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ABSTRACT

The responsible human leukocyte antigen (HILA) locus and the role of killer immunoglobulin-like receptor
(KIR) ligand matching on transplantation outcome were simultaneously identified by multivariate analysis in
1790 patients with leukemia who underwent transplantation with T-cell-replete marrow from an unrelated
donor (UR-BMT) through the Japan Marrow Donor Program. The graft-versus-leukemia (GVL) effect
depended on leukemia cell type. HLA-C mismatch reduced the relapse rate in acute lymphoblastic leukemia
(ALL) (hazard ratio [HR] = 0.47; P = .003), and HLA-DPB1 mismatch reduced it in chronic myeloid leukemia
(CML) (HR = 0.35; P < .001). In contrast, KIR2DL ligand mismatch in the graft-versus-host (GVH) direction
(KIR-L-MM-G) increased in ALL (HR = 2.55; P = .017). An increased rejection rate was observed in KIR2DL
ligand mismatch in the host-versus-graft direction (HR = 4.39; P = .012). Acute GVH disease (GVHD) was
increased not only in the mismatch of HLA-A, -B, -C, and -DPBI, but also in KIR-L-MM-G. As a whole, the
mismatch of HLA-A, -B, and -DQB1 locus and KIR-L-MM-G resulted in increased mortality. In conclusion,
not only the mismatch of HLA-C and -DPBI, but also KIR-L-MM-G affected leukemia relapse, which should
be considered based on leukemia cell type. Furthermore, KIR-L-MM induced adverse effects on acute GVHD
(aGVHD) and rejection, and brought no survival benefits to patients with T-cell-replete UR-BMT.

© 2007 American Society for Blood and Marrow Transplantation
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INTRODUCTION matched unrelated (UR) donor has been established as
one mode of curative therapy for hematologic malig-
Allogeneic hematopoietic stem cell transplanta- nancies and other hematologic or immunologic disor-
tion (HSCT) from a human leukocyte antigen (HLA)- ders [1,2]. Extensive research on genetic factors such
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as HLA has produced mounting evidence of the pres-
ence of HLA alleles that drastically affect HSCT out-
come through T cells. Induction of the graft-versus-
leukemia (GVL) effect to reduce relapse of leukemia is
considered an advantage of allogeneic HSCT [3].
There have been several large-scale analyses of UR-
HSCT. The Japan Marrow Donor Program
(JMDP) demonstrated the effect of matching of
HLA class 1 alleles (HLA-A, -B, and -C) on the
development of severe acute graft-versus-host dis-
ease (aGVHD) and the importance of HLA-A and
-B allele matching for better survival in T-cell-
replete UR-HSCT [4,5]. The Fred Hutchinson
Cancer Research Center and the US National Mar-
row Donor Program (NMDP) reported the impor-
tance of HLA class II matching in GVHD and
survival [6,7]. Updated analysis of the NMDP indi-
cated that HLA-A allele-level mismatching, HLA-B
serologic mismatching, and HLA-DRB1 mismatch-
ing are significant risk factors for severe aGVHD,
and that disparity in HLA class I (HLA-A, -B, or
-C) and/or HLA-DRBI1 increased the mortality [8].
Furthermore, the role of HLA-DPB1 matching has
been elucidated for aGVHD [9-11] and leukemia
relapse [12]. However, the aforementioned reports
have produced considerable conflicting results.

It has become evident that natural killer (NK) cells
and the subpopulation of T cells express NK cell
receptors, and that the activity of NK cells is con-
trolled by the recognition of HLA class I molecules on
the target cells by NK cell inhibitory and activating
receptors [13,14]. The genotype and haplotype of the
killer immunoglobulin-like receptors (KIRs) have
been identified, and ligand specificities of KIRs have
been characterized. C1 specificity of the HLA-C
epitope (Asp80) is the ligand of inhibitory
KIR2DL2/3, C2 specificity (Lys80) is the ligand of
inhibitory KIR2DL1, and HLA-Bw4 is the ligand of
KIR3DL1. With allogeneic HSCT, the disparities of
these receptors between donor and recipient are sus-
pected to induce transplant-related immunologic
events through activation of NK cells, and evidence of
the clinical outcome of HSCT in relation to KIR
disparities has been accumulated [15]. However, re-
ports of KIR ligand matching in UR-HSCT have
shown contradictory results [16]. Limited patient
numbers, different diseases, and various GVHD pro-
phylaxes make it difficult to draw definite conclusions
from these studies.

In the present study, the effects of HLA locus and
KIR ligand matching were simultaneously analyzed in
leukemia patients receiving T-cell-replete marrow
from unrelated donors through the JMDP after a
myeloablative conditioning regimen, focusing in par-
ticular on the influence of leukemia cell type on the

GVL effect. »
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PATIENTS AND METHODS
Patients

A total of 1790 consecutve leukemia patients who
underwent transplantation with marrow from a sero-
logically HLA-A, -B, and -DR antigen-matched do-
nor in Japan between January 1993 and March 2000
through the JMDP were analyzed. No patients receiv-
ing T-cell-depleted marrow and/or antithymocyte
globulin (AT'G) as GVHD prophylaxis were eligible
for this study. Partial HLA-A and -B alleles and com-
plete HLA-DRBI alleles were identified as confirma-
tory HLA typing during the coordination process, and
HILA-A, -B, -C, -DQBI, and -DPBI1 alleles were
retrospectively reconfirmed or identified after trans-
plantation. The final clinical survey of these patients
was completed as of June 1, 2005. Informed consent
was obtained from patient and donor according to the
Declaration of Helsinki, and approval was obtained
from the JMDP and the Institutional Review Board of
the Aichi Cancer Center.

Characteristics of patients and donors are listed in
Table 1. The patients’ age ranged from 0 to 59 years
(median, 27 years), and donors’ age ranged from 20 to
51 years (median, 35 years). There were 577 patients
with acute myeloblastic leukemia (AML), of whom
186 underwent transplantation while in first complete
remission (CR), 191 who did so while in second or
further CR, and 200 who did so while in non-CR; 617
patients with acute lymphoblastic leukemia (ALL), of
whom 236 underwent transplantation while in first
CR, 207 who did so while in second or further CR,
and 174 who did so while in non-CR; and 596 patients
with chronic myeloid leukemia (CML), of whom 417
were in the first chronic phase (CP), 34 were in the
second or further CP, 90 were in the accelerated
phase, and 55 were in the blastic phase. Standard risk
for leukemia relapse was defined as the status of the
first CR of AML and ALL and the first CP of CML at
transplantation, whereas high risk was defined as a
more advanced status than standard risk in AML,
ALL, and CML.

HLA Typing of Patients and Donors

Alleles at the HLA-A, -B, -C, -DRBI, -DQBI,
and -DPBI loci were identified as described previ-
ously [4,5]. HLA 6 locus alleles were typed in 1773
pairs, and HLA 5 locus alleles except HLA-DPB1
were typed in 17 pairs. HLA genotypes of HLA-A, -B,
-C, -DQBL, and -DPBI alleles of patient and donor
were reconfirmed by the Luminex microbead method
(100 System; Luminex, Austin, TX) adjusted for the
JMDP [17] and in part by the sequencing-based typ-
ing method in 2004 and 2005. As a result, all HLA
alleles that were observed with > 0.1% frequency
among Japanese were identified. The numbers of
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identified alleles in this study were 25 in HLA-A, 43 in
HLA-B, 20 in HLA-C, 33 in HLA-DRBI, 14 in
HLA-DQBI, and 21 in HLA-DPBI.

Matching of HLA Allele and KIR2DL Ligand

For the analysis of GVHD and leukemia relapse,
HLA allele mismatch among the donor-recipient pair
was scored when the recipient’s alleles were not shared
by the donor (graft-versus-host [GVH] direction). For
graft rejection, HLA allele mismatch among the do-
nor-recipient pair was scored when the donor’s alleles
were not shared by the padent (host-versus-graft
[HVG] direction). For survival, the mismatch was
defined as that of either the GVH direction or the
HVG direction.

