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Introduction

Unrelated hematopoietic stem cell transplantation

(UHSCT) has become a mainstay of treatment for

patients with hematopoietic malignancies [1]. Despite

developments in immunosuppressive therapy, however,

acute graft-versus-host disease (GVHD) remains a major

cause of morbidity and mortality in UHSCT recipients.

Incompatibility between donor and recipient human leu-

kocyte antigen (HLA) alleles at high resolution has been

found to increase post-transplant complications, including

engraftment failure [2], acute and chronic GVHD [3,4],

and mortality [5].

Even if an unrelated donor–recipient pair has serologi-

cally identical HLA, it is highly unlikely that all of their

HLA alleles are the same. Thus, it has been speculated that

a number of Korean patients could receive allogeneic hema-

topoietic stem cells mismatched at the allelic level even

though serologically matched with donors [6,7]. The

patients receiving such transplants suffer a greater incidence

of acute GVHD and exhibit lower survival rates [8]. Thus,

the identification of nonpermissive mismatches is impor-

tant to the success of UHSCT, especially in light of ethnic-

specific differences in the distribution of HLA alleles.

The alloreactivity of donor T cells to recipient peptide-

allogeneic-major histocompatibility complex (MHC)
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Summary

Incompatibility of human leukocyte antigen (HLA) alleles between donors and

recipients of unrelated hematopoietic stem cell transplantation (UHSCT)

increases the risk of acute graft-versus-host disease (GVHD). We evaluated the

positional effect of amino acid substitutions in HLA molecules on severe acute

GVHD in Korean pediatric recipients of UHSCT. All of 64 donor–recipient

pairs were serologically matched for HLA-A, -B, and -DR loci. Only substitu-

tion at residue 9 resulting from an HLA-A*02 polymorphism was significantly

associated with the risk of severe acute GVHD in patients (OR = 7.0,

P = 0.033) on multivariate analysis. Recipients of this mismatched HLA also

showed shortened overall survival (HR = 9.7, P < 0.001) and increased risk for

transplant-related mortality (HR = 9.1, P = 0.027). Structural modeling showed

that the amino acid substitution could alter the peptide preference of the

ligand-binding pocket. A single amino acid substitution at position 9 was a

major predictor of severe acute GVHD in Korean pediatric patients.
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complexes is thought to be proportional to the structural

dissimilarity between alleles, with a higher degree of dis-

similarity leading to the development of acute GVHD

after UHSCT [9,10]. The degree of structural dissimilar-

ity, in turn, is related to the number, type, and position

of HLA amino acid differences between a donor and a

recipient [11]. Amino acid differences in positions

directly related to peptide binding or T-cell receptor con-

tacts, in particular, may have more deleterious effects on

the outcome of UHSCT [12].

In this study, after identifying nonpermissive mis-

matches at the amino acid level in Korean patients who

underwent UHSCT, we investigated the molecular effects

of the observed nonpermissive mismatches by structural

modeling.

Materials and methods

Patients

Sixty-four consecutive pediatric patients who had under-

gone hematopoietic stem cell transplantation at Asan

Medical Center, Seoul, Korea, between 2005 and 2008,

and their paired donors, whose HLA-A, -B, -C, and

-DRB1 alleles had been analyzed by high-resolution geno-

typing, were enrolled in the study. Each donor–recipient

pair was serologically matched for HLA-A, -B, and -DR

antigens. The HLA-A, -B, -C, and -DRB1 loci were geno-

typed by sequence-based typing [13]. Each patient

received cyclosporin A and short-course methotrexate for

GVHD prophylaxis. Acute GVHD was scored from 0 to

4, as described previously [14]. The risk assessment for

leukemia relapse was defined according to Kawase et al.

[15]. Amino acid sequences of HLA-A, -B, -C and -DR

molecules were retrieved from the IMGT/HLA sequence

database [16], and amino acid substitutions between

donor–recipient pairs were evaluated.

Molecular modeling and structural analysis

Insight II (Accelrys, San Diego, CA, USA) was used for

structural analysis and modeling, using the coordinates of

the crystal structures of HLA-A2 [17] and HLA-Cw [18,19].

