface-accessible positions, TCE that are derived 
from polymorphisms on the non-exposed region of HLA 
molecules could be overlooked.23,24 Alloreactivity in trans-
plantation is critically dependent on T-cell responses via 
the indirect recognition pathway in which polymorphic 
HLA-derived peptides are presented to T cells. Although 
various approaches have been described to predict TCE 

through the indirect recognition pathway, Predicted 
Indirectly Recognizable HLA Epitopes (PIRCHE), with 
PIRCHE score (PS)-I representing CD8+ T-cell alloreactiv-
ity and PS-II representing CD4+ T-cell alloreactivity, is 
widely and successfully used for this purpose.25  

In the present study, we sought to comprehensively 
validate the molecular mismatch algorithms in predicting 
the risks associated with HLA-DPB1 mismatches in a rel-
atively large cohort of patients with malignant disease 
who underwent HSCT from unrelated donors. 
Furthermore, we hypothesized that in silico quantification 
could refine the current definition of TCE grouping, espe-
cially in the permissive or nonpermissive mismatch sub-
groups, given that significantly different T-cell cross-reac-
tivities are seen in various HLA-DPB1 alleles within the 
same subgroup.11  

 
 

Methods  

Patients and transplant characteristics 
Our cohort included consecutively treated patients with 

hematologic malignancies who were 18 years of age or older 
and underwent allogeneic HSCT at The University of Texas MD 
Anderson Cancer Center (UTMDACC) between June 2005 and 
December 2018. All patients in our analysis received HSCT from 
an HLA-A, -B, -C, DRB1, -DQB1, -DRB3/4/5 matched unrelated 
donor to minimize the confounding alloreactivity caused by 
HLA mismatch from other loci. Clinical and laboratory data 
were collected from electronic medical records.  

All patients provided written informed consent for HSCT in 
accordance with the Declaration of Helsinki. A retrospective 
data review protocol and a waiver of informed consent were 
approved by the UTMDACC Institutional Review Board.  

HLA typing and ME and PS analyses 
Patients included in the study had donor and recipient HLA 

typing performed at the HLA-A, -B, -C, DRB1, -DRB3/4/5, -
DQB1, and -DPB1 loci using sequence-based typing methods at 
high resolution.26 ME load at the HLA-DPB1 locus was measured 
using the HLAMatchmaker module incorporated in HLA Fusion 
software v4.3, which identifies theoretically predicted eplets 
based on crystallized HLA molecule models27 and identifies ME 
by comparing donor and recipient eplets. The analyses were per-
formed separately in both the GVH and HVG directions.22 Eplet 
repertoires are listed in the HLA Epitope Registry 
(http://www.epitopes.net/downloads.html). The PS for mismatched 
HLA-DPB1 in the GVH direction was calculated using the HSCT 
module from the PIRCHE online matching service 
(http://www.pirche.com/pirche/#/). The PS for mismatched HLA-
DPB1 in the HVG direction was calculated by inverting the 
patient and donor in the input fields using the same HSCT mod-
ule.   

HLA-DPB1 permissiveness defined by the TCE model 
HLA-DPB1 mismatches between the donor and the recipient 

were classified into permissive and nonpermissive mismatches 
according to TCE algorithms (version 2.0) on the IPD-IMGT/HLA 
website (https://www.ebi.ac.uk/ipd/imgt/hla/dpb.html).28 As previous-
ly described,26 the direction of HLA-DPB1 mismatch, either in the 
GVH or HVG direction, was assigned. Transplants were therefore 
classified into four groups: (i) HLA-DPB1 matched, (ii) permissive 
mismatched, (iii) nonpermissive mismatched in the HVG direc-
tion, and (iv) nonpermissive mismatched in the GVH direction.   
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Statistical analysis 
The primary outcome was acute GVHD and secondary out-

comes were overall survival, progression-free survival, relapse, 
NRM, and neutrophil engraftment.  

Univariate and multivariable Cox proportional hazards regres-
sion was used to determine the impact of baseline characteris-
tics, PS, ME, and HLA-DPB1 matching on survival outcomes, 
while univariate and multivariable sub-distributional hazards 
regression was used to analyze cumulative incidence outcomes, 
including relapse, NRM, acute GVHD, and engraftment. All 
regression models were tested for proportional hazards assump-
tion and interaction terms. Each PS, ME, and HLA-DPB1 match 
group with a P value <0.1 in the univariate analysis was ana-
lyzed in separate multivariable regression models adjusted for 
significant baseline characteristics. PS and ME were analyzed as 
both continuous variables and categorical variables (low versus 
high), and they were analyzed only as categorical variables in 
multivariable analyses. To determine the optimal cutoff for low 
versus high PS and ME groups, the concordance probabilities of 
PS and ME for acute GVHD prediction were tested at the 25th, 
50th, and 75th percentile cutoffs. The cutoffs at the 50th percentile 
were selected for the analysis to maximize the concordance 
probability.  