KIR2DL ligand specificity of HLA-C antigen was
determined according to the HLA-C allele. The
epitope of HLA-Cw3 group (C1 specificity) consists
of Asn80, and that of the HLA-Cw4 group (C2 spec-
ificity) consists of Lys80.

KIR ligand mismatch in the GVH direction (KIR-
L-MM-G) was scored when the donor’s KIR2DL
epitope of HLA-C was not shared by the patient
epitope. This mismatch occurred when KIR2DL2/3-
or KIR2DL1-positive effector cells were activated
without the expression of corresponding HLA-C li-
gand (C1 or C2, respectively) on the patient’s target
cells. KIR ligand mismatch in HVG direction (KIR-
L-MM-R) was scored when the patient’s KIRZDL
epitope of HLA-C was not shared by the donor. This
mismatch occurred when patient KIR2ZDL2/3- or
KIR2DL1- positive effector cells were activated with-
out the expression of corresponding HLA—C ligand
(C1 or C2, respectively) on donor cells.

Matching Status of HLA Locus in Allele Level and
KIR2DL Ligand

The matching status of HLA allele matching in
the GVH direction in each HLA locus and KIR ligand
matching in both directions are given in Table 1. The
HLA-C epitope of KIRZDL was estimated from
HLA-C allele type, with 92.4% of the HLA-C allele
belonging to the Cw3 group (C1 specificity) and 7.6%
belonging to the Cw4 group (C2 specificity). KIR2ZDL
ligand match in both directions occurred in 1583 pairs
(88.4%). KIR-L-MM-G, which occurred in the com-
bination of KIR2DL ligand in patient—-donor pairs,
was found in 97 pairs (5.4%): C1/C1 and C1/C2 in 92
pairs, C2/C2 and C1/C2 in 4 pairs, and C1/Cl and
C2/C2 in 1 pair. KIR-L-MM-R, which occurred in
the combination of KIR2DL ligand in patient and
donor pairs, was found in 111 pairs (6.2%): C1/C2
and C1/C1 in 105 pairs, C1/C2 and C2/C2 in 5 pairs,
and C1/Cl and C2/C2 in 1 pair. Mismatches in both
directions were found in only 1 pair. Because all pairs
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were a serologic HLA-B match in this study, the
combination of KIR3DL1 and its ligand of Bw4
matched in all pairs.

Definition of Transplantation-Related Events

The occurrence of aGVHD was evaluated accord-
ing to grading criteria in patients who survived more
than 8 days after transplantation, and chronic GVHD
(cGVHD) according to the criteria in patients who
survived more than 100 days after transplantation
as described previously [5]. Rejection was defined
as when the peripheral granulocyte count became
< 500/p.L with the finding of severe hypoplastic mar-
row in engrafted patients. Engraftment was defined as
a peripheral granulocyte count of > 500/pL for 3
successive days in patients surviving > 21 days after
transplantation.

GVHD Prophylaxis

Among the 1790 patients transplanted with T-
cell-replete marrow, 1302 received a cyclosporine-
based regimen and 488 received a tacrolimus-based
regimen for GVHD prophylaxis. Anti-thymocyte
globuline (ATG) was not given for GVHD prophy-
laxis.

Preconditioning Regimen

All patients were preconditioned with a myeloab-
lative regimen, with 1480 receiving total body irradi-
ation (TBI)-containing regimens and 310 receiving
non-TBI regimens.

Statistical Analysis

All of the analyses were conducted using STATA
version 8.2 (STATA Corp, College Station, TX).
Opverall survival rate was assessed by the Kaplan-Meier
product limit method [18]. Cumulative incidences of
aGVHD, ¢GVHD, rejection, and leukemia relapse
were assessed as described previously to eliminate the
effect of competing risk [19,20]. The competing
events regarding aGVHD, ¢cGVHD, rejection, and
relapse were defined as death without aGVHD,
c¢GVHD, rejection, and relapse, respectively. For each
endpoint, a log-rank test was applied to assess the
impact of the factor of interest.

Cox proportional hazard models [21] were applied
to assess the impact of HLA allele matching (mis-
match vs match [hazard risk = 1.0] as a reference
group) as well as KIR ligand matching (mismatch vs
match in the GVH direction and mismatch vs match
in the HVG direction) including the following con-
founders. The confounders considered were sex (do-
nor-recipient pairs), patient age (older: linear), donor
age (older: linear), type of disease (AML, CML, or
ALL), risk of leukemia relapse (high vs standard),
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Table 2. Effects of HLA and KIR ligand matching for leukemia relapse

Acute Myeloblastic

Acute Lymphoblastic

All Leukemia Cell Types Leukemia Leukemia Chronic Myeloid Leukemia
HR* (95% C1) P HR (95% Cl) P HR (95% CI) P HR (95% Cl) P

HLA-A 1.19  (0.89-1.59) .254 092  (0.54-1.58) .761 1.18  (0.76-1.88) .462 1.63  (0.89-2.97) .14
HLA-B 1.0l (0.65-1.59) .953 136  (0.65-2.88) 416 0.98 (0.48-1.98) .952 0.62  (0.22-1.76) 367
HLA-C 0.71  (0.53-0.96) .025 0.8 (0.49-1.30) 366 0.47 (0.28-0.78) .003 1.2 (0.62-2.29) 591
HLA-DRBI 1.05  (0.73-1.83) .789 0.78  (0.40-1.82) .466 0.91 (0.51-1.61) .737 125  (0.55-2.85) .59
HLA-DQBI .10 (0.77-1.88) .579 155  (0.82-2.95) .178 LIl (0.63-1.95) .71 0.86  (0.39-1.93) .2
HLA-DPBI 0.68 (0.55-0.85) .001 076 (0.52-1.09) .I137 0.92 (0.65-1.28) .604 035 (0.21-0.58) <.001
KIR2DL-Gt 155 (0.92-2.63) .103 .05 (0.37-3.02) 926 255 (1.18-5.52) .017 1.23  (0.38-3.949) 727
KIR2DL-R} 0.73  (0.40-1.34) 313 053  (0.15-1.78) 305 1.30 (0.53-3.19) 569 0.5 (0.14-1.80) .292

HLA matching in GVH direction.

*Hazard ratio of mismatch with match as a reference adjusted for patient age, donor age, sex-matching disease, GVHD prophylaxis, total body
irradiation, transplanted cell dose, risk status, and other matching status of HLA and KIR ligand.

+KIR2DL ligand mismatching in GVH direction.
$KIR2DL ligand mismatching in HVG directon.

GVHD prophylaxis (tacrolimus-based vs cyclospor-
ine-based and ATG vs cyclosporine-based), numbers
of transplanted cells (linear), and preconditioning
(non-TBI vs TBI). The numbers of nucleated cells
before manipulation of bone marrow were replaced
with the numbers of transplanted cells.

Multivariate analysis for clinical outcomes, includ-
ing KIR ligand matching and HLA-C matching in all
pairs (not restricted to HLA-C mismatch), made it
possible to evaluate whether these factors are indepen-
dent. The results of all pairs by multivariate analysis are
presented in the Results section and in Tables 2, 3, and
4. HLA-C—mismatched pairs were selected for the anal-
ysis of cumulative incidence in KIR ligand matching.

RESULTS

Effects of HLA Locus Mismatch and KIR Ligand
Mismatch on Leukemia Relapse

When all leukemia patients (AML, ALL, and
CML) were analyzed together, HLA-C mismatch was

found to be a factor reducing the relapse rate (HR =
0.71; P = .025) (Table 2). This GVL effect was re-
markable in ALL patients (HR = 0.47; P = .003),
especially in high risk (HR = 0.40; P = .004) but not
in standard risk (HR = 0.85; P = .728). No such effect
was observed in AML patients (HR = 0.80; P = .366)
or CML patients (HR = 1.20; P = .591).

Cumulative incidence curves of relapse by leuke-
mia cell type are shown in Figure 1. The relapse rate
5 years after transplantation was 16.7% (95% confi-
dence interval [CI] = 11.6%-30.9%) for HLA-C mis-
match and 29.8% (95% Cl = 25.5%-34.3%) for
HLA-C match in ALL patients (P = .012); 17.6%
(95% CI = 12.2%-23.8%) and 25.9% (95% CI =
21.1%-30.9%), respectively, in AML patients (P =
.342); and 11.7% (955 CI = 12.2%-23.8%) and 12.0%
(95% CI = 9.0%-15.4%), respectively, in CML pa-
tients (P = .485).

