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Abstract Polymorphism in 5,10-methylenetetrahydrofo-
late reductase (MTHFR), a central enzyme in folate
metabolism, has been shown to affect the sensitivity of
patients to folate-based drugs such as methotrexate. In this
study, we investigated whether a common single nucleotide
polymorphism at position 677 in the donor or recipicnt’s
MTHFR gene affects the risk for acute graft-versus-host
disease (GVHD) following allogeneic hematopoietic stem
cell transplantation (HSCT) from HLA-identical sibling
donors when the recipient receives prophylactic treatment
with methotrexate for GVHD. MTHFR genotypes were
determined in 159 recipients with a hematological disease
and their donors using polymerase chain reaction—restric-
tion fragment length polymorphism analysis of genomic
DNA. The 677TT genotype, which encodes an enzyme
with approximately 30% of the activity of the wild-type
(677CC), was observed in 13% of patients and in 8% of
normal donors. Multivariate analyses demonstrated a sig-
nificant association between 677TT genotype in patients
and a lower incidence of grade I1-IV acute GVHD (relative
risk, 0.35; 95% confidence interval, 0.13-0.95; P = 0.040).
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There was no association between the incidence of acute
GVHD and the donor MTHFR genotypes. These results
suggest that greater immunosuppression by methotrexate
due to low MTHFR enzyme activity decreases the risk of
acute GVHD in recipients of allogeneic HSCT,
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1 Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT)
is widely used to treat various hematological diseases, but
patients can suffer from transplant-related complications
including graft-versus-host disease (GVHD), treatment-
related toxicities, and infection [I, 2]. The optimal
matching of HLAs between the recipient and donor mini-
mizes these complications, especially GVHD. Also,
genetic polymorphism in non-HLA genes is now recog-
nized as important [3). Non-HLA genetic polymorphisms
that can predict the risk and severity of GVHD are found in
genes encoding minor histocompatibility antigens, pro- and
anti-inflammatory cytokines, non-cytokine immunoregula-
tors, and drug-metabolizing enzymes [4-7]. In a previous
study, we analyzed the association between homozygous
glutathione S-transferase M1 and T1 gene deletions in the
recipient and donor with various outcomes of HSCT, and
we found a significant association between the presence of
the glutathione S-transferase M1 enzyme in the recipients
and higher treatment-related mortality (TRM) as well as a
lower rate of survival [8]. In another study, we reported
that a homozygous gene deletion leading to a null pheno-
type for the UDP-glycosyliransferase 2 family, polypeptide
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B17 enzyme [9], is an independent risk factor for higher
TRM and lower survival after HSCT [10].

Here, we focused our attention on 5,10-methylenetetra-
hydrofolate reductase (MTHFR). MTHFR is a central
regulatory enzyme in folate metabolism that converts 5,10-
methylenetetrahydrofolate to 5,10-methyltetrahydrofolate
[11]. A common functional polymorphism of the MTHFR
gene occurs at C677T (alanine222valine) [12]. The 677TT
genotype produces an enzyme with only 30% of the activity
of the wild-type (677CC) enzyme in vitro and this decrease
in activity leads lower level of 5,10-methyltetrahydrofolate
and an accumulation of 5,10-methylenetetrahydrofolate.

Methotrexate (MTX) is a folate pathway inhibitor and is
as an important immunosuppressive agent used for pro-
phylactic treatment of GVHD following HSCT [13]. MTX
exerts its cytotoxic effect by inhibiting the activity of
dihydrofolate reductase, which decreases intracellular lev-
els of 5,10-methylenctetrahydropholate (a substrate for
thymidylate synthase), directly inhibits purine biosynthesis,
and ultimately suppresses DNA synthesis [14). The
MTHFR C677T polymorphism has been shown to affect
the sensitivity of patients to MTX. A recent study by Ro-
bien et al. of HSCT recipients from unrelated or related
donors receiving prophylactic MTX for GVHD found that
recipients with the MTHFR 677TT genotype have a lower
incidence of acute GVHD [15]. Another study by Murphy
et al. [16] of related HSCT recipients receiving MTX
detected an association between the 677TT genotype in the
donor but not the recipient, and a lower risk for GVHD. In
contrast, a study by Pihusch et al. [17] of HSCT recipients
from unrelated or related donors receiving MTX showed
that the risk for acute GVHD was unrelated to the MTHFR
C677T genotype in the recipient or donor. Thus, the
influence of the MTHFR C677T polymorphism in the
recipient and donor on GVHD remains controversial.

