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Abstract

The identification of important amino acid substitutions associated with low survival in 

hematopoietic cell transplantation (HCT) is hampered by the large number of observed 

substitutions compared to the small number of patients available for analysis. Random forest 

analysis is designed to address these limitations. We studied 2,107 HCT recipients with good or 

intermediate risk hematologic malignancies to identify HLA class I amino acid substitutions 

associated with reduced survival at day 100 post-transplant. Random forest analysis and traditional 

univariate and multivariate analyses were used. Random forest analysis identified amino acid 

substitutions in 33 positions that were associated with reduced 100 day survival, including HLA-A 

9, 43, 62, 63, 76, 77, 95, 97, 114, 116, 152, 156, 166, and 167; HLA-B 97, 109, 116, and 156; and 

HLA-C 6, 9, 11, 14, 21, 66, 77, 80, 95, 97, 99, 116, 156, 163, and 173. Thirteen had been 
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previously reported by other investigators using classical biostatistical approaches. Using the same 

dataset, traditional multivariate logistic regression identified only 5 amino acid substitutions 

associated with lower day 100 survival. Random forest analysis is a novel statistical methodology 

for analysis of HLA-mismatching and outcome studies, capable of identifying important amino 

acid substitutions missed by other methods.

Keywords

random forest analysis; HLA matching; amino acid substitutions; unrelated donor; hematopoietic 
cell transplantation

Introduction

Unrelated donor hematopoietic cell transplantation (HCT) is an established treatment option 

for patients with hematological malignancies who lack a human leukocyte antigen (HLA) 

identical sibling. Approximately 70% of unrelated donor transplants in 2009 facilitated by 

the U.S. National Marrow Donor Program (NMDP) used donors who were HLA-matched 

with the recipient; the other 30% had at least one HLA-mismatch. HLA mismatches are a 

major barrier to successful long-term outcome in HCT; even a single antigen or allele 

mismatch has a significant effect on graft survival and particularly on incidence and severity 

of graft-versus-host disease (GvHD) [1-5]. Although the molecular basis of allorecognition 

in GvHD and cellular graft rejection is not completely understood [6,7], isolated reports 

have shown that a single amino acid substitution between mismatched HLA alleles at a 

critical location can play an important role in acute GvHD [8] and graft rejection [9]. 

However, long-term survival after HCT is likely influenced not by a single mismatch but by 

multiple interacting mismatches as well as by patient and donor clinical characteristics and 

biological factors.

Mismatched antigens and alleles differ in the number, type and location of mismatched 

amino acids on the structure of the HLA molecule. Some substitutions may alter the peptide 

binding capability of the HLA molecule, while others may be irrelevant. It is likely that 

substitutions on the HLA molecules with altered peptide binding capacity that affect T-cell 

allorecognition underlie the varying clinical severity of GvHD and transplant outcomes 

associated with HLA-mismatched transplantation. Studies focused on identification of 

amino acid substitutions associated with adverse outcomes are scarce [10,11] and in conflict 

with functional studies [12,13]. Furthermore, these studies used traditional statistical 

techniques which have a limited ability to simultaneously analyze the effect of a large 

number of unordered categorical risk factors, side-chain variability at each amino acid 

position, and their potential interactions.

The purpose of this study was to identify HLA amino acid substitutions that are associated 

with lower survival at day 100 post-transplant (D100S) using a novel statistical 

methodology referred to as random forest analysis [14,15]. Random forest analysis is a 

computationally intensive method that uses a recursive partitioning algorithm to build 

individual prediction trees from randomly sampled subsets of data. It automatically accounts 

for interactions among a large number of potential predictors of HCT outcome [16]. 
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Although random forest analysis has not been used to analyze HLA data in unrelated 

transplantation before, this type of analysis has been shown to be extremely powerful and 

robust in the analysis of datasets with a “large p and small n”, datasets where the number of 

predictor variables (p) is large, but the number of cases (n) is relatively small. In 

comparative analysis of discrimination methods for gene array expression data, it has 

consistently been shown to be superior or at least equivalent to other methods [17-19].