HLA-DPBI1 mismatch was shown to reduce the
overall leukemia relapse rate (HR = 0.68; P = .001)
(Table 2). This effect was significant in CML (HR =

Table 3. Effects of HLA and KIR ligand matching for acute GVHD, chronic GVHD, and rejection in all leukemia cell types

Acute GVHD (Grade 2-4) Acute GVHD (Grade 3-4) Chronic GVHD Rejection
(n = 1751) {(n = 1751) (n = 1109) (n = 1664)

HR* 95% ClI P HR 95% Cl P HR 95% Cl P HR 95% Cl P
HLA-A 1.22  ().02-1.46) 034 144 (1.11-1.86) 006 141  (1.08-1.85) .013 0.72 (0.24-2.14) .555
HLA-B 1.43  (1.28-1.82) 003 1.40 (1.00-1.95) .05 1.00  (0.65-1.52) .991 1.16  (0.32-4.16) .82
HLA-C .29  (1.08-1.55) 006 1.39  (1.06-1.83) 007 138 (1.07-1.78) .014 1.87 (0.72-4.86) .201
HLA-DRBI - (.15  (0.90-1.47) 254 109  (0.77-1.54) 644 091  (0.63-1.31) .607 0.49 (0.10-2.33) 366
HLA-DQBI 1.02 (0.81-1.29) 871 113 (0.81-1.59) 465 120 (0.85-1.69) .288 0.62 (0.07-5.16) 536
HLA-DPBI 139 (1.19-1.63) <.001 1.26 (1.00-1.60) 053 0.86 (0.70-1.05) .138 1.08 (0.59-2.41) .843
KIR2DL-G} 1,70 (1.28-2.26) <.001 235 (1.62-3.40) <.000 .13  (0.68-1.87) .64 0.62  (0.07-5.16) .65S
KIR2DL-R$ 1.04 (0.77-1.42) .78 1.33  (0.88-2.02) .18 0.88 (0.55-1.42) .603 439 (1.38-13.96) .012

HLA marching in GVH direction for acute GVHD and chronic GVHD, and HLA matching in HVG direction for rejection.
*Hazard ratio of mismatch with match as a reference adjusted for patient age, donor age, sex-matching disease, GVHD prophylaxis, total body
irradiation, transplanted cell dose, risk status, and other matching status of HLA and KIR ligand.

tKIR2DL ligand mismatching in GVH direction.
$KIR2DL ligand mismatching in HVG direction.
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Table 4. Effects of HLA and KIR ligand matching for mortality

Acute Myeloblastic Acute Lymphaoblastic
All Leukemia Cell Types Leukemia Leukemia Chronic Myeloid Leukemia
HR* 95% CI P HR 95% Cl P HR 95% CI P HR 95% CI P

HLA-A 1.36  (L.16-1.59) <.001 | (0.75-1.34) 978 146 (1.11-1.90) 006 1.77 (1.35-2.33) <.00l
HLA-B 1.40  (1.13-1.73) 002 143 (0.96-2.12) .079 147 (1.03-2.09) .036 .18 (0.80-1.72) 402
HLA-C 1.7 (0.99-1.37) 087 118  (0.89-1.55) .246 0.99 (0.74-1.31) 928 142 (1.04-1.93) 025
HLA-DRBI 0.92  (0.74-1.15) 463 0.74 (0.50-1.10) .136 1.04 (0.72-1.49) 849 0.99 (0.65-1.50) 951
HLA-DQBI1 1.28  (1.04-1.58) .018 1.29 (0.89-1.87) .184 133 (0.93-1.90) .108 1.18 (0.79-1.75) 422
HLA-DPBI 106  (0.91-1.23) 474 096 (0.75-1.24) 772  1.33  (1.02-1.75) .038 0.97 (0.74-1.27) .827
KIR2DL-Gt 1.80 (1.39-2.34) <.001 1.93  (1.22-3.05) .00S 1.57  (0.96-2.58) .069 2.23 (1.42-3.50) <.00l

KIR2DL-R} 1.07  (0.81-1.41) 612 1.08  (0.66-1.75) .769 098  (0.59-1.61) 934 1.07 (0.66-1.72) .787

*Hazard rato of mismatch with match as a reference adjusted for patient age, donor age, sex-matching disease, GVHD prophylaxis, total body
irradiation, transplanted cell dose, risk status, and other matching status of HLA and KIR ligand.

tKIR2DL ligand mismatching in GVH direction.

$KIR2DL ligand matching in HVG direction.

0.35; P < .001), and both high-risk and standard-risk 0.39; P = .012, respectively). No significant effect
CML had a significantly lower relapse rate of HLA- was observed in AML (HR = 0.76; P = .137) or

DPBI mismatch (HR = 0.35; P < .001 and HR =  ALL (HR = 0.92; P = .604).
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analyzed. The direction of mismatching of HLA-DPBI for relapse is GVH for relapse, and the direction for survival is GVH and/or HVG.
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As shown in Figure 2, the relapse rate § years after
transplantation was 7.1% (95% CI = 5.0%-10.4%)
for HLA-DPB1 mismatch and 19.3% (95% CI =
14.3%-24.9%) for HLA-DPB1 match in CML pa-
tients (P < .001); 20.4% (95% CI = 16.4%-24.8%)
and 25.9% (95% CI = 19.9%-32.2%), respectively, in
AML patients (P = .272); and 24.0% (95% CI =
19.9%-28.3%) and 30.2% (95% CI = 23.7%-37.0%),
respectively, in ALL patients (P = .319).

Mismatch of HLA-A, -B, -DRBI, and -DQB1 was
not a significant risk factor for leukemia relapse by
multivariate analysis (Table 2).

Patients with KIR-L-MM-G had a higher relapse
rate than those with KIR2DL ligand match in ALL
(HR = 2.55; P = .017) (Table 2). This adverse effect
on leukemia relapse was remarkable in high-risk ALL
(HR = 3.03; P = .013), but not in standard-risk ALL
(HR = 1.11; P = .921). In AML and CML, KIR-L-

MM-G had no effect on leukemia relapse (HR = 1.05;
P = .926 and HR = 1.23; P = .727, respectively).

Because KIR-L-MM occurs in HLA-C mismatch
pairs, the cumulative incidence of leukemia relapse
was analyzed in HLA-C mismatch patients in either
direction by leukemia cell type (Figure 3). The relapse
rate 5 years after transplantaton was 31.0% (95% CI =
5.6%-47.9%) for KIR-L-MM-G and 163% (95%
CI = 11.0%-22.4%) for match in ALL patients (P =
.026); 11.1% (95% CI = 3.5%-23.6%) and 11.8%
95% CI = 7.4%-17.3%), respectively, in CML pa-
dents (P = .634); and 12.9% (95% CI = 4.1%-27.0%)
and 16.3% (95% CI = 11.0%-22.6%), respectively, in
AML patients (P = .757).

Significant clinical risk factors for leukemia relapse
by multivariate analysis included status at transplanta-
don (standard vs high, HR = 3.00; P < .001) and
disease (HR = 0.75; P < .001) in all leukemia patients.
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direction.

Effects of HLA Locus Mismatch and KIR Ligand
Mismatch on Rejection

Rejection rates in patients who engrafted marrow
and survived more than 21 days were analyzed. KIR-
L-MM-R was found to be a significantly higher risk
factor for rejection compared with match (HR = 4.39;
P = 012), and no HLA mismatch was considered
significant by multivariate analysis (Table 3). Older
donor age was a significant clinical risk factor for
rejection (HR = 1.08; P = .002); other clinical factors
were not significant.

The cumulative incidence of graft rejection was
5.7% (95% CI = 2.3%-11.3%) in KIR-L-MM-R
(n = 106) and 1.8% (95% CI = 0.8%-3.3%) in match
(n = 447) (P = .019) 1 year after transplantation in
HLA-C-mismatched patients in either direction. En-
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graftment rate was not influenced by HLA and KIR
ligand matching (data not shown).