In this study, we analyzed the association between the
MTHFR genotype either in recipients receiving MTX or
their HLA-identical sibling donors with the outcome of
HSCT. We found an association between the 677TT geno-
type in the recipient and a lower incidence of acute GVHD,
but there was no association between the presence of this
polymorphism in the donor and the outcome of HSCT.

2 Patients and methods

2.1 Patients

The study population included adult patients who had
received bone marrow or peripheral blood stem cell
transplantation from an HLA-identical sibling donor at the

Nagoya University Hospital or the Japanese Red Cross
Nagoya First Hospital between June 1987 and December
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2006. A total of 159 patients and donor pairs were selected
according to the following inclusion criteria: (1) short-term
MTX and cyclosporin A were used as prophylaxis for
GVHD; (2) an unmanipulated graft was transplanted; (3)
DNA samples were stored and available for genotyping;
and (4) clinical outcome data were available. All patients
received scheduled doses of MTX as follows: 10 mg/m? on
day 1, and 7 mg/m? on days 3 and 6 after transplantation,
without leucovorin rescue, Dose reduction was not made in
any patients. Cyclosporin A was administered intrave-
nously at a dose of 3.0 mg/kg from day—1. and the doses
were adjusted to maintain the whole blood trough level
between 150 and 250 ng/ml until the patient tolerated oral
administration. If the patient had neither uncontrollable
GVHD nor gastrointestinal damage, cyclosporin A was
given orally and then decreased gradually. Discontinuation
of cyclosporin A due to its toxicity or for induction of
graft-versus-leukemia effect was not done in any patients.

The characteristics of the patients are summarized in
Table 1. One hundred and forty-three patients were treated
for malignant diseases and 77 were classified as having

Table 1 Patient characteristics

n=159
Age, median, ¥ (range) 38 (15-62)
Sex, n
Male 90
Female 69
Discase, n
Malignant
Acute myeloid leukemia 48
Acute lymphoblastic leukemia 28
Chronic myeloid leukemia 19
Myelodysplastic syndrome 16
Multiple myeloma 5
Non-Hodgkin's lymphoma 5
Hodgkin's lymphoma |
Adult T cell leukemia 1
Non-malignant
Severe aplastic anemia 5
Paroxysmal noctumal hemoglobinuria |
Status of malignant discase, n
Standard i
Advanced 66
Pretranspl | 2 regi n
Myeloablative regimen 139
Non-myeloablative regimen 20
Stem cell source, n
Bone marrow 122
Peripheral blood 37
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standard-risk diseases, including acute myeloid leukemia in
first remission (n = 24), acute lymphoblastic leukemia in
first remission (n = 18), chronic myeloid leukemia in first
chronic phase (n = 32), and myelodysplastic syndrome
classificd as refractory anemia (n = 3). All other hemato-
logical malignancies were considered as advanced
discases. Twenty patients received a fludarabine-including
regimen with 2 Gy of total body irradiation or without total
body irradiation, which was defined as a non-myeloablative
regimen.

