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Non-HLA gene polymorphisms contribute to the immune response leading to Graft-
versus-host Disease (GVHD). We applied a systematic approach using microsattelite
(ms) marker typing for a large number of immune response genes on pooled DNA of
Japanese donors and recipients of haematopoietic stem cell transplants (HSCT) to
identify recipient and donor risk loci for GVHD. Ms, due to their multiple alleles, are
more informative than single nucleotide polymorphisms (SNP).

We selected 4,231 ms markers, tagging 3,093 target genes (representing the
‘immunogenome’) at close proximity (<100kb). We selected 922 unrelated HSCT
donor/recipient pairs from the Japan Marrow Donor Programme (JMDP) registry,
based on clinical homogeneity (acute leukaemia, age 4-40 years, myeloablative
conditioning, bone marrow source). 35% of pairs had a 10/12 or 12/12 HLA match.
The population was split into discovery and confirmation cohorts with 460/462 pairs
each. Eight DNA pools, four for each of the two independent screening steps were
created using a highly accurate DNA pooling method. While 4,321 ms were typed on
the four pools of the 1% screening step, only markers positive here were typed on the
2" screening pools. Fisher’s exact test for 2x2 (each ms allele) and 2xm ChiSquare
tests were performed, comparing allele frequencies of recipients with GVHD grade 0-
1 with GVHD grade 2-4 (donors accordingly). Markers positive after both
independent screening steps (p-value <0.05, same associated allele, consistent odd’s
ratio (OR)) were genotyped for confirmation on individual samples of all 922 pairs.

The independent, 2-step pooled DNA screening process has effectively reduced false-
positive associations. In the final analysis, 39 (recipient) and 58 (donor) ms loci
remain associated with risk or protection from GVHD. Of 14 microsatellite loci so far
investigated by individual typing, four loci were confirmed while two showed a trend
(donor: DXS0629i: p=0.001, OR 0.293; D6S0035i: p=0.005, OR 0.725; D1750219i:
p=0.001, OR 0.464; TNFc: p=0.052, OR 1.264; recipient: DXS0324i: p=0.008, OR
1.352; D16S3082: p=0.065, OR 1.372.

Our data show that genetic susceptibility to GVHD following HSCT is complex and
depends on multiple recipient and donor risk loci. Large-scale genomic screening with
microsatellites on pooled DNA, here described for the first time in a HSCT population,
is a useful method for the systematic evaluation of multigenic traits.
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Fig.1: Study design and results, comparing microsateliite allele frequencies in pooled DNA.
Allele frequencies were derived from allele peak height in microsateliite typing.
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Background

NKG2D, an activating and co-stimulatory receptor expressed on natural killer cells and T
cells, plays pivotal roles in immunity to microbial infections as well as in cancer immuno-
surveillance. This study examined the impact of donor and recipient polymorphisms in
the NKG2D gene on the clinical outcomes of patients undergoing allogeneic T-cell-replete
myeloablative bone marrow transplantation using an HLA-matched unrelated donor.

Design and Methods s

The NKG2D polymorphism-was retrospectively analyzed in a total 145 recipients with
hematologic malignancies and their unrelated donors. The patients underwent transplan-
tation following myeloablative conditioning; the recipients and donors were matched
through the Japan Marrow Donor Program.

Results

In patients with standard-risk disease, the donor NKG2D-HNK1 haplotype, a haplotype
expected toinduce greater natural killer cell activity, was associated with significantly
improved overall survival (adjusted hazard ratio, 0.44; 95% confidence interval, 0.23 to
0.85; p=0.01) as well as transplant related mortality (adjusted hazard ratio, 0.42; 95% con-
fidence interval, 0.21 to 0.86; p=0.02), but had no impact on disease relapse or the devel-
opment of grade II-IV acute graft-versus-host disease or chronic graft-versus-host disease.
The NKG2D polymorphism did not significantly influence the transplant outcomes in
patients with high-risk disease.

Conclusions

These data suggest an association between the donor HNK haplotype and better clinical
outcome among recipients, with standard-risk disease, of bone marrow transplants from
HLA-matched unrelated donors.

Key words: NKG2D, HNK1, LNK1, unrelated donor; bone marrow transplantation,
single nucleotide polymorphism.
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Introduction

Hematopoietic stem cell transplantation (SCT) is a
potentially curative treatment for a range of hematologic
malignancies. Although the use of an HLA-matched unre-
lated donor is well accepted when an HLA-identical sib-
ling donor is unavailable, the risk of transplantation- relat-
ed complications may be increased.! Despite improve-
ments in clinical and supportive care, transplant- related
life-threatening complications, including graft-versus-
host disease (GVHD), infections and disease relapse,
remain an enormous obstacle to overcome.’ Although
HLA matching is the major genetic determinant of clini-
cal outcome after allogeneic SCT, recent evidence sug-
gests that non-HLA immune-associated genes are also
implicated.® Previous investigations have revealed that
several single nucleotide polymorphisms (SNP) which
affect individual immune response to infections and
inflammatory reactions are associated with the risk of
GVHD and transplant outcomes.***

NKG2D is an activating and co-stimulatory receptor
belonging to the C-type lectin-like family of transmem-
brane proteins and is expressed as a homodimer on natu-
ral killer (NK) cells, CD8" aff* T cells, ¥8' T cells and acti-
vated macrophages.'™*® The ligands for NKG2D, such as
MHC class I-chain related proteins (MICA and MICB),
UL16 binding proteins are usually absent or expressed at
very low levels in normal cells but are up-regulated by
cellular stress including heat shock and microbial infec-

tions and are frequently expressed in epithelial tumor
cells.” Ligand engagement of NKG2D triggers cell-medi-
ated cytotoxicity and co-stimulates cytokine production™

through a DAP10-phosphoinositol 3-kinase dependent
pathway and plays an important role in the eliminatién of
tumors and infected cells.'*1%* ; )

Recently, SNP were identified between*LNK/ and
HNK1 haplotypes of the NKG2D gene.” In Japanese indi-
viduals, the HNK/ haplotype is associated with greater
activity of NK cells in the peripheral blood”* and a lower
prevalence of cancers originating from epithelial
cells.”*** The present studyinvestigates the impact of
donor and recipient polymorphisms in the NKG2D gene
on the clinical outcomes of patients undergoing allogene-
ic myeloablative bone marrow transplantation using an
HLA allele-matched unrelated donor.