The discrimination power of the TCE, ME, and PS models on 
acute GVHD was compared using the Harrell C-concordance 
index. A decision-curve analysis29,30 was performed to assess the 
net clinical benefit of all models in deciding on GVHD regimen 
modification.  

Outcome definitions and details of the statistical analysis are 
described in the Online Supplementary Material.  

 
 

Results 

Patients’ characteristics and HLA-DPB1 matching  
status defined by TCE and in silico methods  

The analysis included 1,514 patients with a median age 
of 56 years (range, 18-79). The characteristics of the 
patients and their transplants are listed in Table 1. The 
majority of patients received a peripheral blood graft 
(62%) and GVHD prophylaxis with tacrolimus and 
mycophenolate (83%). Seventy-four percent of patients 
received anti-thymocyte globulin as a part of GVHD pro-
phylaxis. The variables that were significantly different 
between subgroups were bone marrow stem cell source 
(with 29% in the GVH nonpermissive group versus 37.6% 
in the whole group) and the year of HSCT. The number 
of transplants with nonpermissive mismatch was signifi-
cantly reduced in recent years (2014-2018) compared to 
the previous years (27.6% versus 36.5%, respectively), 
likely due to the awareness of the adverse effect of non-
permissive mismatch. 

HLA-DPB1 permissive mismatch was present in 43.0% 
of patients, and nonpermissive HLA-DPB1 mismatches in 
the GVH and HVG directions were noted in 17.7% and 
15.1% of patients, respectively. The median follow-up 
duration in 695 surviving patients was 57.1 months 
(range, 3.4-148.4).  

ME, PS-I, and PS-II were quantified in both HVG and 
GVH directions (Table 1). High concordances between 
the functional TCE grouping and in silico methods were 
noted. The median ME, PS-I, and PS-II values in the GVH 
direction in the GVH nonpermissive mismatch group 
were significantly higher than the corresponding values 
in the HVG nonpermissive mismatch group and in the 

permissive mismatch group. Likewise, the median ME, 
PS-I, and PS-II values in the HVG direction were consid-
erably higher in the HVG nonpermissive mismatch group 
than in the GVH nonpermissive mismatch and permissive 
mismatch groups.  

No or weakly positive correlations were seen between 
GVH and HVG ME, PS-I, and PS-II values, indicating that 
ME/PS from the donor perspective were different from 
ME/PS from the recipient perspective, whereas positive 
correlations were observed between PS-I and PS-II values 
and between ME and PS values in the same direction 
(GVH or HVG) (Online Supplementary Figure S1). The 
number of patients in the low and high PS and ME groups 
and TCE model are summarized in Online Supplementary 
Tables S1 and S2.  

Impact of HLA-DPB1 matching status defined by TCE, 
ME, and PS on post-transplant outcomes 

In the entire cohort, molecular mismatches in the GVH direction 
were associated with a reduced risk of relapse and increased risk of 
GVHD and NRM, whereas mismatch in the HVG direction was asso-
ciated only with increased risk of GVHD without relapse protection. 

Results from multivariable analyses showed that HLA-
DPB1 mismatches by TCE grouping, ME, PS-I, and PS-II 
in both the GVH and HVG directions were strongly asso-
ciated with an increased risk of clinically significant acute 
GVHD after adjustment for significant baseline character-
istics (Figure 1A). Using conventional TCE grouping, 
compared with the HLA-DPB1 matched group, those 
with permissive mismatch, GVH nonpermissive mis-
match, and HVG nonpermissive mismatch had an 
increased risk of grade 2-4 acute GVHD (permissive: haz-
ard ratio [HR]=1.42, 95% confidence interval  [95% CI]: 
1.15-1.76, P=0.001; GVH nonpermissive: HR=1.99, 95% 
CI: 1.55-2.55, P<0.001; HVG nonpermissive: HR=1.80, 
95% CI: 1.38-2.35, P<0.001).  