Methods

Patients

The study was based on a data set of 3,855 patient-donor pairs facilitated by the NMDP 

between 1988 and 2003. All surviving recipients included in this data set were 

retrospectively contacted and provided informed consent for participation in the NMDP 

research program. Approximately 4% of surviving patients would not provide consent for 

research. To adjust for the potential bias introduced by exclusion of non-consenting 

surviving patients, a sampling process randomly excluded appropriately the same percentage 

of deceased patients using a biased coin randomization with exclusion probabilities based on 

characteristics associated with not providing consent for use of the data in survivors [2]. The 

final study population consisted of 2,107 patients with good or intermediate risk 

hematologic malignancies who underwent allogeneic transplantation from HLA-matched or 

single HLA class I allele or antigen mismatched unrelated donors. Good risk was defined as 

acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL) in first complete 

remission, chronic myeloid leukemia (CML) in first chronic phase, and myelodysplastic 

syndrome (MDS) subtype refractory anemia. Intermediate risk was defined as AML and 

ALL in second or subsequent complete remission or in first relapse, and CML in accelerated 

phase or second chronic phase. Patients with high risk disease were excluded from the 

analysis in order to better examine the relationship between amino acid substitutions and 

survival.

High-resolution HLA typing was performed for HLA-A, B, C, DRB1, DQA1, DQB1, 

DPA1, and DPB1 on all donor-recipient pairs as previously described [2]. However, in this 

study only HLA-A, B, C, and DRB1 were considered in the definition of HLA-matching 

based on the results of the Lee et al study [2].

To avoid confounding effects of HLA mismatches in the graft-versus-host and host-versus-

graft directions, donors and recipients that were homozygous at an HLA class I locus (n=91) 

were excluded from analysis. Donor-recipient pairs with more than one mismatch in HLA-

A, B, C and DRB1 or those mismatched at HLA-DRB1 were also excluded. There were 

1,507 donor-recipient pairs who were matched at HLA-A, B, C, and DRB1 (referred to as 

the matched group) and 600 donor-recipient pairs with only one allele or antigen mismatch 

at HLA-A, B or C (referred to as the mismatched group). The frequency distribution of the 

600 mismatched donor-recipient pairs at HLA-A, B, and C is 179 (29.8%), 88 (14.7%), and 

333 (55.5%), respectively.
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Data sources

The Center for International Blood and Marrow Transplant Research (CIBMTR) is a 

research affiliation of the International Bone Marrow Transplant Registry (IBMTR), 

Autologous Blood and Marrow Transplant Registry (ABMTR) and the NMDP established in 

2004 that comprises a voluntary working group of more than 450 transplantation centers 

worldwide that contribute detailed data on consecutive allogeneic and autologous 

hematopoietic HCT to a Statistical Center at the Medical College of Wisconsin in 

Milwaukee and the NMDP Coordinating Center in Minneapolis. Participating centers are 

required to report all transplants consecutively; compliance is monitored by on-site audits. 

Patients are followed longitudinally, with yearly follow-up. Computerized checks for 

discrepancies, physicians' review of submitted data and on-site audits of participating 

centers ensure data quality. Observational studies conducted by the CIBMTR are performed 

in compliance with the Privacy Rule (HIPAA) as a Public Health Authority, and in 

compliance with all applicable federal regulations pertaining to the protection of human 

research participants as determined by continuous review of the Institutional Review Boards 

of the NMDP and the Medical College of Wisconsin since 1985.

Amino acid substitution assignment

Amino acid substitutions were assigned by comparing the amino acid sequences of the 

mismatched alleles carried by the donor and the recipient using the International 

Immunogenetics Project, IMGT/HLA database, http://www.ebi.ac.uk/imgt/hla, accessed on 

July 2007. Polymorphic amino acid positions were identified by position number and type. 

The observed mismatches between patient and donor were recorded by position number and 

the two different amino acids. The majority (∼80%) of the HLA alleles in the IMGT HLA 

database are defined based on partial sequence where a portion of the exonic nucleotides are 

not described. For this study we restricted the analysis to exons 2-3 for class I alleles and 

exon 2 for class II alleles where the majority of the alleles are fully characterized. To 

address the few instances where the reference sequence definition is incomplete within these 

exons we used a simple imputation method to fill-in the sequence with that of the most 

similar fully characterized allele. The similarity measure used was hamming distance or the 

minimum number of nucleotide differences.

Statistical analyses

Random Forest analysis—Random forest analysis was used to identify amino acid 

substitutions associated with the primary endpoint of survival to day 100, accounting for 

clinical and transplant characteristics and other simultaneous amino acid substitutions 

present. Because random forest analysis has not been used before in HCT studies, we 

provide a brief description of the method and its functional properties.

Random forest is a tree-based method for classification developed by Leo Breiman [14] that 

uses an ensemble of classification or decision trees. Using a recursive partitioning algorithm 

each classification tree is built based on a bootstrap sample of the training data. Some 

records will be included more than once in the sample, and others will not appear at all. 

Generally, about two thirds of the records will be included in each bootstrap sample of the 

training dataset, and one third will be left out. The left out records are used to provide an 
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ongoing dynamic assessment of model performance, similar to repeated cross-validation. In 

addition, a random subset of the available predictor variables is used to determine the best 

partition of the data at each node of each individual tree building process. This doubly 

random process produces a collection of substantially different trees. Together, the resulting 

decision trees form the forest that represents the final ensemble tree model where each 

decision tree votes for the result and the majority wins.