Effects of HLA Locus Mismatch and KIR Ligand
Mismatch on Acute GVHD

HLA allele mismatch of each HLA-A, -B, and -C
locus was found to be an independent risk factor for
grade 3-4 aGVHD and grade 2-4 aGVHD, and the
mismatch of each HLA-DRBI1 and -DQBI locus was
not a significant risk factor. HLA-DPB1 mismatch
was a significant risk factor for grade 2-4 aGVHD and
a marginal risk factor for grade 3-4 aGVHD (Table
3). When analyzed by leukemia cell type, AML
showed no significant HLA mismatch locus for
aGVHD (data not shown).
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KIR-L-MM-G was associated with a significantly
higher risk of grade 2-4 aGVHD (HR = 1.70; P <
.001) and grade 3-4 aGVHD (HR = 235; P < .001)
compared with KIR ligand match (Table 3). By leu-
kemia cell type, the HR of KIR-L-MM-G in grade
3-4 aGVHD was 2.76 for AML (P = .005), 1.75 for
ALL (P = .111), and 2.79 for CML (P < .001).

In HLA-C mismatch padents, the incidence of
40.3% in KIR-L-MM-G (95% CI = 29.3%-50.9%) was
significantly higher than the 25.8% in match (95% CI =
21.9%-30.0%) (P = .011) for grade 3-4 aGVHD.

Significant clinical risk factors for grade 3-4
GVHD by multivariate analysis were GVHD prophy-
laxis (tacrolimus vs cyclosporine, HR = 0.72; P =
.016), patient age (HR = 0.99; P = .019), donor age
(HR = 1.02; P = .001), and disease (HR = 1.28; P =
.001) in all leukemia patients.

Effects of HLA Locus Mismatch and KIR Ligand
Mismatch on Chronic GVHD

The occurrence of cGVHD was analyzed in pa-
tients who survived more than 100 days after trans-
plantation. HLA-A mismatch and HLA-C mismatch
were found to be significant factors (HR = 1.41; P =
.013 and HR = 1.38; P = .014, respectively). KIR-L-
MM-G was not significant (HR = 1.13; P = .640)
(Table 3).

In HLA-C mismatch patients, the cumulative in-
cidence of cGVHD 3 years after transplantation was
43.2% in KIR-L-MM-G (95% CI = 27.2%-58.3%)
and 40.4% in KIR2DL ligand match (95% CI =
35.4%-46.1%) (P = .727). Significant clinical risk fac-
tors for cGVHD by multivariate analysis were patient
age (HR = 1.01; P = .0004), disease (HR = 1.23; P =
.003), and TBI (HR = 1.54; P = .004).

Effects of HLA Allele Mismatch and KIR Ligand
Mismatch on Survival

In all leukemia patients, HLA allele mismatch of
each HLA-A, -B, and -DQB1 locus was found to be an
independent risk factor for mortality after transplan-
tation, and the mismatch of HLA-C was of marginal
risk. HLA mismatch in each HLA-DRB1 and -DPBI
locus was not a significant factor. By leukemia cell
type, mismatch of HLA-A, -B, and -DPBIl was a
significant risk factor in ALL, and mismatch of
HLA-A and -C was a significant risk factor in CML
(Table 4).

Survival § years after transplantation was 39.8% in
HLA-C mismatch (95% CI = 32.8%-46.7%) and
44.5% in HLA-C match (95% CI = 39.6%-49.3%) in
ALL (P = .088); 33.7% (95% CI = 26.9%-40.6%)
and 46.3% (95% CI = 41.2%-51.2%), respectively, in
AML (P < .001); and 39.7% (95% CI = 32.8%-
46.5%) and 58.3% (95% CI = 53.2%-63.1%), respec-
tively, in CML (P < .001) (Figure 1).
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Survival 5 years after transplantation was 40.9% in
HLA-DPBI1 mismatch (95% CI = 36.3%-45.4%) and
50.3% in HLA-DPB1 match (95% CI = 41.5%-
58.4%)in ALL (P = .031); 41.8% (95% CI = 37.0%-
46.6%) and 42.6% (95% CI = 34.5%-50.4%), respec-
tively, in AML (P = .698); and 51.4% (95% CI =
46.5%-56.1%) and 53.4% (95% CI = 45.1%-61.0%),
respectively, in CML (P = .522) (Figure 2).

KIR-L-MM-G was also found to be a significant
risk factor for mortality (HR = 1.80; P < .001).
Particularly in AML and CML patients, KIR-L-MM-G
had a significantly higher adverse effect than match
(HR = 1.93; P = .005 and HR = 2.23; P < .001,
respectively); its effect was moderate in ALL patients
(HR = 1.57; P = .069) (Table 4).

In HLA-C mismatch patients in either direction,
the survival rate 5 years after transplantation was
20.0% for KIR-L-MM-G (95% CI = 6.9%-38.0%)
and 43.0% in match (95% CI = 35.3%-50.5%) in
ALL (P = .041); 19.4% (95% CI = 7.9%-34.6%) and
36.5% (95% CI = 28.8%-44.2%), respectively, in
AML (P = .013); and 22.2 (95% CI = 10.5%-36.7%)
and 43.6% (95% CI = 35.8%-51.1%), respectively, in"
CML (P = .001) (Figure 3).

Significant clinical factors for mortality by muldi-
variate analysis were patient age (HR = 1.02; P <
.001), donor age (HR = 1.01; P = .037), disease (HR =
0.88; P = .006), and the status at transplantation (high
vs standard, HR = 2.14; P < .001).

DISCUSSION

In the present study, we attempted to elucidate
how disparities of HLA and KIR affect leukemia re-
lapse and the other transplantation-related immuno-
logic events and to explore how these findings can be
applied to induce a GVL effect and improve patient
survival in the unrelated setting. Simultaneous analysis
of HLA and KIR ligand matching by multivariate
analysis made it possible to clarify the role of these
antigens in UR-HSCT.

To the best of our knowledge, this is the first
report to elucidate the HLA locus responsible for the
GVL effect by leukemia cell type in T-cell-replete
UR-HSCT. The sequentially registered 577 AML,
617 ALL, and 596 CML patients sufficed to analyze
the effects of HLA and KIR ligand matching in the 3
major leukemia cell types.

HLA-C mismatch reduced the relapse rate overall,
as reported previously {4]. The GVL effect of HLA-C
mismatch depended on the leukemia cell type. ALL
patients with HLA-C mismatch showed a significantly
lower leukemia relapse risk than those with match,
whereas AML and CML patients did not. Further-
more, CML patients with HLA-DPB1 mismatch
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showed a significantly lower leukemia relapse rate
than those with match, whereas AML and ALL pa-
tients did not. Although the reason why the HLA
locus responsible for the GVL effect differs with leu-
kemia cell type remains unknown, the different ex-
pression of HLA antigens, such as HLA-C, HLA-
DPBI, or co-stimulatory molecules on leukemia cells,
might modify the immune response of effector cells to
leukemia cells. The finding of HLA-DPBI is in line
with a previous report in CML and ALL patients
treated with T cell-depleted UR-HSCT [12].

In contrast, an impact of HLA-A and -B allele
mismatch on leukemia relapse was not observed. Be-
cause HLA-A and/or -B allele mismatch induces se-
vere aGVHD, no GVL effect of HLA-A and /or -B
allele mismatch might imply that the target antigenic
peptide recognized by effector T cells responsible for
aGVHD is not expressed on leukemia cells.

Unexpectedly, KIR-L-MM-G increased the leu-
kemia relapse rate overall. A significantly increased
relapse rate in the mismatched group was observed in
ALL, but not in AML and CML. Simultaneous mul-
tivariate analysis of HLA-C mismatch and KIR-L-
MM-G revealed that contrary reactions of these mis-
matches occurred independently. Although the
mechanism involved in this detrimental effect of KIR-
L-MM-G on leukemia relapse is not known, the ac-
tivation of KIR-positive NK cells or T cells might
cause immune dysfunction, which abrogates the GVL
effect.