Statistical analysis

The positional effect of amino acid substitution on severe

acute GVHD (grade ‡3) was evaluated by logistic analysis.

Amino acid sequences of HLA class I and II molecules

were obtained from the IMGT/HLA Sequence Database

[20]. The effect of amino acid substitution on severe

acute GVHD was adjusted by the following clinical vari-

ables: donor and recipient age, risk of leukemic relapse,

source of hematopoietic cell graft, sex mismatch, use of

antithymocyte immunoglobulin (ATG), total body irradi-

ation (TBI), HLA antigen mismatch, conditioning regi-

mens, and underlying diseases. For the initial univariate

Table 1. Patient characteristics (n = 64).

Characteristics Frequency Percent

Sex

Male 39 60.9

Female 25 39.1

Diagnosis of underlying disease

Acute lymphoid leukemia 23 35.9

Acute myeloid leukemia 24 37.5

Chronic myelogenous leukemia 2 3.1

Myelodysplastic syndrome 3 4.7

Severe aplastic anemia 3 4.7

Other disease 9 14.1

Source of hematopoietic cell graft

PBSC 22 34.4

Cord blood 3 4.7

BM 39 60.9

Disease status at transplantation

Standard risk 44 69.8

High risk 19 30.2

Sex match between recipient and donor

Sex-match 34 53.1

Sex-mismatch 30 46.9

ATG

No 45 70.3

Yes 19 29.7

Total body irradiation

No 45 70.3

Yes 19 29.7

Number of allele mismatch

0 28 43.8

1 21 32.8

2 13 20.3

3 2 3.1

HLA antigen mismatch

Full match 48 75.0

One-antigen mismatch 16 25.0

Conditioning regimen

Bu-Cy or variant 34 53.1

Cy-ATG or variant 21 32.8

Bu-Flu-ATG or variant 6 9.4

Others 3 4.7

Acute GVHD

Not severe (£ 2) 52 83.9

Severe (>3) 10 16.1

ANC_500* median (range) 16 (10–48)

PLT_20K� median (range) 26 (13–115)

PBSC, peripheral blood stem cells; BM, bone marrow; ATG, antithy-

mocyte immunoglobulin; Bu, busulfan; Cy, cyclosporine A; Flu, fludar-

abine; ANC, absolute neutrophil count; PLT, platelets.

*The day of neutrophil engraftment was the first of three consecutive

days with absolute neutrophil counts >500/lL.

�The day of platelet engraftment was the last of seven consecutive

days with a platelet count >20 000/lL with no requirement for plate-

let transfusion.
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analysis, survival analysis and comparison were made

using the Kaplan–Meier and the log-rank tests. The effects

of the position of an amino acid substitution on trans-

plant-related mortality (TRM) and overall survival (OS)

were also evaluated using a multivariate Cox regression

model. All analyses were performed using spss version 10

(SPSS Inc., Chicago, IL, USA). A P-value <0.05 indicated

statistical significance.

Results

Patient characteristics

The median age of the 64 children was 6 years (range, 0–

18 years) and 60% (39/64) were male patients. The clinical

characteristics of patients are summarized in Table 1.

Forty-four pediatric patients showed standard-risk features

for relapse, including the first complete remission of acute

leukemia and the first chronic phase of chronic myeloge-

nous leukemia (CML) at transplant; 19 pediatric patients

were considered at high leukemia and CML risk, defined as

a more advanced acute leukemia and CML risk status, or

had diseases other than acute leukemia and CML. Most

patients (75%, 48/64) had no antigen mismatches, and the

remaining patients (16/64) had one antigen mismatch.

Positional effect of amino acid substitution on severe

acute GVHD

The frequencies of amino acid substitutions at individual

positions in the HLA molecules are shown in Table 2.

Mutations in HLA class I molecules often involved posi-

tions 9, 97, 99, and 156. A univariate analysis showed that

substitutions at positions 9 (Tyr – Phe) of the HLA-A mol-

ecule and position 71 of the HLA-DR molecule were signif-

icantly associated with the risk of acute GVHD (Table 3).