Design and Methods

Patients

NKG2D genotyping was performed on a total 145
recipients with hematologic malignancies and their unre-
lated donors who were part of the Japan Marrow Donor
Program (JMDP). The recipients underwent transplanta-
tion, following myeloablative conditioning, with T-cell-
replete marrow from an HLA-A, -B, -C, -DRB1 allele-
matched donor between November 1995 and March
2000. HLA genotypes of the HLA-A, -B, -C, and -DRB1
alleles of the patients and donors were determined by the
Luminex microbead method described previously.
(Luminex 100 System; Luminex, Austin, TX, USA).%* No

patient had a history of prior transplantation. The final
clinical survey of these patients was completed by
November 1, 2007. Diagnoses were acute myeloid
leukemia (n=49; 34%), acute lymphoblastic leukemia
(n=37; 26%), chronic myeloid leukemia (n=41; 28%),
myelodysplastic syndrome (n=11; 8%) and malignant
lymphoma (n=7; 5%), (Table 1). The recipients were
defined as having standard risk disease if they had acute
myeloid or lymphoblastic leukemia in first complete
remission, malignant lymphoma in complete remission,
chronic myeloid leukemia in any chronic phase or
myelodysplastic syndrome. All other patients were desig-
nated as having high-risk disease. Myeloid malignancies
included acute myeloid leukemia, chronic myeloid
leukemia and myelodysplastic syndrome, whereas lym-
phoid malignancies included acute Iymphoblastic
leukemia and malignant lymphomas. Cyclosporine or
tacrolimus- based regimens were used in all patients for
GVHD prophylaxis whereas anti-T-cell therapy, such as
anti-thymocyte globulin and ex vivo T-cell depletion, was
not. All patients and donors gave their written informed
consent to molecular studies, according to the declaration
of Helsinki, at the time of transplantation. The project
was approved by the Institutional Review Board of
Kanazawa University Graduate School of Medicine and
the JMDP,

NKGZD genotyping

NKG2D was genotyped using the TagMan-Allelic dis-
crimination method” with a 9700-HT real time poly-
merase chain reaction (PCR) system (Applied Biosystems,
Foster City, CA, USA) and results were analyzed using
allelic discrimination software (Applied Biosystems). The
genotyping assay was conducted in 96-well PCR plates.
The amplification reaction contained template DNA,
TaqMan universal master mix and a specific probe (prod-
uct  No. C_9345347_10; Applied Biosystems) for
151049174, a single locus featuring a G-C substitution to
distinguish between the HNK7 (G) and LNK1 (C) haplo-
types of the NKG2D gene.**

Data management and statistical analysis

Data were collected by the JMDP using a standardized
report form. Follow-up reports were submitted at 100
days, 1 year and annually after transplantation. Pre-trans-
plant cytomegalovirus serostatus was routinely tested
only in patients but not in their donors. Engraftment was
confirmed by an absolute neutrophil count of more than
0.5x10°/L for at least 3 consecutive days. Acute and
chronic GVHD were diagnosed and graded using estab-
lished criteria.®” Overall survival was defined as the
number of days from transplantation to death from any
cause. Disease relapse was defined as the number of days
from transplantation to disease relapse. Transplant-relat-
ed mortality was defined as death without relapse. Any
patients who were alive at the last-follow-up date were
censored. When collecting data, only the main cause of
death was recorded if two or more causes were com-
bined. Data on etiological agents of infections, post-
mortem changes and supportive care (including prophy-
laxis of infections and therapy of GVHD, which were
given on an institutional basis), were not available for this
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cohort of patients. The analysis was performed using  and analyzed using cumulative incidence analysis,” con-
Excel 2007 (Microsoft Corp, Redmond, WA, USA),  sidering relapse, death without disease relapse, death
OriginPro version 8.0] (Lightstone Inc, Tokyo, Japan),and ~ without acute GVHD, death without chronic GVHD,
R (The R Foundation for Statistical Computing, Perugia, and death without each cause as respective competing
Italy) * The probability of overall survival was calculated  risks. The analysis was stratified for patients with stan-
using the Kaplan-Meier method and compared using the ~ dard-risk disease and high-risk disease to take into
log-rank test. The probabilities of transplant-related mor-  account the already recognized prognostic differences.
tality, disease relapse, acute GVHD, chronic GVHD, and ~ The variables considered were recipient age at time of
each cause of death were compared using the Grey test”  transplantation, sex, recipient cytomegalovirus serosta-

Table 1. Characteristics of the donors and recipients.

Age, years
Recipient 0.08 0.39
Median 31 23 23 22
Range 1-50 1-50 7-46 2-48
Donor 0.54
Median 33 28 34 29 0.02
Range 22-49 21-50 21-47 21-50
Recipient NKG2D haplotype : v 0.48
HNKI positive 33 60% 28 4% 68% 14 58%
“HNKI negative : 2 A% 10 W 3% 10 42%
Sex, male 0.77
Recipient 30 55% 23 61% 19 68% 15 63%
Donor 4 76% 23 61%: : 19 68% 13 54%
Recipient/donor sex 023 0.86
Sex matched 3 56% 18 64% 16 67%
Male/female 6 1% 5 18% 5 21%
Femalefmale 18 3% . w3 %
Disease 0.86 0.99
Acute myeloid leukemia 14 25% - g 24% 14 50% 12 50%
Acute Iymphoblastic leukemia 10 18% - 8 21% 10 36% 9 38%
Myelodysplastic syndrome 6 1% 5 13% 0 0% 0 0%
Malignant lymphoma 2 = 4% 3 8% 1 4% 1 1%
Chronic myeloid leukemia .23 42% 13 34% 3 11% 2 8%
ABO matching 0.37 0.18
Matched 64% 19 0% 14 50% 17 1%
Major mismatch 20% 10 26% 6 21% 5 21%
Minor mismatch g 16% 9 24% 8 20% 2 8%
Bi-directionat = 0 0% 1 W™ 0 0% 1 4%
Conditioning regimen 0.93 0.51
With total body
irradiation 43 8% 30 79% 26 93% 21 88%
Without total body
irradiation 12 22% 8 21% 2 7% 3 13%
Pretransplant CMV serostatus 0.30 0.99
CMV-negative recipient 14 25% 5 13% 6 21% 5 2%
Missingdata =~~~ 4 "% . 3 5% b 18% 4 1%
GVHD prophylaxis 0.58 0.11
With cyclosporine 51 93% 34 89% 27 96% 20 83%
With tacrolimus 4 % 4 11% 1 4% 4 17%
NG, X10%kg . 040 04
Median 54 58 58 8.2
 Range _ 23148 . s _ 2.3:200 24428 1
Engraftment 53 96% 38 100% 023 28 100% 23 96% 0.28
CMV: cytomegalovirus; TNC: total nucleated cell count harvested.
haematologica | 2009; 94(10) | 1429 |
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tus before transplantation, disease characteristics (disease
type and disease lineage), donor characteristics (age, sex,
sex compatibility, and ABO compatibility), transplant
characteristics (total body irradiation-containing regimen,
tacrolimus versus cyclosporine, and total nucleated cell
count harvested per recipient weight). The median was
used as the cut-off point for continuous variables. The ¥’
test and Mann-Whitney test were used to compare results
of two groups. The Hardy-Weinberg equilibrium for the
NKG2D gene polymorphism was tested using the
Haploview program.” Multivariate Cox models were
used to evaluate the hazard ratio associated with the
NKG2D polymorphism. Co-variates found to be statisti-
cally significant in univariate analyses (p<0.10) were
included in the models. For both the univariate and mul-
tivariate analyses, p values were two-sided and outcomes
were considered to be statistically significant with
#<0.05.