Using the median cutoff of ME, the risk of grade 2-4 
acute GVHD was 1.44 (95% CI: 1.23-1.68, P<0.001) and 
1.26 (95% CI: 1.08-1.48, P=0.004) times higher in those 
with high ME in the GVH and HVG direction, respective-
ly, than in those with low ME in the same direction. 
Similarly, having a high PS in the GVH direction was 
associated with an increased risk of grade 2-4 acute 
GVHD (PS-I: HR=1.39, 95% CI: 1.19-1.63, P<0.001; PS-II: 
HR=1.40, 95% CI: 1.19-1.64, P<0.001). Having a high PS 
in the HVG direction was also associated with an 
increased risk of grade 2-4 acute GVHD (PS-I: HR=1.32, 
95% CI: 1.12-1.54, P=0.001; PS-II: HR=1.24, 95% CI: 
1.05-1.45, P=0.009).   

The associations of ME, PS-I, and PS-II in the GVH 
direction with grade 2-4 acute GVHD risk were indepen-
dent of the associations of ME, PS-I, and PS-II in the HVG 
direction with grade 2-4 acute GVHD. However, higher 
risks of grade 2-4 acute GVHD were seen in patients who 
had high ME, PS-I, or PS-II in both the GVH and HVG 
directions than in those with low ME, PS-I, or PS-II in 
both directions (Figure 1A, Online Supplementary Figure 
S2A). 

For NRM, HLA-DPB1 nonpermissive mismatch in 
either the GVH direction (HR=1.67, 95% CI: 1.24-2.27, 
P=0.001) or HVG direction (HR=1.46, 95% CI: 1.05-2.03, 
P=0.025) was associated with a significantly increased 
risk of NRM compared with that in the matched group, 
whereas no association was seen between NRM and per-
missive mismatch status. The strong association of high 
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Table 1. Clinical characteristics of patients who underwent hematopoietic stem cell transplantation from unrelated donors. 
                                                                                                                                       HLA-DPB1 match by TCE grouping 
 Characteristic                                               Entire cohort,            Match,             Permissive         GVH nonpermissive        HVG nonpermissive     P 
                                                                           n=1514                 n=366              mismatch,                mismatch,                     mismatch,  
                                                                                                                                     n=651                     n=269                            n=228 