The GVL effect of donor-derived KIR-positive
NK cells transplanted purified CD34" stem cells with
HLA haploidentical donor was reported in AML pa-
tients, but not in ALL patients [22]. In T-cell-replete
UR-HSCT, published reports show contradictory ef-
fects of KIR ligand mismatch on leukemia relapse. A
GVL effect in myeloid malignancies [23-25], a higher
leukemia relapse rate [26], and no significant effect
[27-29] all have been reported. The use of ATG for
GVHD prophylaxis might be a key to understanding
these diverse results. Our analysis of T-cell-replete
UR-BMT with no use of ATG provided reliable evi-
dence for the adverse effect of KIR-L-MM-G on
relapse of ALL relapse. No effect on relapse of AML
or CML was reported in a recent large-scale study of
myeloid malignancy from the Center for International
Blood and Marrow Transplant Research, the Euro-
pean Blood and Marrow Transplant Registry, and the
Dutch Registry [30]. Whether KIR ligand match af-
fects leukemia relapse adversely or beneficially is a
critical issue for clinical transplantation and immuno-
therapy using NK cells, and further large-scale com-
parative studies considering GVHD prophylaxis are
warranted.

A higher rejection rate (HR = 4.39; P = .012) was
found for KIR-L-MM-R; that is, in this mismatch
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combination, patient KIR2DL-positive effector cells
lacking donor KIR ligand are reconstituted and act-
vated after transplantation, which induces the rejec-
tion of engrafted donor-derived hematopoietic stem
cells. “Hybrid resistance” has been extensively ana-
lyzed in mice to induce graft rejection by NK cells
[31]). The same mechanism of rejection induced by
NK cells might be considered in humans, although
88% of KIR ligand mismatch pairs and 86% of match
pairs were given cyclophosphamide as a precondition-
ing. The effects of HLA class I mismatch for graft
rejection were reported [5,32,33]; our data suggest
that the effect of HLA-C mismatch were mainly be-
cause of KIR2DL ligand mismatch in the HVG di-
rection, and may not result from the HLA-C allele
mismatch itself. Our findings are in agreement with a
report showing the effect of rejection but not engraft-
ment by KIR2DL ligand mismatch in UR-HSCT
[29].

Since the first JMDP report [4], HLA-class I mis-
match has been known to significantly increase
aGVHD, whereas HLA-DRB1 mismatch has only a
marginal effect on aGVHD. The present study has
confirmed those earlier findings. We could add the
new data on HLA-DPB1 matching showing that
HLA-DPB1 mismatch induces moderate aGVHD.
Our finding of the effect of HLA-DPB1 on aGVHD
concurs with other reports [9-11], although there we
found no difference in aGVHD between 2 allele mis-
matches and 1 allele mismatch of HLA-DPBI.

The international collaborative study is expected
to reconcile discrepancies of allele matching in ethni-
cally diverse transplantation populadons. Further-
more, the identification of nonpermissive HLA allele
mismatch and amino acid substitution responsible for
aGVHD, leukemia relapse, and survival might explain
these discrepancies in diverse ethnic populations.

Interestingly, KIR-L-MM-G had a higher HR of
severe aGVHD than did match. Because these values
were adjusted by HLA allele matching and clinical
factors, this finding demonstrates that KIR-L-MM-G
is a factor independent of HLA allele matching. In
fact, among HLA-C mismatch patients, KIR-L-
MM-G was associated with a higher rate of grade 3-4
aGVHD than match. In KIR-L-MM-G, the donor-
derived KIR2DL2/3- or KIR2DL1-positive effector
cells are suspected to react with patient cells that lack
the corresponding KIR2DL epitope of HLA-C.
These effector cells induce aGVHD through several
possible mechanisms. First, NK cells derived from
donor graft might directly artack the patient target
cells. This is unlikely, however, because in vivo infu-
sion of alloreactive NK cells were found to not cause
aGVHD [34], and NK cells were seen to play mainly
a protective role for GVHD in a murine experimental
model [35]. Alternatively, activated NK cells might
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affect donor-derived T cells that induce aGVHD.
Third, KIR2DL-positive T cells might induce
aGVHD directly. The presence of KIR2ZDL-positive
T cells was reconstituted after UR-HSCT ([36].

Conflicting findings have been reported in terms
of the effect of KIR-L-MM-G on aGVHD in T-cell-
replete UR-HSCT. Some studies have found a trend
toward less aGVHD [23], whereas others have re-
ported an increased risk of aGVHD [27,29]. The
variety of GVHD prophylaxis, HLA matching, and
other clinical factors, and limited patient numbers in
each study makes it difficult to determine the role of
KIR ligand matching in clinical outcomes. The use of
ATG and/or the T-cell depletion method for GVHD
prophylaxis will be a key strategy in resolving the
discrepancy regarding aGVHD in UR-HSCT [35,37]
and in HLA haplotype-identical related HSCT with
T-cell depletion [38]. That is, T cell and NK-cell
reconstitution after transplantation might affect im-
munologic events induced by the interaction of KIR
and HLA-C epitopes. In addition, genotyping of KIR
genes, especially for activating KIR such as KIR2DS,
is required to understand the mechanism of KIR in-
volved in aGVHD and the GVL effect [39]. The East
Asian population, including Japanese, is known to
have several characteristic HLA types. Similarly, the
frequencies of both the KIR ligand epitope and the
KIR genotype are distinctive in the Japanese popula-
tion. For example, a higher frequency of C1 epitope
and dominance of the KIR “A” haplotype were re-
ported [40]. Those features might contribute consid-
erably to our results. The combination of KIR2DL1
and C2 epitope has been reported to show higher
affinity and a stronger inhibitory signal compared with
the combination of KIR2DL2/3 and C1 epitope [14].

HLA-A and HLA-C mismatch have been identi-
fled as significant independent factors inducing
c¢GVHD, underscoring our previous finding of the
importance of HLA class I matching. No influence of
KIR-L-MM-G on ¢GVHD (in contrast to aGVHD)
indicates that the KIR-related immunologic reaction
has no relation to cGVHD.

There is another model regarding the KIR ligand
effect in HSCT, the so-called “missing KIR ligand
theory.” Hsu et al reported this effect on survival and
relapse of AML and myelodysplastic syndrome in T-
cell-depleted HLA-matched related HSCT [41] and
on relapse in AML, ALL, and CML in UR-HSCT in
non-JMDP populations [42]. Lack of either KIRZDL
ligand in a patient should activate the corresponding
donor NK cells and induce the GVL effect.

In the analysis of KIR matching including HLA
mismatch pairs, the mismatch pairs in the “missing
KIR ligand theory” with either CI1C1 or C2C2 patient
epitope were divided into match and mismatch in the
“KIR ligand matching theory” by donor epitope.
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When the donor has either C1C1 or C2C2, the KIR
ligand matching theory indicates match, and when the
donor has C1C2, the theory indicates mismatch. In
this combination, donors with C1C2 (n = 92) had a
significantly higher rate of severe aGVHD (44.4%)
than donors with either C1C1 or C2C2 (19.2%) (n =
1413; P < .001). Therefore, we considered the “ligand
matching model” to be applied in this JMDP study.

. Finally, because survival after transplantation is
influenced not only by leukemia relapse, but also
by transplantation-related mortality resulting from
aGVHD, cGVHD, fatal infections, or graft failure,
the effect of HLA matching and KIR ligand matching
should be discussed in light of these events.

The present study has more precisely elucidated
the impact of HLA matching on leukemia patient
survival. The mismatch of HLA-A and -B alleles re-
sulted in significantly higher mortality. HLA-C and
HLA-DQB1 mismatch emerged as a risk factor for
poorer survival for the first time in the JMDP study.
Increased survival in ALL with HLA-C mismatch
cannot be linked to the compensation from a lower
leukemia relapse rate. HLA-DPBI mismatch did not
significantly affect overall mortality despite the in-
crease in moderately aGVHD. These observations of
HLA-C and -DQB1 mismatch in the JMDP are in
line with those of other recent reports. The NMDP
reported an adverse effect of HLA-C mismatch [8],
and another study reported that not only HLA-C
mismatch in early-stage CML, but also HLA-DQBI
mismatched CML patients with multiple mismatch
posed increased risk for mortality [43].