Resulls

Freguencies of NKG2D haploiype

The NKG2D gene polymorphism was analyzed in 145
pairs of unrelated donors-recipients of bone marrow fol-
Jowing myeloablative conditioning (Table 1). The haplo-
type frequencies of LNK1/LNK4, HNK4/LNK1 and
HNK4/HNK1 were 43%, 42% and 15%, respectively in
donors and 35%, 45% and 20%, respectively in recipi-
ents. These frequencies were similar to those reported in
previous studies in Japanese populations®* and were in
accordance with the Hardy-Weinberg equilibrium
(»=0.80).

Transplant outcomes according to NKGZD haplofype
With a median follow-up of 115 months among sur-
vivors (range, 74 to 140 months), 30 recipients (21%) had
relapsed or progressed and 62 (47%) had died. Three
patients (2%) died before engraftment.-The analysis of
the influence of the NKG2D genotype on clinical out-

comes after transplantation was stratified according to
whether the recipients had standard-risk disease or high-
risk disease to account for the already recognized prog-
nostic difference. The overall survival at 5 years in
patients with standard-risk disease was 63% while that
of patients with high-risk disease was 44% (=0.06). The
5-year cumnulative incidences of trasplant-related mortali-
ty were 32% and 27 %, respectively (p=0.38) and those of
disease relapse were 10% and 31%, respectively
{p=0.0006).

The transplant outcomes according to NKG2D geno-
type are summarized in Table 2. Patients with standard-
risk disease receiving transplants from donors with the
HNK1 haplotype had a significantly better 5-year overall
survival (73% vs. 49%, p=0.01; Figure 1A) and lower
transplant-related mortality rate (22% vs. 45%, p=0.02;
Figure 1B) than those receiving transplants from donors
without the HNK1 haplotype. No difference was noted in
disease relapse in relation to the donors’ polymorphism
(9% vs. 11%, p=0.81; Figure 1C) or in the development of
grades II to IV acute GVHD (28% vs. 41%, p=0.25) or
chronic GVHD (37 % -vs.*41%, p=0.83). When patients
with acute myeloid leukemia or myelodysplastic syn-
drome were separately analyzed, there was still no differ-
ence in disease relapse in relation to NKG2D polymor-
phisms (data notshown). In patients with high-risk disease,
the donor HNK1 haplotype had no significant effects on
transplant outcomes (Table 2).

Multivariate analysis

Any factors found to be significant in univariate analy-
ses were included in the multivariate analysis. When
patients with standard-risk disease were analyzed, the
HNK1 haplotype in donors remained statistically signifi-
cant in multivariate analyses for both overall survival and
transplant-related mortality (Table 3). The presence of the
HNK1 haplotype in the donor resulted in better overall
survival (hazard ratio, 0.44; 95% confidence interval, 0.23
to 0.85; p=0.01) and transplant-related mortality (hazard
ratio, 0.42; 95% confidence interval, 0.21 to 0.86; p=0.02).

Standard-risk disease
Donor NKGZD haplotype 0.01 0.02 0.81 0.25 0.83
HNKI-positive 55 73% 22% 9% 28% 3%
HNKI-negative 38 49% 45% 11% 41% 41%
Recipient NKG2D haplotype - 039 031 0.93 0.48 0.98
HNKI-positive 61 62% 33% 10% 3% 39%
_ HNKlnegatve % ®% 0 %% 2 0000% 5% 38%
High-risk disease
Donor NKGZD haplotype 0.91 017 0.93 0.08 047
HNKI-positive 28 43% 26% 33% 54% 44%
HNKI-negative 24 46% 29% 29% 30% 35%
Recipient NKG2D haplotype 041 043 0.10 ' 0.40 0.68
HNKI-positive 33 2% 23% 39% 39% 31%
. HNKI-negative 19 4% % 18% 50% 41%
0S: overall survival: TRM: ransplant-related mortality
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The donor and recipient HNK1 haplotype did not signif-
icantly influence the transplant outcomes in patients
with high-risk disease.

Main causes of death

The main causes of death according to the HNK1 hap-
lotype of the donors and recipients are illustrated in
Figure 2A for patients with standard-risk disease, and in
Figure 2B for those with high-risk disease. In patients
with standard-risk disease receiving transplants from
HNK1-negative donors, the most frequent cause of death
was acute GVHD, followed by interstitial pneumonia.
Transplants from HNK{-positive donors resulted in a sta-
tistically significantly reduced incidence of death attrib-
uted to acute GVHD (Figure 3A; p=0.006) as well as a
trend toward a lower incidence of death attributed to
interstitial pneumonia (Figure 3B; p=0.09). Other causes
of death did not differ according to the HNK1 haplotype.

Discussion

The current study showed an association between the
NKG2D-HNK1 haplotype in unrelated donors of HLA-
matched myeloablative bone marrow transplants (haplo-
type frequency, 61%) and a significantly reduced trans-
plant-related mortality and better overall ‘survival for
their recipients with standard-risk disease. The polymor-
phism of the donor NKG2D gene did not influence dis-

ease relapse or the development of grades II to IV acute:

GVHD or chronic GVHD in the patients. One possible
explanation for the absence of the beneficial effects 6f
the HNK{ haplotype in patients with high-risk disesse
may be that the number of cases in the study was insuf-
ficient for a meaningful assessment of thé effect.
Alternatively, disease progression may precede the emer-
gence of the potential advantageous effects of the HNK1
donor haplotype that could protect the recipient from
severe - transplant-related - complications. There was a
larger difference in disease relapse between patients with

standard-risk disease and those with high-risk disease:
10% and 31% at 3 years after transplantation, respective-
ly.
NKG2D plays important roles in immunity to micro-
bial infections and is especially prominent in controlling
viral and bacterial infections.'® Therefore, the reduced
transplant-related mortality in patients with standard-
risk disease receiving grafts from donors with the HNK/
haplotype in this study might be a consequence of
increased resistance to infections in the recipients.
However, the hypothesis is too speculative because of
the unavailability of data on causes of infections in this
cohort. Further studies will be needed to clarify whether
the HNK1 haplotype in donors can effectively protect
patients against infections.