 Median age in years  (range)                                   56 (18-79)               55 (18-76 )             56  (18-76)                    56 (20-77)                            57 (20-79)            0.972 
 Age >50 years, n (%)                                                  991 (65.5)                237 (64.8)               437 (67.1)                     172 (63.9)                            145 (63.6)            0.673 
 Donor age in  years (range)                                     30 (18-71)                30 (18-63)              30 (18-58)                     30 (18-59)                            29 (19-71)            0.387 
 Donor age >40 years, n (%)                                     288 (19.0)                 59 (16.1)                122 (18.8)                      61 (22.7)                              46 (20.2)             0.207 
 Female, n (%)                                                              614 (40.6)                141 (38.5)               259 (39.8)                     120 (44.6)                             94 (41.2)             0.447 
 Donor-recipient sex combination, n (%)                                                                                                                                                                                                        0.566 
        Female to female                                                178 (11.8)                 42 (11.5)                 74 (11.4)                       35 (13.0)                              27 (11.8)                   
        Female to male                                                    211 (13.9)                 48 (13.1)                 97 (14.9)                       42 (15.6)                              24 (10.5)                   
        Male to female                                                     436 (28.8)                 99 (27.0)                185 (28.4)                      85 (31.6)                              67 (29.4)                   
        Male to male                                                         689 (45.5)                177 (48.4)               295 (45.3)                     107 (39.8)                            110 (48.3)                  
 ABO matching, n (%)                                                                                                                                                                                                                                           0.259 
        Match                                                                      724 (47.8)                177 (48.4)               313 (48.1)                     129 (48.0)                            105 (46.1)                  
        Minor mismatch                                                   351 (23.2)                 77 (21.0)                159 (24.4)                      56 (20.8)                              59 (25.9)                   
        Major mismatch                                                   333 (22.0)                 81 (22.1)                147 (22.6)                      62 (23.0)                              43 (18.9)                   
        Bidirectional mismatch                                       106 (7.0)                    31 (8.5)                   32 (4.9)                         22 (8.2)                                21 (9.2)                    
 Donor-recipient CMV serostatus (n=1510), n (%)                                                                                                                                                                                      0.725 
        NR-NR                                                                     192 (12.7)                 52 (14.2)                 83 (12.8)                       33 (12.3)                              24 (10.5)                   
        NR-R                                                                        734 (48.6)                182 (49.9)               303 (46.8)                     137 (50.9)                            112 (49.1)                  
        R-NR                                                                          99 (6.6)                     23 (6.3)                   47 (7.3)                         18 (6.7)                                11 (4.8)                    
        R-R                                                                           485 (32.1)                108 (29.6)               215 (33.2)                      81 (30.1)                              81 (35.5)                   
 Diagnosis, n (%)                                                                                                                                                                                                                                                   0.376 
        AML/MDS                                                               673 (44.5)                170 (46.5)               293 (45.0)                     107 (39.8)                            103 (45.2)                  
        Other hematologic malignancies                    841 (55.5)                196 (53.6)               358 (55.0)                     162 (60.2)                            125 (54.8)                  
 DRI, n (%)                                                                                                                                                                                                                                                               0.710 
        Low                                                                          228 (15.1)                 63 (17.2)                 89 (13.7)                       42 (15.6)                              34 (14.9)                   
        Intermediate                                                         600 (39.6)                139 (38.0)               269 (41.3)                      97 (36.1)                              95 (41.7)                   
        High                                                                         518 (34.2)                130 (35.5)               219 (33.6)                      96 (35.7)                              73 (32.0)                   
        Very high                                                                168 (11.1)                  34 (9.3)                  74 (11.4)                       34 (12.6)                              26 (11.4)                   
 HCT-CI, median (range)                                              3 (0-11)                    3  (0-11)            2 years (0-11)              3 years (0-10)                     2 years (0-11)        0.261 
 HCT-CI ≥3, n (%)                                                         766 (50.6)                187 (51.1)               325 (49.9)                     150 (55.8)                            104 (45.6)            0.152 
 Prior AlloHSCT, n (%)                                                   36 (2.4)                      8 (2.2)                    14 (2.2)                          8 (3.0)                                  6 (2.6)               0.878 
 Prior AutoHSCT, n (%)                                                120 (7.9)                    30 (8.2)                   52 (8.0)                         21 (7.8)                                17 (7.5)              0.990 
 HSCT protocol, n (%)                                                                                                                                                                                                                                          0.274 
        Clinical trial protocol                                          962 (63.5)                234 (63.9)               407 (62.5)                     164 (61.0)                            157 (68.9)                  
        Standard of care                                                  552 (36.5)                132 (36.1)               244 (37.5)                     105 (39.0)                             71 (31.1)                   
 Conditioning regimen intensity, n (%)                                                                                                                                                                                                            0.223 
        MA                                                                          1024 (67.6)               245 (66.9)               454 (69.7)                     183 (68.0)                            142 (62.3)                  
        RIC/NMA                                                                490 (32.4)                121 (33.1)               197 (30.3)                      86 (32.0)                              86 (37.7)                   
 Stem cell source, n (%)                                                                                                                                                                                                                                      0.001 
        PB                                                                            945 (62.4)                202 (55.2)               411 (63.1)                       191 (71)                              141 (61.8)                  
        BM                                                                           569 (37.6)                164 (44.8)               240 (36.9)                        78 (29)                                87 (38.2)                   
 GVHD regimen (n=1513), n (%)                                                                                                                                                                                                                       0.540 
        Tacrolimus/methotrexate                                 1268 (83.8)               295 (80.6)               547 (84.2)                     229 (85.1)                            197 (86.4)                  
        PTCY                                                                        185 (12.2)                    55 15.0                   79 (12.2)                       29 (10.8)                               22 (9.7)                    
        Others                                                                      60 (4.0)                     16 (4.4)                   24 (3.7)                         11 (4.0)                                 9 (4.0)                     
 ATG, n (%)                                                                    1121 (74.0)               266 (72.7)               477 (73.3)                     205 (76.2)                            173 (75.9)            0.657 
 Year of HSCT, n (%)                                                                                                                                                                                                                                           <0.001 
        2005-2009                                                               359 (23.7)                 68 (18.6)                163 (25.0)                      72 (26.8)                              56 (24.6)                   
        2010-2013                                                               531 (35.1)                105 (28.7)               229 (35.2)                     103 (38.3)                             94 (41.2)                   
        2014-2018                                                               624 (41.2)                193 (52.7)               259 (39.8)                      94 (34.9)                              78 (34.2)                   
 Quantified ME, PS-I, and PS-II, median (range)                                                                                                                                                                                                
        GVH DP ME                                                             4 (0-22)                     0 (0-0)                   5 (0-22)                         9 (0-19)                                5 (0-21)            <0.001 
        GVH PS-I                                                                  0 (0-14)                     0 (0-0)                   1 (0-13)                          3 (0-9)                                 1 (0-14)            <0.001 
        GVH PS-II                                                                 2 (0-28)                     0 (0-0)                   3 (0-22)                         8 (0-28)                                2 (0-27)            <0.001 
        HVG DP ME                                                             4 (0-20)                     0 (0-0)                   5 (0-19)                         5 (0-20)                                9 (1-19)            <0.001 
        HVG PS-I                                                                  0 (0-17)                     0 (0-0)                   1 (0-14)                         0 (0-17)                                3 (0-10)            <0.001 
        HVG PS-II                                                                 1 (0-34)                     0 (0-0)                   3 (0-34)                         1 (0-22)                                8(0-25)             <0.001 
 Notes and abbreviations on following page.