Patients who achieved neutrophil recovery (=>500/ul)
after transplantation were evaluated for acute GVHD, and
patients who survived at least 100 days after transplanta-
tion were evaluated for chronic GVHD. Acute and chronic
GVHD were graded according to standard criteria [18, 19],
TRM was defined as any death that occurred while the
patient was in remission. Relapse-free survival (RFS) was
defined as the number of days from transplantation to
disease progression or death from any causes other than
disease progression. Overall survival (OS) was defined as
the number of days from transplantation to death from any
cause. Common Terminology Criteria for Adverse Events
version 3.0 was used 1o assess the severity of mucositis/
stomatitis and abnormality of laboratory data including
bilirubin, aspartic transaminase, alanine transaminase, and
alkaline phosphatase based on the peak level within
14 days after transplantation [20]. Informed consent was
obtained from all patients and donors, and the study was
approved by the ethics committees at Nagoya University
School of Medicine and Japanese Red Cross Nagoya First
Hospital.

2.2 Determination of the MTHFR C677T
polymorphism

The MTHFR C677T polymorphism was determined by
polymerase chain reaction (PCR)-restriction fragment
length polymorphism method using genomic DNA from
donor and patient cells as described previously [12]. The
sense and antisense primers used for PCR were 5-TGAA
GGAGAAGGTGTCTGCGGGA-3" and 5-AGGACGGTG
CGGTGAGAGTG-¥, respectively. Each PCR (20 pl total
volume) contained 0.4 pl of Advantage 2 Polymerase Mix
(Clontech Laboratories, Inc., Mountain View, CA, USA),
0.2 mmol/l of each of the four deoxyribonucleotide,
10 pmol of each primer for MTHFR, 2 pl of 10x Advan-
tage 2 PCR buffer, and 0.5 pl genomic DNA extracted from
peripheral blood or bone marrow before transplantation or
from Epstein-Barr virus-transformed lymphoblastoid cells
established from pretransplant cryopreserved peripheral
blood mononuclear cells. Amplification was carried out for
30 cycles of denaturation at 95°C for 30 s, annealing at
68°C for 10 s, and elongation at 72°C for 15 s on a model

9600 thermocycler (Perkin-Elmer, Norwalk, CT, USA).
After amplification, the 198-bp MTHFR fragment was
digested overnight at 37°C with 10 units of Hinfl (New
England BioLabs, Inc., Ipswich, MA, USA) in a 20-pl
reaction containing 17 pl of PCR fragment and 2 pl of 10x
NEBuffer 2. A 15-pl sample of the digestion products was
analyzed by electrophoresis on a 2% agarose gel. Wild-type
(CC) individuals were identified by the presence of only a
198-bp fragment, heterozygotes (CT) by the presence of
both 175/23 and 198-bp fragments, and homozygotes (TT)
by the presence of only the 175 and 23-bp fragments.

2.3 Suatstical analysis

A chi-square test with 2 x 2 contingency tables was used
to evaluate differences in the frequencies of MTHFR
C677T polymorphism between patients and donors, The
Cox proportional hazard model was applied to univariate
and multivariate analyses to identify risk factors for acute
GVHD (grade I-IV or II-IV), chronic GVHD, TRM,
relapse, RFS, OS, mucositis/stomatitis (grade 1-4, 24, or
3-4), and abnormality of bilirubin, aspartic transaminase,
alanine transaminase, and alkaline phosphatase (grade 1-4
or 2-4) [21]. All variables with P < 0.10 were entered into
the multivariate logistic regression. The following vari-
ables were evaluated: patient age (continuous variable),
year of transplantation (continuous variable), disease (non-
malignant disease vs. malignant disease), disease status of
hematological malignancy at the time of transplantation
(advanced disease vs. standard disease), pretransplant
conditioning regimen (non-mycloablative regimen vs.
myeloablative regimen), stem cell source (bone marrow vs.
peripheral blood), acute GVHD (grade I-IV vs. grade 0 and
grade [I-1V vs, grade 0-I), patiecnt MTHFR genotype (TT
vs. CC/CT and TT/CT vs. CC), and donor MTHFR geno-
type (TT vs. CC/CT and TT/CT vs. CC). P < 0.05 was
regarded as including a statistically significant difference,
and P value between 0.05 and 0.1 as suggesting a trend.
The incidence of acute GVHD was analyzed using the
Kaplan-Meier method, and log rank test was used to ana-
lyze the differences [22].