Several studies have shown that NK cell activity has an
important role in the outcomes of patients undergoing
allogeneic transplantation.®* Alloreactive NK cells
reduced the risk of relapse of acute myeloid leukemia
without increasing the incidence of GVHD, resulting in a
marked improvement of event-free survival in a series of
haploidentical transplant recipients.®*® In HLA-identical
sibling transplants, the absence of HLA-C and HLA-B lig-
and for donor-inhibitory killer immunoglobulin-like
receptors {(KIR) provided benefits in terms of survival and
relapse -of ‘patients with acute myeloid leukemia and
myelodysplastic syndrome in recipients of T-cell-deplet-
ed SCT¥ On the other hand, the JMDP found that KIR
ligand mismatch was unfavorably correlated with relapse
of leukemia and survival in patients undergoing T-cell-
replete unrelated bone marrow transplants.” All patients
in the present study received grafts from an HLA-A, -B,
and -C allele-matched donor, implying KIR ligand match
between each patient and donor. It is an open question
whether the NKG2D polymorphism could affect the out-
comes of patients undergoing transplantation with KIR-
mismatched grafts.

In this study, major and minor ABO incompatibilities
between the donor and recipient tended to be associated
with poorer transplant outcomes, regardless of the risk

Table 3. Multivariate analysis of the association of NKG2D polymorphisms with clinical outcomes after transplantation.

Standard-risk disease

HNK1-positive donor 044 023-085 001 042 021-086 0.02 071 0.19-267 061 083 03%-L75 063 083 039175 0.62
 HNKi-posiiverecipent 122 08050 058 L3 051287 048 L1 028448 088 154 066357 032 105 049231 088
Donor age, >31 years - - - - - - - - - 217 095496 007 - - -
Major ABO incompatibility : - - s - - S 302 149656 0003 050 0.17-145 020
Minor ABO incompatibility ~ 242  117-5.03 0.02 - - - - - 029 0.07-124 010
High-risk disease
HNKI-positive donor 068 030-151 034 062 020-1.91 040 125 041-3.80 0.69 187 069-507 022 155 0.60-4.01 037
HNKI-positive recipient 141 065307 039 076 025029 063 235 0.66-844 019 047 018122 012 092035238 086
Age, >26 years 195 0.93-400 008 630 1.86-21.32 0.003 - - - - - - - - -
Donor age, >31 years . - - 053 017165 027 - - - - - -
Minor ABO incompatibility 294  1.19-7.25 0.02 - - - - - - 5.00 2.08-1252 0.004 - - -
haematologica | 2009; 94(10) | 1431 |
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category of the disease. These findings are compatible
with those of a previous study by the JMDP¥ although
the impact of ABO incompatibilities on SCT outcomes is
controversial.

This study also identified age as a significant predictive
factor for transplant-related mortality in the patients with
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Figure 1. Kaplan-Meier analysis of (A) overall survival, (B) cumuia-
tive  incidence of . transplant-related  mortality . and. (C) disease
relapse after transplantation according to the donor NKG2D poly-
morphism in patients with standard-risk disease. Patients with
donors. with the HNK1 haplotype had better overall survival and
lower transplant-related mortality. Donor haplotype had no signif-
icant impact on disease relapse.

standard-risk disease. This is consistent with the results
of a previous study* showing that age over 35 years
increased the risk of transplant-related mortality after
allogeneic myeloablative SCT in high-risk patients.

A possible limitation of this study is the fact that no
direct evidence is yet available regarding the ability of
NKG2D polymorphisms to protect against microbial
infections. The association observed between the
NKG2D haplotype and transplant outcome might be due
to another genetic polymorphism in linkage disequilibri-
um responsible for a better transplant outcome. One can-
didate gene is NKG2F (KLRC4), which is located in the
NK complex region adjacent to the NKG2D gene, because
an intrinsic SNP (152617171) in the gene has been report-
ed to be in complete linkage with the NKG2D genotype.*
Alternatively, polymorphisms may not be directly associ-
ated with controlling infection, but rather may be associ-
ated with other factors, such as sensitivity to treatment
against GVHD or protection against organ toxicities relat-
ed to transplants, which also influence the transplant out-
come. These hypotheses have yet to be verified give the
insufficient evidence.

Polymorphisms in.genes encoding for nucleotide-bind-
ing oligomerization domain 2 (NOD2)/caspase recruit-
ment domain 15 (CARD15),” heme oxygenase-1 (HO-1)
promoter,® the Toll-like receptor 4,* CC chemokine ligand
(CCL).5 ;ptomoter,” transforming growth factor (TGF)
B1,%interleukin (IL) 12, tumor necrosis factor (TNF) o,
IL-23,° mannose-binding lectin (MBL)," Fcy receptor Ila

(FcyRlla), myeloperoxidase (MPO), FcyRIllb, IL-1Ra, IL-

10,# Fc receptor-like 3 (FCRL3), peptidylarginine deimi-
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Figure 2. Main causes of death after transplantation according to
the NKG2D polymorphism’ in: patients with (A) standard-risk dis-
ease (B) high-risk disease.
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nase citullinating enzymes 4 (PADI4)”® and methylenete-
trahydrofolate reductase (MTHFR)" have beenshown to
influence the outcome after allogeneic SCT. Most of
them are associated with the development:of GVHD.
Only the NOD2/CARD15 and HO-1 promoter polymor-
phisms have a significant impact on overall survival after
SCT. Furthermore, the impact of the HO-1 promoter
polymorphisms depends on donor cells but not on recip-
ient cells, as observed with-the’ NKG2D polymorphism
which, in the donor, wasshown to be significantly asso-

Figure 3. Cumulative incidence of deaths due to (A) acute GVHD
and (B) Interstitial pneumonia after transplantation in patients
with standard-risk disease. The HNK1 haplotype in donors was
assoclated with a significantly lower incidence of deaths due to
acute GVHD (p=0.006) as well as a trend toward a lower incidence
of deaths due to interstitial pneumonia (p=0.09).

clated with overall survival in the present study. This
may prompt the determination of the donor NKG2D
polymorphism prior to SCT in order to choose the best
donor, expected to minimize transplant-related mortality
after SCT, when multiple donors for a patient are avail-
able. Otherwise, prior information on the donor NKG2D
polymorphism may be helpful in selecting risk-specific
appropriate precautions following transplantation.