GVH PS-I and GVH PS-II with grade 2-4 acute GVHD risk 
resulted in an increased risk of NRM (GVH PS-I: 
HR=1.31, 95% CI: 1.07-1.60, P=0.008; GVH PS-II: 
HR=1.34, 95% CI: 1.10-1.63, P=0.004), whereas HVG PS-
I (HR=1.22, 95% CI: 1.01-1.49, P=0.041), but not HVG 
PS-II, was associated with an increased risk of NRM, and 
neither GVH nor HVG ME was significantly associated 
with NRM. In the analysis of combined groups, NRM risk 
was highest in those with high GVH and high HVG PS-I 
(HR=1.48, 95% CI: 1.15-1.91, P=0.002) and in those with 
high GVH and high HVG PS-II (HR=1.50, 95% CI: 1.16-
1.94, P=0.002) (Figure 1B). 

HLA-DPB1 nonpermissive mismatch in the GVH direc-
tion was associated with not only an increased risk of 
acute GVHD but also a reduced risk of relapse (HR=0.64, 
95% CI: 0.47-0.86, P=0.003), whereas permissive mis-
match and HVG nonpermissive mismatch were not sig-
nificantly associated with risk of relapse.  

Similar results were seen in patients with high GVH 
ME, PS-I, and PS-II, which were associated with reduced 
risk of relapse (ME: HR=0.83, 95% CI: 0.70-0.99, P=0.05; 
PS-I: HR=0.82, 95% CI: 0.68-0.98, P=0.032; PS-II: 
HR=0.79, 95% CI: 0.66-0.95, P=0.011), whereas HVG 
ME, PS-I, and PS-II were not associated with a reduced 
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Note: Percentages may not add up to 100 because of rounding. P values of categorical variables were from the Fisher exact or c2 test. P values of continuous variables were from 
analysis of variance or the Kruskal-Wallis test. There were four missing data points for donor-recipient cytomegalovirus serostatus and one missing data point for the graft-ver-
sus-host disease regimen. HSCT: hematopoietic stem cell transplantation; AlloHSCT: allogeneic hematopoietic stem cell transplantation; AutoHSCT: autologous hematopoietic 
stem cell transplantation; TCE: T-cell epitope; GVH: graft-versus-host; HVG: host-versus-graft; CMV: cytomegalovirus; NR: nonreactive; R: reactive; AML: acute myeloid leukemia; MDS: 
myelodysplastic syndrome; DRI: Disease Risk Index; HCT-CI: Hematopoietic Cell Transplant-Comorbidity Index; MA: myeloablative; RIC: reduced-intensity conditioning; NMA: non-
myeloablative; PB: peripheral blood; BM: bone marrow; GVHD: graft-versus-host disease; PTCY: post-transplant cyclophosphamide; ATG: antithymocyte globulin; DP ME: HLA-DPB1 
mismatched eplets; PS-I, Predicted Indirectly Recognizable HLA Epitopes score I; PS-II, Predicted Indirectly Recognizable HLA Epitopes score II.
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risk of relapse (Figure 1C). Relapse risk was significantly 
lower in patients with high GVH ME combined with low 
HVG ME than in patients with low ME in both directions 
(Figure 1C, Online Supplementary Figure S2B). 

Neither HLA-DPB1 mismatch permissiveness nor 
molecular mismatches were found to be associated with 
overall survival (Figure 1D, Online Supplementary Table 
S3), progression-free survival (Online Supplementary Table 
S4), or engraftment in the present study cohort.  

 
In the permissive mismatch group, GVH alloimmunity determined 

by ME and PS was associated with an increased risk of GVHD, 
whereas HVG alloimmunity determined by ME and PS was associat-
ed with an increased risk of relapse and GVHD.  