In contrast to traditional multivariate modeling, the random forest analysis can account for 

inter-relationships among all potential predictors including highly multilevel unordered 

categorical covariates in building a tree-based predictive model. Unlike traditional univariate 

and multivariate logistic regression analysis, random forest analysis has the capability to 

analyze large training datasets with hundreds or even thousands of input variables. The two-

part randomness (random subset of patients, random subset of variables) employed by the 

random forest method has been shown to deliver considerable robustness to noise, outliers, 

and over-fitting, when compared to a single tree classifier. Random forest analysis was 

carried out using the random forest software, version 1.0 (Salford Systems, San Diego, CA).

Four patient-donor clinical characteristics (age, disease type, disease status, donor-recipient 

gender match) identified as associated with day 100 survival in preliminary analyses and 

127 amino acid substitution position variables at HLA-A, B, or C constituted the set of 

eligible predictors in the random forest analysis. We built a random forest model based on a 

collection of 500 classification trees with each individual tree built from a bootstrap sample 

of the original 2,107 donor-patient pairs. At each tree node (except the terminal nodes) of 

growing a tree a set of 15 predictors randomly selected from the total 131 predictors was 

used to determine the best split of the node. Results for each potential variable are expressed 

as a 0-100 ranking of variable importance, with higher scores indicating greater predictive 

ability. In contrast to traditional univariate and multivariate modeling, confidence intervals 

and p values are not available.

Traditional Univariate and Multivariate analysis—Traditional univariate and 

multivariate analyses were performed in order to compare the results obtained by the 

random forest analysis with those obtained from a more common statistical approach using 

the same data set. For the univariate approach, each mismatched type by position subgroup 

was compared to the HLA-matched group using a binary indicator variable in multiple 

logistic regression model with adjustment for patient risk factors. Because of multiple 

testing, indicator variables with a more stringent p value of 0.005 or less were considered as 

statistically significant, indicating that the death rate by day 100 of the specific mismatched 

type by position subgroup is different from that of the matched group.

For the traditional multivariate logistic regression model, the potential differential effects of 

substitution type were ignored and the model tested the effect of any amino acid substitution 

within each position (mismatch versus match regardless of type). An initial screening was 

conducted by testing the effect of each amino acid substitution position separately at 5% 

significance level in a logistic regression model with adjustment for the significant patient 

risk factors (age, disease type, disease stage, and donor-recipient gender match). Then, based 

on the amino acid substitution position variables that were significant in the initial screening 
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a final model was built using a forward stepwise regression procedure with a 5% 

significance level as the variable entry or deletion criterion. This final model allowed for an 

identification of interactive effect among multiple amino acid substitution positions but 

could not evaluate types of substitutions or their interactions because the model cannot 

accommodate the large number of indicator variables necessary to code all possible 

substitution types and their interactions among combinations of substitution positions.

Results

Patient characteristics

Patient characteristics are summarized in Table 1 for the HLA-mismatched and matched 

groups respectively. There were significant differences between the groups with respect to 

age, disease type, disease stage, conditioning regimen, and GvHD prophylaxis at the 5% 

significance level. However, after Bonferroni adjustment for multiple comparisons to reduce 

the possibility of false positive results only age and disease stage remained significant at the 

5% level. The day 100 survival was 79% for the HLA-matched group and 69% for the HLA-

mismatched group, p<0.001.

Distribution of amino acid substitutions positions and types

From the 600 donor-recipient pairs that had one HLA-A, B, or C amino acid mismatch and 

were DRB1 matched, 371 had antigen mismatches and 229 had allele mismatches as defined 

by the NMDP [2]. HLA-A, B, and C sequences each had up to a total length of 181 amino 

acids. Amino acid substitutions were identified in 50 positions in HLA-A, 44 positions in 

HLA-B, and 33 positions in HLA-C, for a total of 127 mismatched amino acid positions. 

Most mismatched positions have multiple mismatch types, hence a total of 389 amino acid 

substitutions were identified for the 127 positions (an average of 3.1 types per amino acid 

substitution position), Table 2.