In conclusion, the present data suggest that the
NKG2D polymorphism, in addition to HLA disparity
between recipients and donors, affects prognosis after a
bone marrow transplant from an unrelated donor.
However, care should be made in drawing conclusions
because the number.of patients in the present study was
small. The finding.of a.gene polymorphism may not be
equivalent to differences in gene expression, which may
be influenced by multiple factors because the NKG2D
receptor is found on many tissues and cells.”
Experimental “evidence is required to substantiate the
effect of the NKG2D polymorphism on immune func-
tion. We next plan to conduct a prospective study to con-
firm these results and to extend this investigation to
other transplantation settings, such as related donor SCT,
reduced-intensity SCT, HLA-mismatched SCT and SCT
for patients with non-hematologic malignancies.
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Minor  histocompatibility  antigens
(mHags) are molecular targets of allo-
immunity associated with hematopoietic
stem cell transplantation (HSCT) and in-
volved in graft-versus-host disease, but
they also have beneficial antitumor activ-
ity. mHags are typically defined by host
SNPs that are not shared by the donor
and are immunologically recognized by
cytotoxic T cells isolated from post-HSCT
patients. However, the number of molecu-
larly identified mHags is still too smali to
allow prospective studies of their clinical

importance in transplantation medicine,
mostly due to the lack of an efficient
method for isolation. Here we show that
when combined with conventional immu-
nologic assays, the large data set from
the International HapMap Project can be
directly used for genetic mapping of novel
mHags. Based on the immunologically
determined mHag status in HapMap pan-
els, a target mHag locus can be uniquely
mapped through whole genome associa-
tion scanning taking advantage of the
unprecedented resolution and power ob-

tained with more than 3 000 000 markers.
The feasibility of our approach could be
supported by extensive simulations and
further confirmed by actually isolating
2 novel mHags as well as 1 previously
identified example. The HapMap data set
represents an invaluable resource for in-
vestigating human variation, with obvi-
ous applications in genetic mapping of
clinically relevant human traits. (Blood.
2009;113:5041-5048)

Introduction

The  antitumor  activity of allogeneic hematopoietic stem cell
transplantation (HSCT), which is a curative treatment for many
patients’ with hematologic malignancies, is mediated in part by
immune responses that are elicited as a consequence of incompat-
ibility - in . genetic’ polymorphisms between the donor and the
recipient.?" Analysis of patients treated for posttransplantation
relapse with donor lymphocytes has shown tumor regression to be
correlated with expansion of cytotoxic T Iymphocytes (CTLs)
specific for hematopoiesis-restricted minor histocompatibility anti-
gens (mHags).>* mHags are peptides, presented by major histocom-
patibility complex (MHC): molecules, derived from intracellular
proteins' that- differ between donor ‘and recipient due mostly to
single nucleotide polymorphisms (SNPs) or copy number varia-
tions (CNVs).!23 Identification and characterization of mHags that
are specifically expressed in hematopoietic but not in other normal
tissues could contribute to graft-versus-leukemia/lymphoma (GVL)
effects; ‘while minimizing unfavorable graft-versus-host disease,
one of the most serious complications of allo-HSCT.? Unfortu-

nately, however, efforts to prospectively target mHags to invoke
T cell-mediated selective GVL effects have been hampered by the
scarcity. of eligible mHags, largely: due to the lack of efficient
methods' for mapping the relevant genetic loci. Several methods
have been developed to identify mHags, including peptide elution
from MHC,57 cDNA expression cloning,5? and linkage analysis. 10
We have recently reported a novel genietic method that combines
whole genorme association scanning with conventional ¢chromium
release cytotoxicity assays (CRAs). With this approach the genetic
loci: of the mHag gene recognized by a given CTL clone can be
precisely identified using: SNP array “analysis " of pooled DNA
generated from immortalized lymphoblastoid cell lines (LCLs) that
are immunophenotyped into mHag* and mHag~ groups by CRA.I!
The mapping tesolution has now been improved from séveral Mb
for conventional linkage analysis to an average haplotype block
size of less than 100 kb,'? usually containing a handful of candidate
genes. Nevertheless, it still requires laborious' DNA pooling and
scanning of SNP arrays with professional expertise for individual
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CTLs."! To circumvent these drawbacks, we have sought to take
advantage of publicly available HapMap resources. Here, we
describe a powerful approach for rapidly identifying mHAg loci
using a large genotyping data set and LCLs from the International
HapMap Project for genome-wide association analysis.!>-13

Methods

Celi lines and CTL clones

The HapMap LCL samples were purchased from the Coriell Institute
(Camden, NJ). All LCLs were maintained in RPM11640 supplemented with
10% fetal calf serum, 2 mM L-glutamine, and 1 mM sodium pyruvate.
Because the recognition of a mHag requires presentation on a particular
type of HLA molecule, the LCLs were stably transduced with a retroviral
vector encoding the restriction HLA ¢cDNA for a given CTL clone when
necessary. !¢

CTL lines were generated from recipient peripheral blood mononuclear
cells obtained after transplantation by stimulation with those harvested
before HSCT after irradiation (33 Gy), and thereafter stimulated weekly in
RPMI 1640 supplemented with 10% pooled human serum and 2 mM
L-glutamine. Recombinant human inerleukin-2 was added on days 1 and 5
after the second and third stimulations. CTL clones were isolated by
standard limiting dilution and expanded as previously described.!®!” HLA
restriction was determined by conventional CRAs against a panel of LCLs
sharing HLA alleles with the CTLs. All clinical samples were collected
based on a protocol approved by the Institutional Review Board Committee
at Aichi Cancer Center and the University of Tokyoand after written
informed consent was obtained in accordance with the Declaration of
Helsinki.

Immunophenotyping of HapMap LCLs and high-density
genome-wide scanning of mHag loci

Case (mHag™) - control (mHag ™) LCL panels were generated by screening
corresponding restriction HLA-transduced CHB and JPT HapMap LCL
panels with each CTL clone using CRAs. Briefly, target cells were labeled
with 0.1 mCi of 3'Cr for 2 hours, and 10 target cells per well were mixed
with CTL at a predetermined E/T ratio in a standard 4-hour CRA. All assays
were. performed at least in duplicate.. The percent specific lysis was
calculated by ((Experimental cpm - Spontaneous cpm) / (Maximum cpm -
Spontaneous cpm)) X 100. After normalization by dividing their percent
specific. lysis values by that of positive control LCL (typically recipient-
derived LCL corresponding to individual CTL clones), the mHag status of
each HapMap LCL was defined as positive, negative, or undetérmined.

To identify mHag loci, we performed association tests for all the

Phase IT HapMap SNPs, by calculating ¥ test statistics based on 2 X 2

contingency tables with regard to the mHag status as measured by CRA and
the HapMap genotypes (presence or absence of a particular allele) at each
locus. x* were calculated for the 2 possible mHag allelés at each locus and
the larger value was adopted for each: SNP. While: different test statistics
may: be: used showing different. performance;- the ¥ statistic is- most
convenient for the purpose of power estimation as described below. The
maximum value of the x? statistics was evaluated against the thresholds
empirically calculated from 100 000 random permutations within a given
LCL set. The program was written in C++ and will run on a unix clone. It
will be freely distributed on request. Computation of the statistics was
performed within several seconds on a Macintosh equipped’ with 2 X
quadcore 3.2 GHz Zeon processors (Apple, Cupertino, CA), although
100 000 permutations took several hours on average.