However, after adjusting for clinical factors, a multivar-

iate logistic regression analysis showed that only the mis-

match at residue 9 of the HLA-A locus was significantly

associated with severe GVHD (OR = 7.0, P = 0.033,

Table 4). All mismatches at position 9 (Tyr – Phe) of

HLA-A*02 alleles were between A*0206 and A*0201 in

recipient–donor pairs.

Positional effect of amino acid substitution on OS and

TRM

A multivariate Cox analysis showed that amino acid substi-

tution at position 9 of the HLA-A molecule was an inde-

pendent predictor for TRM risk (HR = 9.1, P = 0.027,

Table 5) and shorter OS (HR = 9.7, P < 0.001, Table 6),

with TBI (HR = 3.7, P = 0020). Amino acid substitution at

position 156 (Leu-Arg) of the HLA-Cw molecule was also

an independent risk factor for TRM (HR = 6.8, P < 0.011,

Table 6), but not for OS. A Kaplan–Meier plot of OS in

patients with or without a substitution at position 9 of the

HLA-A locus is presented in Fig. 1, which shows that OS

was shorter in recipients with a substitution at position 9

of the HLA-A molecule (33.3%) versus those without a

substitution (82.8%; P = 0.0002).

Molecular modeling and structural analysis of HLA-A

position 9 and HLA-Cw position 156

The residues at position 9 of A*0201 and A*0206 are

phenylalanine and tyrosine, respectively. These amino

Table 2. Frequency of substitutions in human leukocyte antigen

(HLA) molecules at each amino acid position between donors and

recipients (n = 64).

Amino acid position Frequency of substitution

HLA-A locus

Position 9 6

Position 99 2

Position 149, 152, 156 1

HLA-B locus

Position 97 2

Position 99, 143, 147 1

HLA-C locus

Position 9 20

Position 24 15

Position 66 5

Position 73 10

Position 77 12

Position 80 12

Position 97 12

Position 99 20

Position 114 12

Position 116 21

Position 147 3

Position 152 7

Position 156 11

Position 163 14

HLA-DR locus

Position 28 1

Position 37 6

Position 57 7

Position 60 2

Position 67 3

Position 70 3

Position 71 3

Position 74 7

Position 86 8

HLA class I loci*

Position 9 25

Position 97 13

Position 99 21

Position 147 4

Position 152 8

Position 156 11

*Positions with mismatch frequencies >2.
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acids are structurally similar except for the presence of a

hydroxyl group in the benzene ring of tyrosine. This

hydroxyl group would collide with a leucine at position 2

(P2) of a bound peptide. As a result, the preference of

A*0206 is shifted toward peptides with a P2 valine, which

is shorter than leucine by one carbon, thus avoiding steric

collision with Tyr-9 (Fig. 2).

Human leukocyte antigen-Cw molecules with arginine

at residue 156 prefer peptides with aspartic acid at P3

because Arg156 can form a salt bridge with this negatively

charged amino acid (Fig. 3a). As leucine is hydrophobic,

substitution of this amino acid at residue 156 eliminates

such polar interactions. Instead, leucine-substituted HLA-

Cw favors peptides containing hydrophobic residues at P3

and P6 (Fig. 3b).

Table 4. Multivariate analysis for the position effect of amino acid

substitution on severe GVHD (‡grade 3).

Characteristics

Multivariate analysis

OR (95% CI) P value

Residues (substitution versus no substitution)

HLA-A position 9 (Tyr-Phe) 7.000 (1.174–41.740) 0.033

HLA-DR position 71 (Arg-Lys) 0.910 (0.087–9.544) 0.937

Conditioning regimens

Bu or Cy – Flu – ATG (n = 19) 0.141 (0.008–2.484) 0.181

Bu – Cy (n = 13) 0.260 (0.014–5.005) 0.372

Cy – ATG (n = 1) 0 (NA) 0.999

Other combinations (n = 2) Reference

Cy, cyclosporine A; Bu, busulfan; Cy, cyclophosphamide; Flu, fludara-

bine; ATG, antithymocyte immunoglobulin; HLA, human leukocyte

antigen; GVHD, graft-versus-host disease. Bold values were used for

statistical significant variables (P < 0.05).