Amino-acid substitutions identified by the random forest analysis

Four patient variables (age, disease stage, disease type, gender match) and 33 amino-acid 

substitutions out of 127 amino acid substitutions were assigned an importance score of 2.9 

or higher (in a scale of 0 to 100) by random forest analysis and identified as predictors of 

death at day 100 post-transplant, Table 3. A cut-off value of 2.9 for the importance score on 

a scale of 0 to 100, was established to include the most important overlapping amino acid 

substitutions across the different HLA class I loci. The criteria used for selection of the most 

important positions was to include all 13 previously identified amino-acid substitutions as 

well as any new position (n=20) with an importance score higher than a previously 

identified position. Amino acid substitutions using this definition were: HLA-A 9, 43, 62, 

63, 76, 77, 95, 97, 114, 116, 152, 156, 166, and 167; HLA-B 97, 109, 116 and 156; and 

HLA-C 6, 9, 11, 14, 21, 66, 77, 80, 95, 97, 99, 116, 156, 163, and 173, Figure 1. Table 3 

shows a ranking of these amino acid substitutions by the strength of the importance score 

received on random forest analysis, and also summarizes previous reports in the literature.
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Most frequent HLA class I mismatches accounting for amino acid substitutions exhibiting 
the highest importance scores

The most frequent HLA class I mismatches for each of the 33 amino acid substitutions 

identified by random forest with high importance scores and their frequencies are listed in 

Table 4. Table 5 shows the most common HLA class I mismatches for each locus that 

correspond to the amino acid substitutions with high importance scores. The most common 

HLA mismatches in relation with these amino acids for each class I locus are HLA-

A*02:01/02:05, HLA-B*35:01/35:03, and HLA-C*01:02/02:02, Table 5. The percentages 

were calculated based on all mismatches at a particular locus as the denominator. Only HLA 

mismatches with a frequency of 10 or higher were included. However, if no HLA 

mismatches with a frequency of 10 or higher were available, the highest available frequency 

was included in the table.

Traditional univariate analysis of amino acid substitutions adjusting for clinical variables

Table 6 lists all 13 amino acid substitution subgroups with greater than 10 patients and with 

significantly greater death rates by day 100 (p<0.005 in two-sided test) as compared with the 

HLA-matched group (1,507 donor-recipient pairs) in univariate analysis adjusting for 

clinical variables. For the HLA-A mismatched group, only 1 amino-acid substitution 

position and type, 156-L:W (recipient: donor), was identified. No amino-acid substitutions 

associated with worse outcome were identified for the HLA-B mismatched group. This may 

be due in part to the fact that there are only 88 (14.7%) HLA-mismatched donor-recipient 

pairs with HLA-B mismatches. Twelve amino-acid substitutions were identified in the 

HLA-C mismatched group. A total of 7 different amino-acid substitutions are on the alpha 1 

domain, in 7 different positions and 5 amino-acid substitutions are located on the alpha 2 

domain, in 4 different positions.

Traditional multivariate analysis of amino-acid substitution positions adjusting for clinical 
variables

We first tested if a single amino acid substitution position (regardless of substitution type) 

was associated with death by day 100 after adjustment for important patient risk factors. 

Using a 5% significance level we identified the following substitution positions: HLA-A 9, 

17, HLA-B 109 and 116, HLA-C 6, 9, 11, 14, 16, 21, 24, 49, 77, 80, 97, 99, 114, 116, 156, 

163. With a more stringent 0.5% significance level only the following 10 HLA-C positions: 

9, 11, 21, 77, 80, 97, 99, 116, 156, and 163 were identified. Of these 10 HLA-C positions, 9 

positions (except 163) were already identified by univariate analysis that tested the effect of 

substitution type at each substitution position, Table 6. It can be seen that multivariate 

analysis identified 4 additional substitution positions at the 0.5% significance level. This 

indicates that in addition to identifying more informative substitution type effect, testing the 

differential effect of substitution type at each substitution position is also a more powerful 

approach to identify substitution positions. Holding patient risk factors in the model we used 

a forward stepwise procedure with a 5% significance level for entry into and removal from 

the model to select the most important amino acid substitution positions from the initially 

identified positions. We found that HLA-A positions 17, 73, 166, HLA-B position 116, and 

Marino et al. Page 7

Bone Marrow Transplant. Author manuscript; available in PMC 2012 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HLA-C position 116 were the only amino acid substitution positions simultaneously 

associated with outcome, Table 7.

HLA-DQ and DP matching status was also analyzed. DQ matching status was not associated 

with survival rate at day 100 (p=0.33) but DP matching status was (p=0.005). These results 

indicate that there is no linkage effect of the class I mismatches with DQA1 or DQB1 

disparities. There was no survival difference between patient-donor pairs that had one HLA 

class I antigen or allele mismatch (p=0.66).

Discussion

Several large studies using standard multivariable modeling have established the importance 

of molecular matching at HLA-A, B, C, and DRB1 for the outcome of HCT [1-5]. It is 

estimated that on average, every additional mismatch is associated with a 10% decrement in 

survival after adult unrelated donor transplantation for good risk patients [2]. But it is 

equally clear that many patients, particularly minorities lack matched unrelated donors [20] 

and suitable mismatched donors need to be identified to offer transplants to these patients. 