Evaluation of the power of association tests using HapMap
samples
The genotyping data of the Phase IT HapMap'# were obtained from the

International HapMap Project website (http://www.hapmap.org/genotypes/
latest_ncbi_build35), among which we used the nonredundant data sets
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(excluding SNPs on the Y chromosome) from 60 CEU (Utah residents with
ancestry from northern and western Europe) parents, 60 YRI (Yoruba in
Ibadan, Nigeria) parents, and the combined set of 45 JPT (Japanese in
Tokyo, Japan) and 45 CHB (Han Chinese in Beijing, China) unrelated
people. They contained 3901 416 (2 624 947 polymorphic), 3 843 537
(295 293 polymorphic), and 3 933 720 (2 516 310 polymorphic) SNPs for
CEU, YRI, and JPT -+ CHB, respectively.

To evaluate the power, we first assumed that the Phase Il HapMap SNP
set contains the target SNP of the relévant mHag or its complete proxies,
and that the immunologic assays can completely discriminate / mHag* and
JmHag™ HapMap LCLs. Under this ideal condition, the test statistic, or ?,
for these SNPs takes a definite value, fli,/) = i+, which was compared with
the maximum x2 value, or its distribution, under the nuil hypothesis, that is,
no SNPs within the Phase Il HapMap set should be associated with the
mHag locus. Unfortunately, the latter distribution cannot be calculated in an
explicit analytical form but needs to be empirically determined based on
HapMap data, because Phase I HapMap SNPs are mutually interdependent
due to extensive linkage disequilibrium within human populations. For this
purpose, we simulated 10 000 case-control panels by randomly choosing
i mHag* and j mHag~ HapMap LCLs for various combinations of (i) and
calculated the maximum x2 values (x%,,) for each panel to identify those
(i.j) combinations, in which f{i,j) exceeds the upper 1 percentile point of the
simulated 10 000 maximum values, g(i,/)" = L.

When proxies are not complete (ie, 2 < 1), the expected values will be
decayed by the factor of 12, and further reduced due to the probabilities of
false positive (fp) and negative (fy) assays, and expressed as
Rijy = (i + j) X 2 through an apparent /2 (/2) as provided in formula 1.!
Under given probabilities of assay errors and maximum LD strength
between markers and the mHag allele, we can expect to identify target
mHag loci for those (7,j) sets that satisfy fli,/) - g(i,/)” = 0.

Empirical estimation of distributions of 2

The maximum 72 value (+%,,,) between a given mHag allele and one or
more Phase II HapMap SNPs was estimated based on the observed
HapMap data set. Each Phase Il HapMap SNP was assumed to represent a
target mHag allele, and the (1%, was calculated, taking into account all
the Phase I HapMap SNPs less than 500 kb apart from the target SNP.

Confirmatory genotyping

Genotyping was carried out either by TagMan MGB technology (Applied
Biosystems, Foster City, CA) with primers and probes for HA-1 mHag
according to the manufacturer’s protocol using an ABI 7900HT with the aid
of SDS version 2.2 software (Applied Biosystems) or by direct sequencing
of amplified cDNA for the SLCIAS gene. cDNA was reverse traniscribed
from total RNA extracted from LCLs, and polymerase chain reaction (PCR)
was conducted with cDNA with the corresponding primers. Amplified DNA
samples were sequenced using BigDye Terminator version 3.1 (Applied
Biosystems). The presence or absence (deletion) of the UGT2BI7 gene was
confirmed by genomic. PCR' with" 2 primer séts for exons 1 and 6 as
described previously'® using DNA isolated from ECLs of interest.

Epitope mapping

A series of deletion mutant cDNAs were desigined and cloned into
pcDNA3.1/V5-His TOPO plasmid (Invitrogen, Carlsbad, CA). Thereafter,
293T cells that had been transduced with restricting HLA class I cDNA for
individual CTL clones were transfected with each of the deletion mutants
and cocultured with the CTL clone overnight to induce interferon (IEN)-y
release, which was then evaluated by enzyme-linked immunosorbent assay
(ELISA) as previously described.?

For SLCIAS, expression plasmids encoding full-length cDNA and the
exon 1 of recipient and donor origin were first constructed because only the
SNP in the exon 1 was found to be concordant with susceptibility to
CTL-3B6. Next, amino (N)- and (carboxyl) C-terminus—truncated mini-
genes encoding polypeptides around the polymorphic amino acid defined
by the SNP were amplified by PCR from SLCIAS exon 1 ¢cDNA as template
and cloned into the above plasmid. The constructs all encoded a Kozak
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Figure 1. Numbers of positive and negative LCLs required for

| mHag

pping. The target locus was assumed 1o be uniquely identified, if the expected »?

value for the target SNP (i), see Document S1) exceeded the upper 1 percentile point of the maximum »2 values in 10 000 simulated case-control panels {gli)P=01).
Combinations of the numbers of mHag* (vertical coordinates) and mHag™ (horizontal coordinates) samples satisfying the above condition are shown in color gradients
corresponding to different max 2 values between the target SNP and one or more nearby Phase 1l HapMap SNPs (%), ranging from 0.4 to 1.0. Calculations were made for
3 HapMap population panels, CHB -+ JPT (top), YR (middle), and CEU (bottom) and for different false positive and negative rates, fp = fy = 0 (left), fp = 0.1,fy = 0 (middle),
and fe = 0.1,fy = 0.05 {right), considering the very low false negative assays for CRAs.

sequence and initiator methionine (CCACC-ATG). and for' C-terminus
deletions a stop codon (TAG).

For UGT2BI17, a series of C-terminus deletion mutants with approxi-
mately 200 bp spacing was first constructed as above. For further mapping,
N-terminus deletion mutants were added to the region that was deduced to
be potentially encoding the CTL-1B2 epitope. For prediction of a CTL
epitope, the HLA Peptide Binding Predictions algorithm on the BioInformat-
ics & Molecular Analysis. Section. (BIMAS) website: (http://www.
bimas.cit.nih.gov/molbio/hla_bind/)!® was used because HLA-A*0206 has
a similar binding motif to that of A*0201.

Epitope reconstitution assay

The candidate mHag epitopes and allelic counterpart peptides (in case of
SLCIAS) were synthesized by standard Fmoc chemistry. 3!Cr-labeled
mHag~ donor LCL were incubated with graded concentrations of the
peptides and then used as targets in standard CRAs.

Results and discussion
Statistical approach and estimation of potential overfitting

We reasoned that the mHag locus recognized by a given CTL clone
could be defined by grouping LCLs from a HapMap panel into

mHag™® and mHag™ subpanels according to their susceptibility to
lysis by the CTL clone and then performing an association scan
using the highly qualified HapMap data set containing more than
3 000 000 SNP markers. The relevant genetic trait here is expected
to show near-complete penetrance, and the major concern with this
approach arises from the risk of overfitting observed phenotypes to
one or more incidental. SNPs: with this large number of HapMap
SNPs under the relatively limited size of freedom due to: small
numbers of independent HapMap samples (90 for JPT + CHB and
60 for CEU and YRI, when not including their offspring).!?