Consistent with the previous report,26 permissive mis-
match represented the largest subgroup in our cohort of 
patients who underwent HSCT from unrelated donors. 
Results from the multivariable analyses showed that the 

alloimmunity predicted by ME or PS, in either the HVG 
or the GVH direction, was associated with a trend of 
increased risk of grade 2-4 acute GVHD (Figure 2A). In 
particular, HVG PS-II was associated with a significantly 
increased risk of grade 2-4 acute GVHD (HR=1.43, 95% 
CI: 1.13-1.82, P=0.003). This finding was further con-
firmed by our analysis of combined groups, in which a 
significantly increased risk of grade 2-4 acute GVHD was 
observed in the group with high ME (Figure 2B) or PS-II 
in both directions. However, high GVH ME or PS without 
concurrent HVG alloimmunity was not associated with 
an increased risk of acute GVHD.  

Similar to what we observed in the entire cohort, no 
anti-leukemia benefit was associated with HVG allore-
sponse assessed by ME or PS. Moreover, high ME in the 
HVG direction was associated with an increased risk of 
relapse in the permissive mismatch group (HR=1.36, 95% 
CI: 1.02-1.76, P=0.026) (Figure 2C), and this was more 
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Figure 1. Forest plots showing results from multivariable analyses of the impact of molecular mismatch scores (ME, PS-I, PS-II) and traditional T-cell epitope group-
ing on outcomes, stratified by the mismatch in the graft-versus-host and host-versus-graft direction. (A) Acute graft-versus-host disease grade 2-4. (B) Non-relapse 
mortality. (C) Relapse. (D) Overall survival. Dots and bars in the forest plots represent adjusted hazard ratios and 95% confidence intervals. PS and ME were cate-
gorized into low and high groups using the median as a cutoff point. ME: mismatched eplets, PS: Predicted Indirectly Recognizable HLA Epitope score; GVH: graft-
versus-host: HVG: host-versus-graft; GVHD: graft-versus-host disease.
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pronounced in the group with high HVG ME coupled 
with low alloimmunity in the GVH direction (Figure 2D). 

Molecular mismatches assessed by ME or PS were not 
associated with the risk of NRM, overall survival, or pro-
gression-free survival in this permissive mismatch sub-
group.  

 
In the GVH nonpermissive mismatch group, ME in the GVH direc-

tion was associated with a higher incidence of grade 2-4 acute 
GVHD, and HVG ME could synergistically contribute to this risk.  

Alloimmunity quantified by ME appeared to be more 
clinically relevant than alloimmunity quantified by PS in 
the GVH nonpermissive mismatch group. Results from 
the multivariable analyses showed that high ME in the 
GVH direction was associated with an increased risk of 
grade 2-4 acute GVHD (HR=1.64, 95% CI: 1.16-2.31, 
P=0.005) (Figure 3A). Although HVG ME itself was not 
associated with the risk of acute GVHD, those with high 
ME in both directions had a significantly increased risk of 

grade 2-4 acute GVHD (HR=2.82, 95% CI: 1.41-5.62, 
P=0.003) (Figure 3B).  

No significant association between the molecular mis-
match factors and relapse (Online Supplementary Figure 
S3), NRM, engraftment, overall survival, or progression-
free survival was identified.  

 
In the HVG nonpermissive mismatch group, ME and PS-I in the GVH 

direction were associated with worse NRM without an increased risk 
of GVHD  

None of the mismatch factors was associated with the 
risk of relapse or acute GVHD in the HVG nonpermissive 
mismatch group with high HVG alloimmunity settings 
(Online Supplementary Figure S4A, B). Although no associ-
ation with the risk of acute GVHD was identified, alloim-
munity in the GVH direction determined by ME and PS-I 
was associated with an increased risk of NRM (ME: 
HR=1.90, 95% CI: 1.18-3.07, P=0.008, Figure 4A; PS-I: 
HR=1.60, 95% CI:1.04-2.60, P=0.024, Figure 4B), indicat-
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ing that the increased risk of NRM observed here may not 
be mostly attributed to GVHD. Additionally, a lower inci-
dence of neutrophil engraftment was observed in the 
group with high ME in the HVG direction, likely 
attributable to the alloimmunity towards the graft 
(HR=0.73, 95% CI: 0.56-0.96, P=0.028 for low GVH ME + 
high HVG ME).  