The effect of HLA mismatching on GvHD, relapse, and transplant related mortality (TRM) 

is mediated by amino acid substitutions, several of which can be found in most mismatched 

alleles. In this study we have identified 33 amino acid substitutions' locations that are 

associated with survival at day 100 post-transplant. Some of these locations, 97, 116 and 

156, were present in all three HLA class I loci. Substitution locations 9, 77, and 95 were 

present on HLA-A and HLA-C mismatched antigens or alleles. Some locations were only 

identified on mismatched antigens or alleles of a single locus; HLA-A 43, 62, 63, 76, 114, 

152, 166, 167; HLA-B 109; and HLA-C, 6, 11, 14, 21, 66, 80, 99, 163, and 173. The 

majority of the important amino acid substitutions identified in this study as associated with 

survival to day 100 are located on the alpha 1 or the alpha 2 domains of the peptide binding 

site, encoded by exons 2 and 3 respectively and are predicted to directly affect T-cell 

allorecognition [21-23]. The most common HLA mismatches associated with these amino 

acids are HLA-A*02:01/02:05, 02:01/02:06, 03:01/03:02, 01:01/11:01, 02:01/68:01, and 

24:02/24:03; HLA-B*35:01/35:03 and 35:01/35:08; and HLA-C*01:02/02:02, 04:01/16:01, 

05:01/07:04, 14:02/15:02, 03:03/04:01, 07:01/12:03, 06:02/07:01, 01:02/03:03, 01:02/15:02, 

03:04/07:02, and 02:02/15:02. The identification of amino acid substitutions that are 

associated with a higher than average risk of failure in HCT, the so called non-permissive 

amino-acid substitutions, represents a first step towards the ultimate goal of identifying 

acceptable mismatches that could be used in the clinical setting for selection of suitable 

mismatched unrelated donors for patients lacking HLA-identical donors. However, 

additional studies using different datasets as well as functional studies are necessary to 

confirm these findings prior to clinical implementation of these results.

Initial insights of the importance of specific amino-acid substitutions were based on 

identification of individual patients and isolation of cytotoxic T-cell clones directed against 

HLA subtypes absent in the donor [8,9,24]. Ferrara and collaborators [10] using a large 

dataset reported in 2001 that substitutions at position 116 of class I molecules increase risk 

for acute GvHD and TRM. However, they did not attempt to distinguish the effects of 

substitutions in HLA-A, HLA-B or HLA-C [10]. Recently, Kawase and collaborators [11] 

Marino et al. Page 8

Bone Marrow Transplant. Author manuscript; available in PMC 2012 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



have reported non-permissive HLA mismatches associated with acute GvHD in HCT 

patients from the Japan Marrow Donor Program (JMDP). In contrast to our study, Kawase's 

study population was comprised of recipients with heterogeneous diagnoses and disease 

stages, and donor-recipient pairs with mismatches at multiple HLA loci [11]. They 

conducted a traditional multivariate analysis to evaluate the effect of HLA one-locus allele 

mismatch on acute GvHD while adjusting for clinical factors (disease, treatment and patient-

related predictors) as well as mismatch status in other loci [11]. They found 4 non-

permissive mismatches in HLA-A, 1 in HLA-B, 7 in HLA-C, 1 in DRB1, 1 mismatch 

associated with DRB1-DQB1, and 2 in HLA-DPB1 [11]. A similar model was used to 

analyze the impact of each amino acid substitution type on each position separately. 

However, they did not adjust for multiple amino acid substitutions that commonly occur 

within a single HLA-mismatch [11]. They found 2 non-permissive amino-acid substitutions 

at HLA-A, positions 9 and 116 and 6 non-permissive amino-acid substitutions at HLA-C 

positions 9, 77, 80, 99, 116, and 156 [11]. More recently, the same group has published an 

analysis of HLA-mismatches that predict for relapse and overlap minimally with the 

mismatches associated with acute GvHD [25]. Functional studies have also been reported 

[12,13], however their results are in conflict with Ferrara [10] and Kawase's [11] reports and 

only include a small number of cases.