To address this problem, we first estimated the maximum
sizes' of the test statistics (here, x? values) under the null
hypothesis (ie, no associated SNPs within the HapMap set) by
simulating 10 000 case-control HapMap panels under different
experimental conditions, and compared them with the expected
size of test statistic: values from the marker SNPs associated
with the target SNP, assuming different linkage disequilibrium
(LD), or r* values in. between. As shown: in Figure 1; the
possibility of overfitting became progressively reduced as the
number of LCLs increased, which would allow for identification
of the target locus in a broad range of 12 values, except for those
mHags having very low minor allele frequencies (MAF) below
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approximately 0.05. According to our estimation using the Phasell
HapMap data (see “Methods”), the majority (> 90%) of common target
SNPs (MAF > ~ 0.05) could be captured by one or more HapMap
SNPs with more than 0.8 of > (Figure S1, available on the Blood
website; see the Supplemental Materials link at the top of the online
article), ensuring a high probability of detecting an association (Figure 1
left panels). The simulation of pseudo-Phase II sets generated from the
ENCODE regions provided a similar estimation.!” False positive and
negative immunophenotyping results could also complicate the detec-
tion, reducing the expected test statistics through the “apparent” 72

15

values (%), as defined by

(I~ fo = f)
(—fr+ fighl — fu +fola)

where f;, fy, and g represent false typing probabilities with positive and
negative LCL panels, and the ratio of the positive to the negative LCL
number, respectively. However, the high precision of cytotoxicity assays
(fr ~ < 0.1, fyy ~= 0) limits. this drawback from the second term to
within acceptable levels and allows for sensitive mHag locus mapping
with practical sample sizes (Figure 1 middle and right panels), suggest-
ing the robustness of our novel approach.

n P=r" X

Evaluation of the detection power for known mHags

Based on these considerations, we then assessed whether this
approach could be used to correctly pinpoint known mHag loci
(Table S1). Because the relevant mHag alleles are common SNPs
and directly genotyped in the Phase II HapMap set, or if not,
located: within a well-defined LD block recognized in this set
(Figure S2), their Joci would be expected to be uniquely deter-
mined with an acceptable number of samples, as predicted from
Figure 1. To test this experimentally, we first mapped the locus for
HA:1¥ 'mHag” by evaluating recognition of the HLA-A*0206-
transduced HapMap cell panel with HLA-A*0206-restricted CTL-
4B1.20 After screening 58 well-growing LCLs from the JPT + CHB
panel with CRAs using CTL-4B1 (Figure S3A; Tables S2,53), we
obtained 37 mHag™ and 21 mHag™ LCLs, which were tested for
association at 3 933 720 SNP loci. The SNP (rs1801284) encoding
the mHag is located within. a HapMap LD block on
chromosome 19q13.3, but is not directly genotyped within this data
set. The genome-wide scan clearly indicated a unique association
with the HA-1" locus within the HMHAI gene, showing a peak x?
statistic of 52.8 (not reached in 100 000 permutations) at 1s10421359
(Figures 2A,3A; Tables $2,53).
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Identification of novel mHags

‘We next applied this method to mapping novel mHags recognized
by CTL clone 3B6, which is HLA-B*4002-restricted; and CTL
clone 1B2, which is HLA-A*0206-restricted. Both clones had
been isolated from peripheral blood samples of post-HSCT differ-
ent patients. In preliminary CRAs with the JPT + CHB panel,
allele frequencies of target mHags for CTL-3B6 and CTL-1B2 in
this panel were  estimated as approximately 25% and approxi-
mately 45%, respectively (data not shown). After screening

72 JPT + CHB LCLs with CTL-3B6, 36 mHag* and 14 mHag~
LCLs were obtained, leaving 22 LCLs undetermined based on
empirically determined thresholds (> 51% for mHag + LCLs and
<'11% for mHag-LCLs; Figure S3B, Tables S2,S4). As shown in
Figure 2B, the »2 statistics calculated from the immunophenotyp-
ing data produced discrete peaks in the LCL sets. The peak in
chromosome 19q13.3 for the CTL-3B6 set showed the theoreti-
cally’ maximum ¥ value of 50 (not reached in 100 000 permuta-
tions) at 1s3027952, which was mapped within a small LD block of
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exon 1 with various N- and C-terminus deletions around ttie amino acid encoded by SNP rs51983014, and minigenes encoding AEATANGGLAL and its allélic colnterparnt

AEPTANGGLAL were constructed and transfected into' HLA-B*4002-transduced 2937 cells. Intefferon (IFN)-y was assessed by ELISA (right column) after coculture of
CTL-3B1 with 293T transfectants. (B) Epitope reconsiitution assay with synthetic undecameric peptides, AEATANGGLAL and AEPTANGGLAL. (C) Structure of the UGT2B17
gene and screening of UGT2B817 ¢cDNA and deletion mutants. HLA-A*0206-transduced 293T cells were transfected with each plasmid and cocultured with CTL-2B1. IFN-

production from CTL-1B2 (right column) indicated that the epitope was likely encoded by nuclectides 1448-1586, including 30 nucleotides from position 1566 that could

potentially encode part of the epitope. (D) Epitope prediction using the HLA Peptide Binding Predictions algorithm. '® Because HLA-A*0201 and-A*0206 have similar peptide
binding motifs,% the algorithm for HLA-A*0201 was used to predict candidate epitopes recognized by CTL-1B2. Values in parentheses indicate the predicted half-time of
dissociation. (E) Epitope reconstitution assays with graded concentrations of synthetic nonameric peptides shown in panel D.

approximately 182 kb, or more narrowly within its 35 kb sub-block
containing a single gene, SLCIAS, as a candidate mHag. gene
(Figure 3B). In fact, when expressed in 293T cells with- HLA-
B*4002 transgene; recipient-derived, but not donor-derived; SLCIAS
¢DNA was able to stimulate IFN-vy secretion from CTL-3B6
(Figure 4A), indicating that SLCIAS actually encodes the target

mHag recognized by CTL-3B6. Conventional epitope mapping
using: a. series of deletion mutants of SLCIA5 cDNA finially
identified an undecameric peptide, AEATANGGLAL., as the mini-
mal epitope. (Figure 4A). The donor-type AEPTANGGLAL in-
duced IFN-y with a 2-log lower efficiency, suggesting that
AEPTANGGLAL may not be transported efficiently into the ER
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because endogenous expression of a minigene encoding AEPTANG-
GLAL was not recognized by CTL-3B1 (Figure 4B). Unfortu-
nately, although the peak statistic value showed the theoretically
maximum value for this data set, it did not conform to the relevant
SNP for this mHag (rs3027956) due to high genotyping errors of
the HapMap data at this particular SNP. However, the result of our
resequencing showed complete concordance with the presence of
the 1s3027956 SNP and recognition in the cytotoxicity assay
(Table S4).