It should be noted that KIR-L-MM-G resulted in
higher mortality in UR-HSCT with T-cell-replete
marrow regardless of leukemia cell type. KIR-L-
MM-G might induce an immunodeficient state that
would result in a higher risk for opportunistic infec-
tions [44,45]. Thus, infectious complications by cyto-
megalovirus and the like should be explored in rela-
tion to KIR.

We estimate that about 30% of patients in the
Japanese population have HLA-C mismatch donors,
of whom 15.0% are KIR-L-MM in the GVH direc-
tion, 20.8% are KIR-L-MM in the HVG direction,
and 35.6% are KIR-L-MM in either direction, when
HLA-A, -B, and -DRBI1 genotyping is used as the
donor confirmatory typing. Because both KIR2DL
ligand matching and/or HLA matching itself affect
aGVHD, ¢GVHD, rejection, ALL relapse, and sur-
vival, as described earlier, HLA-C typing is essential
in selecting a suitable donor to reduce the risk of
aGVHD and improve survival in practice.

In conclusion, our analysis has produced impor-
tant findings for transplantadon immunology and the
selection of donors in UR-HSCT. First, HLA-C and
HLA-DPBI1 mismatches are expected to induce a ben-
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eficial GVL effect, which should be considered in
terms of the leukemia cell type of individual patients.
Second, KIR-L-MM should be avoided, because it
induces only adverse effects on transplantation out-

come and provides no benefits for patients undergoing
T-cell-replete UR-HSCT.
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Abstract Despite matching donors and recipients for the
human leukocyte antigens (HLAs) expressed by the major
histocompatibility genomic region of the short arm of
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chromosome 6, several recipients still develop acute graft-
versus-host disease (aGVHD) after bone marrow transplan-
tation (BMT). This is possibly due to non-HLA gene
polymorphisms, such as minor histocompatibility antigens
(mHas) and genes coding for cytokines. However, a
detailed genetic background for aGVHD has not yet been
established. To find novel susceptibility and/or protective
loci for aGVHD, a whole genome-wide association study of
donors and recipients needs to be performed. As the first
step to such a study, we retrospectively analyzed poly-
morphisms of 155 microsatellite markers spread across the
long arm of chromosome 22 in 70 pairs of HLA-matched
unrelated BMT donors and recipients. We performed
individual typing and then compared the markers’ allele
frequencies (1) between all the aGVHD (grades III and IV
GVHD) and GVHD-free (grade 0 GVHD) groups in
donors and recipients and (2) between the aGVHD and
aGVHD-free groups in donor/recipient pairs that were
matched and mismatched for the microsatellite marker’s
allele. Screening of the microsatellite markers revealed
five loci with a significant difference between the aGVHD
and GVHD-free groups and revealed eight loci on
chromosome 22, where the microsatellite allele mis-
matched markers were associated with aGVHD. This
screening analysis suggests that several aGVHD-associat-
ed susceptible and protective loci exist on chromosome
22, which may encompass novel gene regions that need to
be elucidated for their role in aGVHD.

Keywords Microsatellite - Bone marrow transplantation -
Acute GVHD - Chromosome 22 - Non-HLA
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Introduction

The occurrence of acute graft-versus-host disease (aGVHD)
is still a major cause of mortality in the bone marrow
transplantation (BMT) recipients who are not related
familially to donors. Despite successfully matching the
human leukocyte antigen (HLA) alleles of donors and
recipients for hematopoietic stem cell transplantation, a
significant proportion of transplantation recipients develop
aGVHD because of genetic differences attributed to minor
histocompatibility antigens (mHa) (Chao 2004; Falkenburg
et al. 2003), non-HLA genes coding for cytokines, and
other molecules involved in the pathogenesis of aGVHD
(Charron 2003; Kallianpur 2005; Dickinson and Charron
2005; Mullighan et al. 2004).

Genetic association studies of aGVHD can be performed
at least in two ways: the candidate gene approach and
genome-wide approach. The former approach is hypothe-
sis-driven and dependent on the systematic knowledge of
the aGVHD biological process. By using the candidate
gene approach, single nucleotide polymorphisms (SNPs)
were found within cytokine or cytokine receptor genes,
which affect the aGVHD (Charron 2003; Kallianpur 2005;
Dickinson and Charron 2005; Mullighan et al. 2004).
However, aGVHD is a complex pathophysiological disease,
and undoubtedly, a number of unknown genes contribute to
or affect the GVHD mechanism. In this regard, the
candidate gene approach would fail to find novel genes
that are not already reported or thought to be immunoreg-
ulatory genes involved with aGVHD. In comparison, the
genetic association studies using the genome-wide ap-
proach and genetic markers to test all possible variants
systemically across the whole genome would be a more
experimentally ideal approach to find novel genes involved
with aGVHD. In addition, genomic matching by using SNP
and/or microsatellite markers for finding compatibility of
minor antigens in BMT may improve survival and other
clinical outcomes.

Microsatellites and SNPs are two types of genetic
markers that can be applied to genome-wide disease
association studies, with each type of marker presenting
certain advantages as well as inconveniences. Microsatel-
lites are direct tandem-repeated sequences of DNA with a
repeat size ranging from 2 to 6 bp. The number of repeats
within a microsatellite sequence is usually less than 100.
Because the microsatellite polymorphism is based on the
differences in number of repeats, microsatellites are highly
polymorphic with a high degree of heterozygosity. Poly-
morphic microsatellites are fewer in number than SNPs, but
like SNPs, they are widely distributed across the human
genome enabling efficient and accurate calculations of
linkage disequilibrium (LD) between pairs of microsatellite
loci separated by less than 100 kb of genomic sequence.

@ Springer

Indeed, we have already established and described a set of
27,039 microsatellite markers for the systematic analysis of
the whole human genome and, together with SNP analysis,
revealed at least seven potential susceptibility gene loci of
rheumatoid arthritis (Tamiya et al. 2005). Therefore, the
main advantage of using microsatellites as the primary or
“first pass” genotyping method is that they allow for a
genome association analysis to become an immediate and
efficient reality.

To date, there are only a few association studies using
microsatellite analysis to determine the potential clinical
outcomes in hematopoietic stem cell transplantation, and
these studies are limited mainly to the cytokine genes and
the HLA region (Karabon et al. 2005; Li et al. 2004; Cullup
et al. 2003; Nordlander et al. 2002; Witt et al. 1999). As a
set of 27,039 microsatellite markers for the systematic
analysis of the whole human genome has been established,
we decided to use them in a genome-wide search of allele
frequency differences to find and map novel susceptibility
and/or protective loci for aGVHD. Although our ultimate
goal is a complete genome-wide study, we have started our
search for aGVHD susceptibility/protective loci within
chromosome 22 (chr 22) for simplicity and economic
convenience. A number of studies (Abecasis et al. 2001;
Keicho et al. 2000; Oka et al. 1999; Ota et al. 1999; Li et al.
2004) suggest that association analysis using microsatellite
markers as a first step of the genome-wide approach is a
useful way to find candidate genes and specifically the mHa
genes on chr 22 of BMT donors and recipients.

Human chr 22 is the second smallest of the autosomes
comprising 1.6-1.8% of the genomic DNA (Dunham et al.
1999). There is no evidence to indicate the presence of any
protein coding genes on the short arm of chr 22 (22p). In
contrast, the long arm of the chr 22 (22q) is rich in genes
compared with other chromosomes. In addition, alteration
of gene dosage on the part of 22q is responsible for the
etiology of 29 Mendelian disorders and a number of
congenital abnormality disorders including cat eye syn-
drome and DiGeorge syndrome (McDermid and Morrow
2002). Linkage studies have shown an association of chr 22
loci to several disorders, such as schizophrenia, epilepsy,
multiple sclerosis, and myopia (DeLisi et al. 2002;
Berkovic et al. 2004; Liguori et al. 2004; Stambolian et
al. 2004).