Our analysis differed from Kawase's [11] in several ways. First, we used a different endpoint 

namely death by day 100 and restricted our analysis to patients with good or intermediate 

risk leukemia. By focusing the analysis to a more restricted and hence more homogeneous 

study population, we hypothesized that we would reduce variability due to disease variables 

and increase the power to detect variables that predict for GvHD. Second, we used a new 

statistical method, random forest analysis, which has not been previously applied in HCT 

but which has several advantages over more conventional analysis methods as demonstrated 

by our results. Using random forest analysis, we confirmed all non-permissive amino-acid 

substitutions identified by Kawase et al [11] as well as the few amino-acid substitutions 

reported by other investigators [8-10,24]. Although RF analysis does not validate the 

interpretation of substitutions as permissive versus non-permissive and does not provide a p-

value, the fact that we were able to identify these previously reported non-permissive amino-

acid substitutions by random forest and not by traditional multivariate analysis in our 

dataset, supports the observation in other fields that random forests provides greater data 

analytic power. Furthermore, in addition to the 8 amino acid substitutions identified by 

Kawase et al [11], we identified another 25 that had similar or higher importance scores in 

the random forest analysis. Future studies in different patient populations are required to 

confirm the importance of these amino-acid substitutions in HCT. However, for the patient 

who needs a HCT today from an HLA-mismatched donor, the evolving literature suggests 

that using a donor who is mismatched with the recipient at positions 116 or 156 at either of 

the HLA class I loci, at position 9 at HLA-A or HLA-C, and at position 99 at HLA-C may 

increase the risk for early death and other adverse outcomes.

A number of limitations of this study should also be mentioned. Although there were some 

notable commonalities, the three separate analytic techniques we employed using the same 

data set identified different sets of clinical variables and amino acid substitutions associated 
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with survival at day 100, highlighting the need for independent validation in multiple 

datasets and using multiple approaches. Also, we chose survival at day 100 as our primary 

endpoint since it is objective and likely most closely associated with acute GvHD. However, 

further studies should be done to investigate amino acid substitutions that have their 

maximal association with other outcomes and to determine permissive amino acid 

substitutions. Our analysis identified associations between amino acid substitutions and 

survival at day 100, but we cannot confirm biologic importance. Only well designed 

functional studies will show if the specific amino acid substitutions identified affect T-cell 

allorecognition or function or if they are markers for other critical factors causing increased 

mortality. Other biological factors that affect HLA amino acid mismatches and T-cell 

allorecognition in HCT such as shape of the T-cell receptor repertoire have not been 

investigated in this study. Finally, although most of these amino acid locations have been 

identified in other studies, we acknowledge that some of these amino acid substitution 

locations may only be a marker of a specific allele mismatch instead of a truly important 

location that has an effect on survival.

In conclusion, using random forest to analyze the largest currently available dataset of 

HCTs, we were able to confirm 13 previously identified class I amino acid substitutions as 

well as 20 additional novel class I amino acid substitutions that are predictors of survival at 

day 100. Random forest analysis presents a robust statistical methodology for analysis of 

HLA-mismatching and outcome studies, capable of identifying important amino acid 

substitutions missed by other methods. Based on these results, random forest analysis may 

prove an equally valuable tool to evaluate other transplant outcomes of interest.
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Figure 1. Representative HLA molecules with non-permissive amino acid substitutions identified 
using random forest analysis
The residues are colored by mismatch groupings. (A) HLA-A, B, and C positions 97, 116, 

and 156. (B) HLA-A and C positions 9, 77, and 95. (C) HLA-A 43, 62, 63, 76, 114, 152, 

166, and 167. (D) HLA-B position 109. (E) HLA-C positions 6, 11, 14, 21, 66, 80, 99, 163, 

and 173. The mismatches are found on the alpha 1 and alpha 2 domains, with the majority 

occurring in the peptide binding groove.
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Table 1
Patient characteristics by HLA matching status

1 HLA Class I Mismatch DRB1Matched
(n=6001)

A, B, C, DRB1 Matched
(n=1,507) p-Values

Age at Transplant

 Mean (SD) 29.7 (15.2) 32.6 (14.2) <0.001

Sex Donor/Recipient2 0.36

 Male/Male 207 (34.5) 572 (38.0)

 Female/Male 119 (19.8) 276 (18.3)

 Female/Female 129 (21.5) 288 (19.1)

 Male/Female 145 (24.2) 371 (24.6)

Disease2 0.03

 ALL 155 (25.8) 352 (23.4)

 AML 172 (28.7) 370 (24.6)

 CML 256 (42.7) 717 (47.6)

 MDS 17 (2.8) 68 (4.5)

Stage of Disease at Transplant2 0.001

 Early 282 (47.0) 834 (55.3)

 Intermediate 318 (53.0) 673 (44.7)

Conditioning Regimen2 0.03

 Myeloablative 591 (98.5) 1499 (99.5)

 Non-myeloablative 9 (1.5) 8 (0.5)

GvHD Prophylaxis2 0.01

 Tacrolimus ± Other 121 (20.2) 298 (19.8)