3 Results
3.1 Frequencies of MTHFR C677T genatypes

The frequencies of the CC, CT, and TT genotypes in the
patients and donors are summarized in Table 2. There was
no significant difference in the distribution pattern of the
CG677T genotypes between all patients and donors
(P = 0.19). In the patients with myelodysplastic syndrome,
the frequency of the CC genotype was 56%, which was

Q_ Springer
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Table 2 Distribution of the MTHFR C677T polymorphism in
patients and donors

thnt)'}x
CcC CcT TF

Patients, n (%)

Towl 56 (35) 83 (52) 200(13)
Acute myeloid leukemia 17 (35) 25 (52) 6(13)
Acute lymphoblastic leukemia 9(32) 14 (50) 5(18)
Chronic myeloid leukemia 14 (36) 20 (5D 5(13)
Myelodysplastic syndrome 9 (56) 6 (38) 1(6)
Severe aplastic anemia 3(20) 10 (67) 2(13)
Others 4 (3 8 (61) 1(8)

Donors, n (%) 48 (30) 98 (62) 13 (8)

higher than that in patients with other diseases; however,
the distribution pattern of the C677T genotypes in patients
with myelodysplastic syndrome was not significantly dif-
ferent from that in healthy volunteers (P = 0.104).

3.2 Acute GVHD

Acute GVHD developed in 64 (41%) of 156 evaluable
patients. The severity of GVHD was grade 1 in 38 patients
(24%), grade 11 in 17 patients (11%), grade III in 6 patients
(4%). and grade IV in 3 patients (2%). In a univariate
analysis, significant associations with a lower incidence of
grade I-1V acute GVHD were observed in the patients with
a non-malignant disease and the patients with the MTHFR
677TT genotype (Table 3). In a multivariate analysis, both
a non-malignant disease and the patient MTHFR 677TT
genotype were significantly associated with lower inci-
dence of grade 1-1V acute GVHD. When we performed a
multivariate analysis using the patients who received my-
cloablauve regimen (n = 139). significant associations
with a lower incidence of grade I-IV acute GVHD were
observed in the patients with MTHFR 677TT genotype
(P = 0.049) and the patients with a non-malignant disease
(P = 0.035). In the subset of patients with malignant dis-
ease alone (n = 143), significant associations with a lower
incidence of grade I-IV acute GVHD were observed in the
patients with MTHFR 677TT genotype (P = 0.050) and
the patients with a standard disease (P = 0.011).

In a univariate analysis, a significant association with a
lower incidence of grade II-I'V acute GVHD was observed
with the use of bone marrow for transplantation, A trend
toward a lower incidence of grade 1I-IV acute GVHD was
found for higher patient age, years of transplantation and
the use of non-myeloablative regimen. The patient MTHFR
677TT genotype was not significantly associated with
lower incidence of grade 1I-1V acute GVHD (P = 0.11). In
a multivariate analysis, only use of bone marrow was

@ Springer

significantly associated with lower incidence of grade [1-
IV acute GVHD. When we performed a multivariate
analysis using the patients who received myeloablative
regimen (n = 139), a trend toward a lower incidence of
grade 11-1V acute GVHD was observed for the use of bone
marrow (P = 0.088). In the subset of patients with
malignant disease alone (n = 143), only use of bone
marrow was significantly associated with a lower incidence
of grade II-IV acute GVHD (P = 0.011).

We analyzed the incidence of acute GVHD in relation
to the patient MTHFR genotype using the Kaplan—Meier
method. The incidence of grade I-1V acute GVHD in the
patients with the MTHFR 677TT genotype was signifi-
cantly lower than in those with the MTHFR 677CC/CT
genotype (19 vs. 45%; P = 0.035) (Fig. la). There was a
trend toward a lower incidence of grade II-IV acute
GVHD in patients with the 677TT genotype compared
with the 677CC/CT genotype (5 vs. 24%; P = 0.077)
(Fig. 1b).