Interestingly, two recent reports have highlighted that
there are many signal transducers and activators of
transcription (STAT) and NF-kappaB-binding sites distrib-
uted across chr 22 (Martone et al. 2003; Hartman et al.
2005). STAT and NF-kappaB family members play an
essential role in regulating the induction of genes involved
in physiological processes, such as apoptosis, immunity,
and inflammation, and they may also affect immunoregu-
latory genes relevant to the recognition and rejection of
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foreign tissue. In addition, Gubarev et al. (1996) reported
the localization of a gene encoding mHa to chr 22. On the
basis of these reports and in an attempt to improve
efficiency by screening chromosomal regions of high gene
density, chr 22 is a very attractive target for genome-wide
association research of GVHD and other immune-related
diseases.

As the first step to our genome-wide study, we
retrospectively genotyped 155 microsatellite markers on
chr 22 in 70 HLA-matched unrelated BMT recipient and
donor pairs and associated at least eight significant allele
frequency differences with aGVHD. In accordance with our
previous study using microsatellite markers to identify mHa
(Li et al. 2004), we performed individual DNA typing to
investigate the association between statistically significant
donor/recipient microsatellite marker mismatches.

Materials and methods
Recipient and donor pairs

A total of 70 unrelated donor/recipient pairs after BMT
who were treated through the Japan Marrow Donor
Program and completely allele-matched for the HLA-A,
HLA-B, HLA-C, HLA-DRBI, and HLA-DQBI genes at
the high resolution level were enrolled for this study after
BMT (Sasazuki et al. 1998; Morishima et al. 2002). All 70
recipients underwent BMT from 1995 to 2000 for
hematopoietic malignancy. None of the recipients received
T-cell-depleted grafts. Patient, transplantation, and treat-
ment information data are summarized in Table 1. All the
donors and recipients provided informed consent for study,
which was approved by the relevant institutional ethical
commiittee.

Diagnosis and evaluation of the acute GVHD study group

Acute GVHD was diagnosed clinically and classified into
four groups according to standard criteria (grades 0, I, II,
III, and IV; Glucksberg et al. 1974; Thomas et al. 1975).
The 30 recipients who experienced grades IIl and IV were
designated in this study as the aGVHD group. The 40
recipients who had not developed aGVHD (grade 0) were
designated as the aGVHD-free group. The recipients with
GVHD grades I or II were excluded from this analysis to
differentiate more efficiently between the aGVHD and
aGVHD-free groups.

Microsatellite markers set

The association study was performed using 155 micro-
satellite markers spanning the long arm of chromosome 22.

Table 1 Numbers and ratios for the major clinical characteristics

Clinical characteristics Number or Ratio

Recipient’s age (median year, range) 27.5, 1-50
Donor’s age (median year, range) 339, 21-52
Recipient’s sex (M/F) 38:32
Sex combination (recipient/donor) MM 29
M/F 19
F/F 13
FM9
Diagnosis
Acute myeloid leukemia 28
Acute lymphoblastic leukemia 21
Chronic myeloid leukemia 21
Conditioning regimen
CY+TBI 26
CY+CA+TBI 17
BU+CY+CA 2
BU+CY 7
CY+BU+TBI 3
CY+VP+TBI 4
BU+CY+TLI 1
LP+TBI 2
BU+VP+LP 1
CA+VP+TBI 1
CA+TBI 2
VP+TBI 1
BU+LP+TBI 1
CA+TBI 2
aGVHD frequency
Grade 0 40
Grade I 20
Grade IV 10
GVHD prophylaxis
CsA+MTX 64
FK+MTX 2
FK+PDR 1
CsA 1
CsA+MTX+PDR 1
CsA+MTX+FK 1

M Male, F female, CY cyclophosphamide, TBJ total body irradiation,
CA cytosine arabinoside, BU busulfan, VP etoposide, TL/ total lymph
node irradiation, LP melpharan, CsA cyclosporine A, MTX methotor-
exate, FK tacrolimus hydrate, PDR predonisolone

These markers were selected from Japan Biological
Information Research Center (JBIRC) database (http://
jbirc jbic.or.jp/gdbs/). The markers covered the human
genome from 15647099b (D22S0283i) to 49510061b
(D22S0211i) on 22q with an average spacing of 200 kb.

Microsatellite genotyping
Genomic DNA was isolated from the peripheral blood
lymphocytes of patients and donors. The PCR procedure

was performed in 10 ul reactions using fluorescent-dye
conjugated PCR primers that were unilaterally labeled at

@ Springer

-152-



102

Immunogenetics (2007) 59:99-108

the 5-end with the fluorescent reagent, 6-FAM (Applied
Biosystems Japan, Tokyo, Japan). The PCR reaction
mixture contained 10 ng of genomic DNA, 1 ul of
deoxyribonucleotide triphosphate (5 mM each), 1 pl of
10x buffer (100 mM Tris-HCl, pH 8.3, 500 mM KCI,
15 mM MgClL), and 20 pmol of forward and reverse
primers as well as 0.5 unit of Ampli Taq Gold DNA
polymerase (Applied Biosystems Japan). After initial
denaturation for 5 min at 96°C, amplification was carried
out in an automated thermal cycler (Applied Biosystems
Japan Co.) for 40 cycles of 1 min at 96°C, 45 s at 57°C, and
45 s at 72°C with a final extension of 7 min at 72°C. Each
PCR product was diluted 1:40 with water. The samples
containing 1 ul of the diluted PCR product, 10 ul Hi-Di
formamide (Applied Biosystems Japan Co.) and 0.1 pl
GeneScan-500LIZ size standard (Applied Biosystems Ja-
pan) were denatured for 3 min at 95°C, separated on
capillary gels using an ABI PRISM 3730 automated
sequencer, and the electrophoretic runs were analyzed with
GeneMapper software (Applied Biosystems Japan).

Statistical analysis

Microsatellite allele frequency was calculated by direct
counting. The strength of association was expressed by
odds ratio (O.R), which was calculated from 2x2 contin-
gency tables. Statistical significance was examined by the
Fisher’s double-sided exact test and the mxn contingency
table. Univariate analysis was performed to determine the
association between microsatellite mismatch and aGVHD
incidence. The P value, except when comparing a mis-
match, was corrected by multiplying the number of micro-
satellite alleles (corrected Pc value). The Pc value less than
0.05 was accepted as statistically significant, and the Pc
value between 0.05 and 0.1 was indicative of a trend.

Definition of a microsatellite mismatch

Donor/recipient pairs were classified as matched or mis-
matched at each microsatellite marker locus. Pairs were
defined as mismatched only when one or more recipient
alleles are not shared by the corresponding donor (direction
aGVHD).

Results

The overall genotyping results for paired transplantation
donors and recipients

A total of 155 microsatellite markers spanning the long arm

of chromosome 22 were used to genotype 70 pairs of
transplantation patients and donors. Of the 70 transplanta-
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tion recipients, 30 (42.8%) developed aGVHD with GVHD
grade III in 20 patients and GVHD grade IV in 10 patients.
The genotyping results obtained for the 70 transplantation
recipients and the 70 transplantation donors were then
analyzed and compared between the aGVHD-free group
(grade 0 aGVHD) and the severe aGVHD group (group IIT
to IV aGVHD).

Of the 155 markers, there were three markers with
significant allele frequency differences between all donors
and all recipients (D22S0052i-385; D22S0099i-412;
D228S0115i-225; data not shown). As these three markers
have different allele distribution between all donors and all
recipients, they were considered to be inappropriate
markers for the comparison between the aGVHD-free and
the aGVHD group and were therefore excluded from
further analysis. The remaining 152 markers were retained
for further analysis in this study because they showed no
significantly different allele distribution between all donors
and recipients (data not shown).

Recipient age and GVHD prophylaxis

The recipient age was not significantly higher in the
patients with aGVHD than the aGVHD-free group (P=
0.27 Student’s ¢ test). In regard to GVHD prophylaxis
(Table 1), there was no significant association (p>0.07) of
aGVHD factor risk between the patients in the total body
irradiation (TBI) group and those in the non-TBI group.