Table 5. Multivariate Cox regression analysis for the effect of amino

acid substitution on transplant-related mortality.

Characteristics

Multivariate analysis

HR (95% CI) P value

Recipient sex (female versus male) 0.340 (0.074–1.556) 0.165

Donor sex (female versus male) 0.062 (0.009–0.450) 0.006

Recipient age (n = 62, continuous) 1.188 (1.014–1.392) 0.033

Donor age (n = 60, continuous) 1.011 (0.949–1.077) 0.741

HLA-A locus

Position 9 (Tyr-Phe) 9.139 (1.288–64.856) 0.027

Position 99 (Tyr-Cys) 5.283 (0.191–146.280) 0.326

HLA-C locus

Position 156 (Leu-Arg) 6.828 (1.548–30.117) 0.011

Bold values were used for statistical significant variables (P < 0.05).

Table 6. Multivariate Cox regression analysis for the effect of amino

acid substitution on overall survival.

Characteristics

Multivariate analysis

HR (95% CI) P value

Recipient age (n = 62, continuous) 1.088 (0.958–1.236) 0.193

Donor age (n = 60, continuous) 0.987 (0.960–1.240) 0.662

HLA-A locus

Position 9 (Tyr-Phe) 9.733 (2.761–34.312) <0.001

Use of TBI (n = 62) 0.020

No (n = 19) Reference

Yes (n = 43) 3.728 (1.227–11.324)

TBI, total body irradiation; HLA, human leukocyte antigen. Bold values

were used for statistical significant variables (P < 0.05).

Table 3. Logistic analysis of the association of amino acid positions

with severe GVHD (‡grade 3).

Amino acid position

Univariate analysis

OR (95% CI) P value

HLA-A locus

Position 9 (Tyr-Phe) 7.000 (1.174–41.740) 0.033

Position 99 (Tyr-Cys) 5.667 (0.324–99.043) 0.235

HLA-B locus

Position 97 (Ser-Thr) 0 (NA) 0.999

HLA-C locus

Position 9 (Ser-Phe) 2.714 (0.681–10.819) 0.157

Position 24 (Ala-Ser) 1.597 (0.354–7.212) 0.543

Position 66 (Asn-Lys) 0 (NA) 0.999

Position 73 (Thr-Ala) 2.755 (0.573–13.237) 0.206

Position 77 (Asn-Ser) 2.048 (0.443–9.470) 0.359

Position 80 (Lys-Asn) 2.048 (0.443–9.470) 0.359

Position 97 (Arg-Trp) 1.194 (0.216–6.590) 0.838

Position 99 (Phe-Cys) 2.714 (0.681–10.819) 0.157

Position 114 (Asp-Asn) 2.048 (0.443–9.470) 0.359

Position 116 (Leu-Tyr) 1.373 (0.341–5.519) 0.656

Position 147 (Trp-Leu) 0 (NA) 0.999

Position 152 (Thr-Ala) 0 (NA) 0.999

Position 156 (Leu-Arg) 2.755 (0.573–13.237) 0.206

Position 163 (Thr-Leu) 1.800 (0.394–8.215) 0.448

HLA-DR locus

Position 37 (Tyr-Ser) 3.000 (0.469–19.177) 0.246

Position 57 (Ser-Asp) 0 (NA) 0.999

Position 60 (His-Tyr) 0 (NA) 0.999

Position 67 (Ile-Phe) 0 (NA) 0.999

Position 70 (Arg-Gln) 0 (NA) 0.999

Position 71 (Arg-Lys) 12.750 (1.033–157.438) 0.047

Position 74 (Ala-Glu) 2.350 (0.387–14.260) 0.353

Position 86 (Gly-Val) 1.917 (0.327–11.226) 0.471

Positions with involvement in ‡2 HLA class I loci

Position 9 9.0 (1.715–47.221) 0.009

Position 97 1.050 (0.193–5.725) 0.995

Position 99 4.071 (0.998–16.605) 0.050

Position 147 0 (NA) 0.999

Position 152 0.714 (0.078–6.538) 0.766

Position 156 2.755 (0.573–13.237) 0.206

NA, not available; HLA, human leukocyte antigen; GVHD, graft-ver-

sus-host disease. Bold values were used for statistical significant

variables (P < 0.05).
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Discussion