Cyclosporine A+

 Methotrexate ± Other 324 (54.0) 890 (59.1)

Cyclosporine A ± Other3 13 (2.2) 57 (3.8)

Methotrexate ± Other4 5 (0.8) 7 (0.5)

 T-Cell Depletion 137 (22.8) 254 (16.9)

 Other 0 (0.0) 1 (0.1)

Stem Cell Source2 0.91

 Bone Marrow 559 (93.2) 1402 (93.0)

 PBSC5 41 (6.8) 105 (7.0)

Year of Transplant2 0.25

 1988 – 1992 65 (10.8) 212 (14.1)

 1993 – 1996 174 (29.0) 410 (27.2)

 1997 – 2000 241 (40.2) 597 (39.6)

 2001 – 2004 120 (20.0) 288 (19.1)

1
Donor/Recipients with one mismatch at HLA-A: n=179 (29.8%), with one mismatch at HLA-B: n=88 (14.7%), with one mismatch at HLA-C: 

n=333 (55.5%);

2
n (%);
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3
no methotrexate;

4
no cyclosporine A;

5
peripheral blood stem cells
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Table 2
Distribution of amino acid substitution positions and types

HLA-A HLA-B HLA-C TOTAL

Number of amino acid positions affected by substitutions 50 44 33 127

Number of amino acid substitution types1 170 104 115 389

1
Most amino acid substitution positions have multiple substitution types
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Table 3
Amino-acid substitutions and other predictors of day 100 survival obtained by random 
forest analysis listed in order of importance

Variable HLA Molecule Alpha Domain Importance Score Other References Reporting Amino Acid Substitutions 
Associated to HCT Outcomes

Age — 100

Disease stage — 50

HLA-C position 156 2 36 Kawase, 200925
Kawase, 200711

HLA-C position 116 2 35 Kawase, 2007
Ferrara, 200110

HLA-A position 152 2 31 Ferrara, 2001

HLA-C position 99 2 24 Kawase, 2009
Kawase, 2007

HLA-A position 9 1 21 Kawase, 2009
Kawase, 2007

HLA-C position 9 1 20 Kawase, 2007

HLA-B position 116 2 20 Ferrara, 2001

Disease type - 20

Gender match - 19

HLA-A position 156 2 17 Ferrara, 2001

HLA-C position 97 2 13

HLA-A position 114 2 13 Ferrara, 2001

HLA-A position 62 1 13

HLA-C position 163 2 12

HLA-A position 95 2 9

HLA-C position 11 1 9

HLA-A position 97 2 7

H LA-B position 97 2 6

HLA-C position 80 1 6 Kawase, 2007

HLA-A position 76 1 6

HLA-A position 63 1 5

HLA-C position 77 1 5 Kawase, 2007

HLA-A position 77 1 5

HLA-C position 21 1 4

HLA-C position 95 2 4

HLA-A position 116 2 4 Kawase, 2007
Ferrara, 2001

HLA-C position 14 1 4

HLA-A position 167 2 4

HLA-A position 43 1 4

HLA-C position 6 1 4

HLA-B positon 109 2 3

HLA-C position 173 2 3

HLA-C position 66 1 3
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Variable HLA Molecule Alpha Domain Importance Score Other References Reporting Amino Acid Substitutions 
Associated to HCT Outcomes

HLA-A position 166 2 3

HLA-B position 156 2 3 Ferrara, 2001
Burrows, 199424

Keever, 19948
Fleischhauer, 19909

The positions with higher importance scores are more critically related to death by day 100 post-HCT and should receive higher priority to be 
matched.
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Table 5
Most common HLA class I mismatches for each locus in relation with the amino acid 
substitutions with the highest importance scores

HLA Locus HLA Mismatch Cumulative Frequency Cumulative Percent

HLA-A 02:01/02:05 14 7.82

02:01/02:06 26 14.53

03:01/03:02 38 21.23

01:01/11:01 45 25.14

02:01/68:01 52 29.05

24:02/24:03 59 32.96

 HLA-B 35:01/35:03 17 19.32

35:01/35:08 24 27.27

 HLA-C 01:02/02:02 25 7.51

04:01/16:01 44 13.21

05:01/07:04 60 18.02

14:02/15:02 76 22.82

03:03/04:01 90 27.03

07:01/12:03 101 30.33

06:02/07:01 111 33.33

01:02/03:03 119 35.74

01:02/15:02 127 38.14

03:04/07:02 135 40.54

02:02/15:02 142 42.64

Bone Marrow Transplant. Author manuscript; available in PMC 2012 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Marino et al. Page 23