 
Predictive performance of the TCE, ME, and PS models 
Results from the concordance test showed that the ME 

in the GVH direction provided better discriminative ability 
for the prediction of clinically significant acute GVHD with 
a concordance index of 0.595 compared with other mod-
els. The values of the concordance index of GVH PS I, 
GVH PS II, HVG ME, HVG PS I, HVG PS II, and TCE were 

0.560, 0.556, 0.545, 0.541, 0.542, and 0.566, respectively.  
Moreover, decision curve analysis29 was conducted to 

compare the clinical application of different matching 
models. We found that ME in the GVH direction outper-
formed other models, including the conventional TCE 
model, and provided the best net clinical benefit for the 
modification of the acute GVHD prophylaxis regimen in 
patients with a high risk of developing clinically signifi-
cant acute GVHD (Figure 5). 

 
 

Discussion 

Relapse and GVHD remain two major causes of mor-
bidity and mortality in patients with hematologic malig-
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Figure 2. Forest plots showing results from the multivariable analyses of the impact of molecular mismatch scores (ME, PS-I, and PS-II) on outcomes in the per-
missive mismatch group, stratified by the mismatch in the graft-versus-host and host-versus-graft direction. (A) Acute graft-versus-host disease (GVHD) grade 2-4. 
(B) Adjusted cumulative incidence of acute GVHD grade 2-4. (C) Relapse. (D) Adjusted cumulative incidence of relapse. Dots and bars in the forest plots represent 
adjusted hazard ratios and 95% confidence intervals. PS and ME were categorized into low and high groups using the median as a cutoff point.  ME: mismatched 
eplets, PS: Predicted Indirectly Recognizable HLA Epitope score; GVH: graft-versus-host: HVG: host-versus-graft; GVHD: graft-versus-host disease; HR: hazard ratio.

C

D



nancies undergoing HSCT. It has been accepted that 
donor T-cell–mediated alloimmune responses are the key 
mediators of beneficial GVL and adverse GVHD effects. 
A better understanding of T-cell alloreactivity in patients 
receiving HSCT would help to minimize the risk of 
GVHD while still preserving GVL activity. With recent 
progress in bioinformatics and molecular HLA typing, in 
silico prediction of immunogenicity has evolved rapidly, 
and several algorithms with a different focus have been 
shown to be predictive of outcomes in patients who have 
undergone HSCT.22,31  

In the present comprehensive study in a cohort of 
patients with hematologic malignancies, we demonstrat-

ed that HLAMatchmaker and PIRCHE can be used to 
assess histocompatibility in HSCT at the molecular level. 
Using the decision curve analysis method that incorpo-
rates clinical considerations, it was found that ME in the 
GVH direction has advantages over other predictive mod-
els including the conventional TCE model, in aiding the 
decision whether or not to modify the acute GVHD pro-
phylaxis regimen.  In patients with a high risk of develop-
ing clinically significant acute GVHD predicted by high 
ME in both GVH and HVG directions, the addition of 
therapy based on T-cell depletion to the prophylactic reg-
imen may reduce the incidences and intensity of GVHD. 
Moreover, ME and PS can quantitatively refine the con-
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Figure 3. Forest plots showing results from the multivariable analyses of the impact of molecular mismatch scores (ME, PS-I, PS-II) on outcomes in patients with 
HLA-DPB1 nonpermissive mismatch in the graft-versus-host (GVH) direction, stratified by ME GVH and host-versus-graft combinations. (A) Acute graft-versus-host 
disease (GVHD) grade 2-4. (B) Adjusted cumulative incidence of acute GVHD grade 2-4. Dots and bars in the forest plots represent adjusted hazard ratios and 95% 
confidence intervals. PS and ME were categorized into low and high groups using the median as a cutoff point. ME: mismatched eplets, PS: Predicted Indirectly 
Recognizable HLA Epitope score; GVH: graft-versus-host: HVG: host-versus-graft; GVHD: graft-versus-host disease; HR: hazard ratio. 
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ventional TCE grouping, so the finding here will aid pri-
oritization of the donors even within the same TCE 
group.  

Using the HLA-DPB1 TCE model, Fleischhauer et al. 
concluded that mismatches in different directions (HVG 
versus GVH) did not differ in terms of acute GVHD and 
mortality risk.32 However, bidirectional mismatches 
seemed to work synergistically and were associated with 
an increased risk of GVHD. How to reconcile HVG 
alloimmunity remains unclear, because host T cells in cir-
culation are believed to be depleted by conditioning regi-
mens during HSCT. Recent studies indicate that peripher-
al host T cells resident in the skin and gut are stimulated 
by the mismatched HLA and, as a result, the activated 