Human leukocyte antigen allelic mismatch at the high-

resolution level has been reported to play a major role in

the development of severe acute GVHD following UHSCT

[15,21]. The alloreactivity to mismatched HLA, which is

the mechanism of acute GVHD, is thought to be due to

HLA structural dissimilarity caused by a summation of

amino acid substitutions in HLA molecules. However, it

is unlikely that all differences have the same clinical

impact on the development of acute GVHD because

substituted amino acids might have different effects

according to their type and position in the molecule.

Therefore, identification of permissive and nonpermissive

mismatches for each HLA allele is important in choosing

one donor among several unrelated, but serologically

matched, donors.

Kawase et al. [15] reported recently that high-resolu-

tion mismatches at HLA-A2, -A26, -B62, and -DR4 alleles

were significantly associated with severe acute GVHD in

Japanese UHSCT patients. They also reported that amino

acid substitutions at positions 9, 99, 116, 156 of HLA-A

and -C are high-risk mismatches and suggested that the

identification of such nonpermissive mismatches would

be beneficial for the selection of more suitable donors

[15]. In a similar study, Ferrara et al. [12] suggested that

substitution at position 116 of HLA class I increases the

risk for acute GVHD in Italian patients undergoing

UHSCT. However, nonpermissive mismatches might dif-

fer slightly according to ethnicity because the distribution

of HLA alleles is ethnic-specific.

In this study, we evaluated the effect of substitutions at

different amino acid positions of HLA molecules on acute

GVHD in Korean pediatric patients. Using a multivariate

Cox analysis, we, like Kawase et al., found that mis-

matches involving residue 9 significantly increased the

risk of acute GVHD. All mismatches at position 9 were

between phenylalanine (HLA-A*0201) and tyrosine

(HLA-A*0206). In HLA-A molecules, residue 9 is located

in the b-sheet of the a2 domain and is involved in pep-

tide-fragment binding [22]. Amino acid substitutions in

these pockets can significantly alter peptide preference

[23], which can provoke the alloreactivity of T cells. Our

modeling results predict that the substitution of tyrosine

in HLA-A*0206 for phenylalanine in HLA-A*0201 alters

the preference of HLA-A molecule for the P2 residue of

bound peptides to favor the smaller valine instead of leu-

cine. This difference can cause changes in the interaction

of T-cell receptors with the HLA-A2 molecule-peptide

complex.

Figure 1 The effect of amino acid substitution (Tyr-Phe) at position 9

of the human leukocyte antigen (HLA)-A molecule on overall survival.

Figure 2 Modeling of structural alterations caused by mismatch of residue 9 in the human leukocyte antigen (HLA)-A molecule. The amino acids

of residue 9 of the HLA-A molecule and P2 of a bound peptide are Phe and Leu, respectively. The close-up view shows that structural changes

associated with the substitution of tyrosine for phenylalanine at position 9 alter the preference of the HLA-A molecule for the P2 residue of bound

peptides.
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Substitution of a leucine for arginine at position 156 of

the HLA-Cw molecule was also an independent risk fac-

tor for TRM in this study. Residue 156 is located in the

a2-helix and is involved in peptide binding. Leucine is a

nonpolar aliphatic amino acid that favors hydrophobic

interactions, whereas arginine is highly positively charged

and favors ionic interactions with negatively charged pep-

tide residues (e.g., aspartic acid), indicating that a mis-

match at residue 156 would affect peptide binding.

Position 156 of HLA-A [24] and HLA-B [9] molecules

has been demonstrated to affect T-cell alloreactivity

in vitro.