Comparison of allele frequency differences
between the aGVHD-free and the aGVHD group
for the microsatellite polymorphisms in donors
and recipients

The frequency differences for the microsatellite alleles
between the aGVHD-free group and the aGVHD group
were compared separately for the donors and recipients.
The significant association (P<0.05) of markers with the
occurrence of aGVHD was found for five markers (Table 2),
with a significant difference (P and Pc<0.05) for two donor
markers (D22S283 and D22S0141i) and for three recipient
markers (D2280021i, D22S0199i, D2280222i). The com-
parison of individual allele frequencies of the microsatellite
markers in the grade 0 (aGVHD-free) and grade II+IV
(aGVHD) groups revealed the presence of possible risk (R)
alleles (O.R>1) and protective (P) alleles (OR<1; Table 2).
In the donors, the allele D22S0141i-431 was increased
significantly (Pc=0.049) and the allele D22S283-132 was
decreased significantly (Pc=0.008) in aGVHD when com-
pared to the aGVHD-free group. Both of the marker loci
were in position 22q12.3. In the recipients, the frequency of
the allele D22S0021i-348 was significantly increased (Pc=
0.035) and three alleles (D2280021i-357, D22S0199i-444,
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Table 2 Statistically significant alleles associated with aGVHD grade in patients and donors, respectively

Marker Position No. of  Significant aGVHD grade aGVHD grade Odds ratio (95% Protective (P) or P value Pc
alleles  allele (N=40) III+IV (N=30) confidence interval) at risk (R)

Donor

D22S283  22q123 12 132 35 (87.5%) 15 (50.0%) 0.14 (0.04-46) P 0.0007  0.008

D22S0141i 22q12.3 7 431 4 (10.0%) 14 (46.7%) 7.87 (2.24-27.7) R 0.007 0.049

Recipient

D22S0021i 22q13.2 5 348 21 (52.5%) 25 (83.2%) 4.52(1.44-142) R 0.007 0.035
357 38 (90.0%) 18 (67.7%) 0.16 (0.06-0.48) P 0.004 0.020

D22S019% 22q13.2 4 444 22 (55.0%) 7 (23.3%) 0.25 (0.09-0.72) P 0.007 0.028

D22S0222i 22q13.3 7 258 17 (42.5%) 4 (13.3%) 0.21 (0.06-0.71) P 0.007 0.049

and D2250222i-258) were significantly decreased in
aGVHD when compared to the aGVHD-free group.

In regard to the D22S0021i locus, we found both a risk
allele (D22S0021i-348) and a protective allele (D2250021i-
357). On the basis of a genotype analysis, there was a
significant association (P=0.001) between the D22S0021i
genotype and aGVHD occurrence (Table 3).

Comparison of differences between the aGVHD-free
and the aGVHD groups for microsatellite alleles that were
matched or mismatched in donors and recipients

As a further comparison between the aGVHD-free and the
aGVHD groups, we determined the significant differences
between the number of alleles of the aGVHD-free and the
aGVHD groups that were matched and mismatched for the
donor and recipient pairs. We estimated that there were
eight significant marker mismatches for an association with
the occurrence of aGVHD (Table 4). Of these ecight
markers, three (D22S0267i, D2280220i, and D22S683)
were more often mismatched in the severe GVHD group
(O.R>1), and therefore, these markers appear to be
protective against the occurrence of severe aGVHD. As
D22S0220i and D22S683 are located in a relatively close
position to each other on 22q12.3 where they are 780 kb
apart, we selected an additional five markers between
D22S0220i and D22S683. As a result, three markers
(267524, P=0.09, O.R=0.35; D22S0132i, P=0.07, O.R=
2.54; D22S0075i, P=0.07, OR=0.03 in order from the
centromere to telomere) showed a tendency of association
with aGVHD (Fig. 1).

Table 3 Univariate analysis of D22S0021i genotype

Allele aGVHD grade 0 aGVHD grade III+IV P
genotype (N=40) (N=30) value
348/348 2 10
3481357 19 15
3571357 17 3

0.001

On the other hand, five markers (D22S0152i, P=0.0005;
D228S01451, P=0.017; Z66750, P=0.014; D22S0085i, P=
0.035; D22S01971, P=0.005) were more often mismatched
in the aGVHD-free group (O.R<1), suggesting that they are
significant susceptibility markers for aGVHD. Of these
markers, D22S0152i and D22S0145i were located in a
relatively close position to each other on 22q11.23 where
they were 960 kb apart. We, therefore, genotyped an
additional six markers (D22S0068i, D22S0186i,
D22S0163i, D22S01691 D22S0184i, and D2251174) but
found that none of them were significantly associated with
aGVHD (data not shown).

Candidate genes within the aGVHD susceptibility regions

Table 5 lists the candidate susceptibility genes that are
located within or near to the genomic susceptibility region
which was identified by microsatellite genotyping. These
genes are in the close vicinity of the significant micro-
satellite markers that were found within intron 3 of
CACNG2, intron 3 of PEX26, intron 4 of KIAA0376,
intron 7 of LARGE, and intron 8 of TOM1. Other genes,
such as MYHS9, EP300, TCF20, ARSA, FLJ31568,
EMIDI1, APOL3, and FLJ44385, are located within 10 kb
to 172 kb of the significantly associated microsatellite
markers.

Genomic map of the association of microsatellite
polymorphisms on 22q12.3 with the occurrence of aGVHD

The P values for comparing the matching of microsatellite
marker alleles between those of the aGVHD-free group and
the aGVHD group were determined and plotted as a P
value plot against the physical location of the microsatellite
markers and the known genes on 22q12.3. Figure 1 shows a
P value plot and the gene map of one of the aGVHD
susceptibility regions determined by the association analy-
sis using the microsatellite markers from D22S0220i to
D22S683 and beyond the border of 22q12.3 and 22ql13.1.

" The figure shows that the genes TOMI, HMOX]}, and
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Table 4 Correlation between matched mismatch donor—recipient pairs and aGVHD grade for each of the significant microsatellite markers on

chromosome 22

Marker Position aGVHD grade 0 aGVHD grade HOI+IV Odds ratio (95% CI)  Protective (P) or at risk P
(R) value
Matched Mismatched Matched Mismatched
D22S0267¢ 22ql1.21 38 2 23 7 5.78 (1.10-30.24) P 0.028
D22S0152i 22q11.23 25 15 29 1 0.05 (0.01-0.41) R 0.0005
D22S01451 22q11.23 8 32 14 16 0.29 (0.10-0.82) R 0.017
266750 22q12.1 28 12 28 2 0.17 (0.03-0.81) R 0.014
D22S00851 22q12.3 6 34 11 19 0.30 (0.10-0.96) R 0.035
D22S0220i 22q12.3 17 23 4 26 4.80 (1.41-16.35) P 0.008
D22S683 22q12.3 6 34 0 30 11.86 (0.64-219.35) P 0.027
D22S0197i  22q13.33 16 24 22 8 0.24 (0.087-0.67) R 0.005

MCMS are in the region of the most significant P values
and in close vicinity to the protective microsatellite marker
D2280220i.

Discussion

Of the 155 markers analyzed for differences between the
aGVHD-free group and the aGVHD group and separately
for the recipients and donors, only five markers on chr 22
(Table 2) were found to be significantly associated with
aGVHD (Pc<0.05). Interestingly, of these five positive
markers, the donor positive marker D228283 was previ-
ously reported to be associated with schizophrenia (DeLisi
et al. 2002), Sorsby’s fundus dystrophy (Assink et al.
2000), and CDAGS (Mendoza-Londono et al. 2005).

Fig. 1 aGVHD susceptibility

Although the susceptibility genes on chr 22 for those
diseases are still unknown, the positive microsatellite
marker D22S283 is located within the SC2D4 schizophre-
nia susceptibility locus (NCBI GenelD 6379) and could be
associated with neuropsychological impairment that may
evolve with aGVHD (Sostak et al. 2003).

The other four positive markers, D22S01411, D22S0021i,
D22S0199i, and D22S0222i, which were associated with
aGVHD (Table 2) had not been previously associated with
any human disease. However, these markers are located in a
region of human chr 22 that was previously associated with
the presence of strong mucosal and T-cell immune response
against HIV-1 (Kanari et al. 2005) and, therefore, that could
also affect the aGVHD. The p300 gene, which is a
transcriptional factor located 10 kb from D228S0021i, is
believed to participate in the activities of hundreds of
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