host T cells secrete higher levels of inflammatory 
cytokines and contribute to GVHD in addition to graft T-
cell immunity.19,21 For the first time, we demonstrate that 
the direction of alloreactivity may be better reflected by 
ME or PS in different directions. The elicited GVH allore-
activity defined by PS and ME seems to contribute to 
GVL along with GVHD, whereas HVG alloreactivity is 
likely to augment GVHD without the anti-leukemia 
effect. In the HLA-DPB1 permissive mismatch group, the 
largest subgroup of patients within our cohort, the elicit-
ed HVG alloreactivity appears to counteract the anti-
leukemia effect exerted by GVH alloimmunity, discourag-
ing the use of donors with a high load of HVG ME/PS in 
patients with HLA-DPB1 permissive mismatch. These 
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Figure 4. Adjusted cumulative incidence of non-relapse mortality in patients with HLA-DPB1 nonpermissive mismatch in the host-versus-graft direction. (A) 
Stratified by the number of mismatched eplets (ME) in the graft-versus-host (GVH) direction. (B) Stratified by Predicted Indirectly Recognizable HLA Epitopes score-I 
(PS-I) in the GVH direction. HR: hazard ratio.
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findings not only assist donor selection and risk stratifica-
tion in HSCT from unrelated donors but also provide 
valuable insights into the mechanism and process of 
alloimmunity in this setting.  

In agreement with recent studies on DP mismatches 
using the TCE model33 or DP expression model,34 associ-
ations of the nonpermissive mismatch and overall sur-
vival or transplant-related mortality were not found in 
our cohort. This is perhaps attributable to a high degree 
of  HLA matching degree in the cohort, recent advances 
in GVHD prophylaxis and reduced incidence of severe 
GVHD. The majority of our patients received in-vivo T-
cell depletion which may lessen the alloresponse derived 
from DP mismatch and reduce the severity and incidence 
of acute GVHD.35 Additionally, several recent studies 
documented an improved outcome with post-transplant 
cyclophosphamide in patients receiving not only hap-
loidentical transplants but also in transplants from 
matched unrelated donors,36 it may be particularly effec-
tive for individuals with high ME/PS due to the profound 
effect of this treatment on GVHD outcomes compared 
with conventional GVHD prevention regimens.37 
However, due to the low number of patients who 
received post-transplant cyclophosphamide in the cur-
rent study, future large prospective studies are warranted 
to confirm our hypothesis.  

The predictive value of the HLAMatchmaker and 
PIRCHE algorithms has been demonstrated in HSCT 
from HLA-mismatched unrelated donors or haploidenti-
cal donors.24,31,38 Although HLAMatchmaker mainly 
focuses on epitopes directly recognized by B cells, allore-
active T-cell clones that are specific to certain eplets iden-
tified by HLAMatchmaker have also been found,39-41 sug-
gesting that HLAMatchmaker reveals many polymorphic 
residues overlapping in both B-cell epitopes and T-cell 
epitopes. Consistent with a previous study,42 we 
observed a considerable correlation between ME load 
and PS. However, the disparity determined by ME load 
appears to be more clinically relevant in our study. 
Analysis of the topographic location of immunogenic 
amino acids identified with both methods demonstrated 

that a significant number of polymorphic amino acids, 
especially in the b-sheet and a-3 domain, were not co-
localized.42 Therefore, an optimized algorithm that con-
siders both direct and indirect alloresponses would be 
more predictive of risks or benefits in the context of 
HSCT with HLA-mismatched donors.  

Unlike the TCE and the expression model that has 
been extensively studied and shown to be clinically rele-
vant for HSCT in several high power studies,7,8,17,18 the 
molecular mismatching algorithms have been primarily 
studied in the solid organ transplant setting in the assess-
ment of antibody-mediated rejection. The predictive 
value of ME or PIRCHE was only reported in a few small 
studies in HSCT settings.38,43-45 and further validation is 
warranted before routine clinical application. The het-
erogeneity of the cohort and retrospective nature of the 
current study may have biased our results.   

In conclusion, molecular HLA disparity and subse-
quent alloresponse assessed by in silico methods are use-
ful in the prediction of clinical outcomes. In addition to 
conventional TCE grouping, additional information pro-
vided by ME and PS can be used to refine the permissive-
ness of HLA-DPB1 mismatches. In the present study, 
high alloimmunity in both the HVG and GVH directions, 
revealed by high PS or ME, is associated with an 
increased risk of GVHD. Nevertheless, only GVH ME or 
PS was associated with a reduced risk of relapse. An inte-
grated study in which patients’ immune cells are charac-
terized and comprehensively analyzed will provide 
deeper and better insights into the process of GVH 
response and the contribution from host T cells.  
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