High-resolution typing of the A2 antigen has shown

that most Korean individuals have A*0201 (15.7%),

A*0206 (8.9%), and A*0207 (4.7%) [25]. This distribu-

tion is similar to that of the Japanese population studied

by Kawase et al., who found that multiple substitutions at

position 9 were associated with severe GVHD. Our find-

ing that only position 9 of HLA-A was associated with an

increased risk of acute GVHD is possibly because of the

small number of patients in our study. Nonetheless, the

fact that the significance of residue 9 was replicated in

this study reaffirms the importance of identifying nonper-

missive mismatches. Moreover, Kawase et al. [15] showed

that a change in amino acid at position 156 of the HLA

molecule could increase the risk for acute GVHD in

UHSCT. Although in the present study we were only able

to demonstrate an association of position 156 of the

HLA-Cw molecule with a significant risk for TRM (not

acute GVHD), it is likely that amino acid substitution at

position 156 of the HLA class I molecule, like substitution

at position 9, increases the risk for severe acute GVHD as

well as shorter OS in Korean pediatric recipients of

UHSCT [15]. Support for this speculation will require

further study of Korean patients using a larger number of

UHSCT cases.

In conclusion, we found that a single amino acid sub-

stitution at position 9, primarily resulting from HLA-

A*02 polymorphisms, was a major predictor of severe

acute GVHD in Korean pediatric patients. We also pres-

ent predictions for alloreactivity based on structural

changes in the HLA molecule surrounding position 9.

These findings indicate that reducing the risk of acute

GVHD in Koreans will require that donor–recipient pairs

be perfectly matched at high resolution at HLA-A, espe-

cially HLA-A*02.
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(a)

(b)

Figure 3 Modeling of structural alterations caused by mismatch of

residue 156 in the human leukocyte antigen (HLA)-Cw molecule. (a)

The crystal structure of HLA-Cw4 with a bound peptide (based on the

coordinates of PDB ID 1IM9). The salt bridge between Arg156 and

aspartic acid at P2 and the hydrogen bond between Arg156 and the

backbone atom of P6 are depicted as dashed lines. (b) The crystal

structure of HLA-Cw3 with a bound peptide (based on the coordi-

nates of PDB ID 1EFX). The hydrophobic interactions involving Leu156

are depicted as overlapping ellipses.

Hwang et al. Nonpermissive substitution at residue 9 of HLA-A2

ª 2010 The Authors

Journal compilation ª 2010 European Society for Organ Transplantation 23 (2010) 1216–1222 1221



References

1. Madrigal JA, Scott I, Arguello R, Szydlo R, Little AM,

Goldman JM. Factors influencing the outcome of bone

marrow transplants using unrelated donors. Immunol Rev

1997; 157: 153.

2. Morishima Y, Sasazuki T, Inoko H, et al. The clinical

significance of human leukocyte antigen (HLA) allele

compatibility in patients receiving a marrow transplant

from serologically HLA-A, HLA-B, and HLA-DR matched

unrelated donors. Blood 2002; 99: 4200.

3. Sasazuki T, Juji T, Morishima Y, et al. Effect of matching

of class I HLA alleles on clinical outcome after transplanta-

tion of hematopoietic stem cells from an unrelated donor.

Japan Marrow Donor Program. N Engl J Med 1998; 339:

1177.

4. Schaffer M, Aldener-Cannava A, Remberger M, Ringden

O, Olerup O. Roles of HLA-B, HLA-C and HLA-DPA1

incompatibilities in the outcome of unrelated stem-cell

transplantation. Tissue Antigens 2003; 62: 243.

5. Speiser DE, Loliger CC, Siren MK, Jeannet M. Pretrans-

plant cytotoxic donor T-cell activity specific to patient

HLA class I antigens correlating with mortality after

unrelated BMT. Br J Haematol 1996; 93: 935.

6. Lee KW, Oh DH, Lee C, Yang SY. Allelic and haplotypic

diversity of HLA-A, -B, -C, -DRB1, and -DQB1 genes in

the Korean population. Tissue Antigens 2005; 65: 437.

7. Park MH, Whang DH, Kang SJ, Han KS. HLA-A*02 allele

frequencies and haplotypic associations in Koreans. Tissue

Antigens 2000; 55: 250.

8. Lee SJ, Klein J, Haagenson M, et al. High-resolution

donor-recipient HLA matching contributes to the success

of unrelated donor marrow transplantation. Blood 2007;

110: 4576.