Similarly, 13 mHag* and 32 mHag™ LCLs were identified from
the screening of 45 JPT LCLs from the same panel using CTL-1B2
(Figure S3C; Tables $2,S5). The x* statistics calculated from the
immunophenotyping data produced bimodal discrete peaks with
this LCL set. The target locus for the mHag recognized by
CTL-1B2 was identified at a peak (max x> = 44, not reached
in 100 000 permutations) within a 598-kb block on chromo-
some 4q13.1, coinciding with the locus for a previously reported
mHag, UGT2B17'® (Figures 2C, 3C). In fact, our epitope mapping
using UGT2B17 ¢cDNA deletion mutants (Figure 4C), prediction of
candidate epitopes by HLA-binding algorithms!® (Figure 4D) and
epitope reconstitution assays (Figure 4E), successfully identified a
novel nonameric peptide, CVATMIFMI. Of particular note, this
mHag was not defined by a SNP but by a CNV (ie, a null allele!®)
that is in complete LD with the SNPs showing the maximum X
value (Table S5). Transplanted T cells from donors lacking both
UGT2B17 alleles are sensitized in recipients possessing at least
1 copy of this gene.!® Although LD between SNPs and CNVs has
been reported to be less prominent,®! this is an example where a
CNV trait could be captured by a SNP-based genome-wide
association study.

The recent. generation of ‘the HapMap has had a profound
impact on human genetics.'>" In the field of medical genetics, the
HapMap is a central resource for the development of theories and
methods that have made well-powered, genome-wide association
studies of common human diseases a reality.**?® The HapMap
samples provide not only an invaluable reference for genetic
variations within human populations, but highly qualified geno-
types that enable gene-wide scanning. Here, we have demonstrated
how effectively HapMap resources can be used for genetic
mapping of clinically relevant human traits, No imputations and
tagging strategies are required®>?® and the potential loss. of
statistical power due to very limited sample sizes is circumvented
by accurate immunologic detection of the traits.

Using publicly available HapMap resources, high-throughput
identification of mHag genes is possiblé without highly specialized
equipment or expensive microarrays. Except for clinically irvel-
evant mHags with very low allele frequencies (eg, MAF < 5%),
the target of a given CTL can be sensitively mapped within a mean
LD block size, typically containing just a few candidate genes. The
methodology described here will facilitate construction of a large
panel of human mHags including those presented by MHC class Il
molecules; and promote our  understanding - of - human allo-
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immunity and development of targeted allo-immune therapies for
hematologic malignancies.’? The HapMap scan approach may be
useful for exploring other genetic traits or molecular targets (eg,
differential responses to some stress or drugs), if they can be
discriminated accurately through appropriate biologic assays. In
this context, the recent report that we may reprogram the fate of
terminally differentiated human celis? is encouraging, indicating
possible exploration of genotypes that are relevant to cell types
other than immortalized B cells.

Acknowledgments

We thank Drs P. Martin and W. Ho for critically reading the
manuscript; and Ms Keiko Nishida, Dr Ayako Demachi-Okamura,
Dr Yukiko Watanabe, Ms Hiromi Tamaki, and the staff members of
the transplant centers for their generous cooperation and technical
expertise.

This study was supported in part by a grant for Scientific
Research on Priority Areas (B01; no.17016089) from the Ministry
of Education, Culture, Science, Sports, and Technology, Japan;
grants for Research on the Human Genome, Tissue Engineering
Food Biotechnology and the Second and Third Team Comprehen-
sive 10-year Strategy for Cancer Control (no. 26) from the Ministry
of Health, Labor, and Welfare, Japan; and a grant-in-aid from Core
Research for Evolutional Science and Technology (CREST) of
Japan.

Authorship

Contribution: M.K. performed most of immunologic experiments
and analyzed data and wrote the manuscript; Y.N. performed the
majority of genetic analyses and analyzed the data; HT., TK.,
M.Y., S.M. and K.Tsujimura performed research; K.Taura contrib-
uted to the computational simulation; Y.L, Taro T., K.M., Y.K. and
Y.M. collected clinical data and specimens; T.I., HT., SRR,
Toshitada T. and K.K. contributed to data analysis and interpreta-
tion, and writing of the article; and Y.A. and S.O. supervised the
entire project, designed and coordinated most of the experiments in
this study, and contributed to manuscript preparation.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Seishi Ogawa, MD, PhD, Department of
Hematology and Oncology, Department of Regeneration Medicine
for Hematopoiesis, The 21st Century COE Program, Graduate
School of Medicine, University of Tokyo, 7-3-1, Hongo, Bunkyo-
ku; Tokyo 113-8655; Japan; e-mail: sogawa-tky @umin.ac.jp; or
Yoshiki- Akatsuka, MD, PhD, Division. of Immunology, Aichi
Cancer Center Research Institute; 1-1. Kanokoden, Chikusa-ku,
Nagoya 464-8681, Japan; e-mail: yakatsuk @aichi-cc.jp.

1. Bleakley M, Riddell SR. Molecules and mecha-

nisms of the graft-versus-leukaemia effect. Nat
Rev Cancer. 2004;4:371-380.

. Spierings E, Goulmy E. Expanding the immuno-
therapeutic potential of minor histocompatibility
antigens. J Clin Invest. 2005;115:3397-3400.

. de Rijke B, van Harssen-Zoetbrood A, Beekman

JM, et al. A frameshift polymorphism in P2X5 elic-
its an allogeneic cytotoxic T lymphocyte response

associated with remission of chronic myeloid leu-
kemia. J Giin Invest. 2005;115:3506-3516.

. Marijt WA, Heemskerk MH, Kioosterboer FM, et

al. Hematopoiesis-restricted minor histocompat-
ibility antigens HA-1- or HA-2-specific T cells can
induce complete remissions of relapsed leuke-
mia. Proc Natl Acad Sci U S A. 2003;100:2742-
2747.

. Spierings E, Hendriks M, Absi L, et al. Phenotype

frequencies of autosomal minor histocompatibility

antigens display significant differences among
populations. PLoS Genet. 2007;3:¢103.

. Brickner AG, Warren EH, Caldwell JA, et al. The

immuniogenicity of a new human minor histocom-
patibility antigen restlts from differential antigen
processing. J Exp Med. 2001;193:195-206.

. den Haan JM, Meadows LM, Wang W, et al. The

minor histocompatibility antigen HA-1: a diallelic
gene with a single amino acid polymorphism. Sci-
ence. 1998;279:1054-1057.