T
ab

le
 6

E
ff

ec
t 

of
 H

L
A

-A
, B

 o
r 

C
 m

is
m

at
ch

ed
 a

m
in

o 
ac

id
 s

ub
st

it
ut

io
n 

ty
pe

 b
y 

po
si

ti
on

 o
n 

da
y 

10
0 

su
rv

iv
al

 a
dj

us
te

d 
fo

r 
pa

ti
en

t 
ch

ar
ac

te
ri

st
ic

s 
us

in
g 

m
ul

ti
pl

e 
lo

gi
st

ic
 r

eg
re

ss
io

n

H
L

A
 L

oc
us

A
lp

ha
 D

om
ai

n
P

P
os

it
io

n
A

A
m

in
o 

A
ci

d 
T

T
yp

e 
(R

/D
1 )

n
D

ea
th

 b
y 

D
ay

 1
00

 (
%

D
ea

th
)

p 
V

al
ue

2
O

dd
s 

R
at

io
 (

95
%

 C
I)

A
2

15
6

L
W

12
58

0.
00

1
6.

01
 (

1.
80

-2
0.

07
)

C
1

9
FY

27
48

0.
00

2
3.

34
 (

1.
51

-7
.3

7)

C
1

11
SA

69
43

<
 0

.0
01

2.
98

 (
1.

80
-4

.9
5)

C
1

14
W

R
37

40
0.

00
2

2.
88

 (
1.

45
-5

.7
3)

C
1

21
R

H
68

38
0.

00
1

2.
33

 (
1.

39
-3

.9
1)

C
1

49
E

A
37

40
0.

00
2

2.
88

 (
1.

45
-5

.7
3)

C
1

77
SN

86
37

0.
00

1
2.

16
 (

1.
36

-3
.4

4)

C
1

80
N

K
86

37
0.

00
1

2.
16

 (
1.

36
-3

.4
4)

C
2

97
W

R
69

41
<

 0
.0

01
2.

56
 (

1.
54

-4
.2

6)

C
2

99
C

Y
27

48
0.

00
2

3.
34

 (
1.

51
-7

.3
7)

C
2

11
6

FS
36

42
0.

00
4

2.
67

 (
1.

34
-5

.3
3)

C
2

11
6

Y
S

24
46

0.
00

4
3.

14
 (

1.
37

-7
.2

0)

C
2

15
6

R
W

22
55

<
 0

.0
01

4.
26

 (
1.

79
-1

0.
11

)

R
es

ul
ts

 a
re

 c
om

pa
re

d 
to

 d
ea

th
 r

at
e 

at
 1

00
 d

ay
s 

po
st

-t
ra

ns
pl

an
t (

21
%

 d
ea

th
) 

in
 A

, B
, C

, a
nd

 D
R

B
1 

m
at

ch
ed

 d
on

or
-r

ec
ip

ie
nt

 p
ai

rs
 (

n=
1,

50
7)

.

1 R
/D

=
 R

ec
ip

ie
nt

/d
on

or

2 B
as

ed
 o

n 
sc

or
e 

te
st

.

Bone Marrow Transplant. Author manuscript; available in PMC 2012 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Marino et al. Page 24

Table 7
Amino acid substitutions as predictors of death by day 100 identified by multivariate 
logistic regression analysis

Number Odds Ratio 95% CI p Value

A17

Matched 2095 1.00

Mismatched 12 3.796 1.148-12.548 0.0288

A73

Matched 2088 1.00

Mismatched 19 2.617 1.013-6.760 0.0470

A166

Matched 2074 1.00

Mismatched 33 2.201 1.044-4.653 0.0381

B116

Matched 2067 1.00

Mismatched 40 2.545 1.308-4.949 0.0059

C116

Matched 1918 1.00

Mismatched 189 2.066 1.495-2.853 <.0001

Age <.0001

>50 199 1.00

40-49 529 0.947 0.658-1.363 0.7703

30-39 497 0.668 0.458-0.976 0.0368

20-29 390 0.553 0.356-0.798 0.0022

10-19 277 0.553 0.359-0.853 0.0073

0-9 215 0.232 0.136-0.397 <.0001

Disease 0.0404

AML 542 1.00

ALL 507 1.279 0.947-1.728 0.1079

CML 973 0.842 0.642-1.105 0.2160

MDS 85 1.199 0.681-2.112 0.5287

Disease Status <.0001

Early 1116 1.00

Intermediate 991 1.619 1.281-2.047 <.0001

Sex Match

Donor/Recipient 0.0492

Male/Male 779 1.00

Female/male 516 1.209 0.926-1.578 0.1627

Male/Female 395 0.907 0.669-1.229 0.5298

Female/Female 417 1.364 1.030-1.808 0.0305
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