9. Tynan FE, Elhassen D, Purcell AW, et al. The immunoge-

nicity of a viral cytotoxic T cell epitope is controlled by its

MHC-bound conformation. J Exp Med 2005; 202: 1249.

10. Biro JC. Amino acid size, charge, hydropathy indices and

matrices for protein structure analysis. Theor Biol Med

Model 2006; 3: 15.

11. Macdonald WA, Purcell AW, Mifsud NA, et al. A naturally

selected dimorphism within the HLA-B44 supertype alters

class I structure, peptide repertoire, and T cell recognition.

J Exp Med 2003; 198: 679.

12. Ferrara GB, Bacigalupo A, Lamparelli T, et al. Bone

marrow transplantation from unrelated donors: the impact

of mismatches with substitutions at position 116 of the

human leukocyte antigen class I heavy chain. Blood 2001;

98: 3150.

13. Hwang SH, Oh HB, Hur SS, Lee MN, Hong SA, Kwon

OJ. Novel HLA-A*31 allele, A*3111 identified by

sequence-based typing. Tissue Antigens 2005; 66: 145.

14. Glucksberg H, Storb R, Fefer A, et al. Clinical manifesta-

tions of graft-versus-host disease in human recipients of

marrow from HL-A-matched sibling donors. Transplanta-

tion 1974; 18: 295.

15. Kawase T, Morishima Y, Matsuo K, et al. High-risk HLA

allele mismatch combinations responsible for severe acute

graft-versus-host disease and implication for its molecular

mechanism. Blood 2007; 110: 2235.

16. IMGT/HLA. Sequence Database. Available at: http://

www.ebi.ac.uk/imgt/hla/. Accessed on August 1, 2009.

17. Madden DR, Garboczi DN, Wiley DC. The antigenic

identity of peptide-MHC complexes: a comparison of the

conformations of five viral peptides presented by HLA-A2.

Cell 1993; 75: 693.

18. Fan QR, Long EO, Wiley DC. Crystal structure of the

human natural killer cell inhibitory receptor KIR2DL1-

HLA-Cw4 complex. Nat Immunol 2001; 2: 452.

19. Boyington JC, Motyka SA, Schuck P, Brooks AG, Sun PD.

Crystal structure of an NK cell immunoglobulin-like recep-

tor in complex with its class I MHC ligand. Nature 2000;

405: 537.

20. Robinson J, Waller MJ, Parham P, et al. IMGT/HLA and

IMGT/MHC: sequence databases for the study of the

major histocompatibility complex. Nucl Acids Res. 2003;

31: 311.

21. Hauzenberger D, Schaffer M, Ringden O, et al. Outcome

of haematopoietic stem cell transplantation in patients

transplanted with matched unrelated donors vs allele-mis-

matched donors: a single centre study. Tissue Antigens

2008; 72: 549.

22. Young A, Nathenson S, Sacchettini J. Structural studies of

class I major histocompatibility complex proteins: insights

into antigen presentation. FASEB J 1995; 9: 26.

23. Herman J, Jongeneel V, Kuznetsov D, Coulie PG. Differ-

ences in the recognition by CTL of peptides presented by

the HLA-B*4402 and the HLA-B*4403 molecules which

differ by a single amino acid. Tissue Antigens 1999; 53:

111.

24. Shimojo N, Cowan EP, Engelhard VH, Maloy WL, Coligan

JE, Biddison WE. A single amino acid substitution in

HLA-A2 can alter the selection of the cytotoxic T lympho-

cyte repertoire that responds to influenza virus matrix

peptide 55-73. J Immunol 1989; 143: 558.

25. Hwang SH, Oh HB, Yang GH, Kwon OJ, Shin ES. Distri-

bution of HLA-A,B,C allele and haplotype frequencies in

Koreans. Korean J Lab Med. 2004; 24: 396.

Nonpermissive substitution at residue 9 of HLA-A2 Hwang et al.

ª 2010 The Authors

1222 Journal compilation ª 2010 European Society for Organ Transplantation 23 (2010) 1216–1222