There was no significant association between the inci-
dence of grade I-1V or grade 11-1V acute GVHD and the
donor MTHFR C677T genotypes in a multivariate analysis
{Table 3). We additionally analyzed the incidence of acute
GVHD in relation to the donor MTHER genotype using the
Kaplan—-Meier method, There was no significant associa-
tion between the incidence of grade I-1V acute GVHD and
the MTHFR 677TT genotype in the donor (677TT geno-
type vs. 677CC/ICT genotypes, 25 vs. 43%; P = (.33)
(Fig. 1c). Grade II-IV acute GVHD was not developed in
any patients who were transplanted from the donor with
MTHFR 677TT genotype.

3.3 Other outcome

Of the 147 evaluable patients, 75 (51%) developed chronic
GVHD, including 16 (11%) with a limited type and 59
(40%) with an extensive type. No association was detected
between the incidence of chronic GVHD and the MTHFR
C677T genotypes in the patient or donor or any other
factors.

Of all 159 evaluable patients, 28 (18%) were dead
without relapse at the time of the survey. In a multivariate
analysis, only higher patient age was significantly associ-
ated with higher TRM (Table 3). We further assessed the
incidence and severity of mucositis/stomatitis and abnor-
mality of liver function based on the peak level within
14 days after transplantation. There was no significant
association between mucositis or liver dysfunction and the
MTHFR genotype in the patient or donor.

Of all 143 evaluable patients with malignant disease, 39
(27%) relapsed after transplantation. In a multivariate
analysis, only the advanced disease was significantly
associated with higher relapse rate (Table 3).

—126—



Impact of MTHFR polymorphism on acute GVHD

455

Table 3 Univariate and

moltivarisse aaalyses:of ridk Outcome and significant factor Univariate anaiysis Multivariate analysis
factors for transplant outcome P Relative risk (95% CI) P
Acute GVHD (I-1V)
Non-mahignant disease 0.037 0.22 (0.05-0.89) 0.034
Patient MTHFR 677TT (vs. CC/ICT) 0.045 035 (0.13-0.95) 0.040
Acute GVHD (11-1V)
Higher patient age® 0.052 NS
Years of transplantation® 0.063 NS
Non-myeloablative regimen 0.086 NS
Bone mamow 0.001 0.32 (0.11-091) 0.032
Treatment-related morality
Higher patient age® 0.0007 1.07 (1.02-1.11) 0.003
Acute GVHD (I-1V) 0.002 NS
Acute GVHD (11-1V) <0.0001 NS
Patient MTHFR 677CC (vs. CT/TT) 0.081 NS
Relapse rate
Higher patient age® 0.050 NS
Advanced disease 0.002 2.74(1.37-547) 0.004
Relapse-free survival
Higher patient age" 0.0003 1.04 (1.02-1.0T) 0.001
Advanced disease 0.002 NS
Bone marrow 0.087 NS
Acute GVHD (1-1V) 0,056 NS
Acute GVHD (II-1V) 0.012 NS
Overall survival
Higher patient age* <0.0001 1.05 {1.03-1.08) 0.0002
Clindicates confidence interval, ~ Mdvanced disease 0.023 e
GVHD graft-versus-host Non-malignant discase 0.089 NS
discase, MTHFR 5,10- Bone marrow 0.067 NS
methylenetetrahydrofolate Acute GVHD (1-1V) 0.002 NS
wdbcease, VY s Bnifioent Acute GVHD (I1-1V) 0.001 NS

* Continuous variable

Of the 143 evaluable patients with a malignant disease,
79 (55%) were alive without relapse at the time of survey.
In a multivariate analysis, only higher patient age was
significantly associated with lower RFS (Table 3). Similar
to the results with RFS, only higher patient age was sig-
nificantly associated with lower OS (Table 3).

4 Discussion

To evaluate the impact of the MTHFR C677T polymor-
phism on the outcome of allogeneic HSCT, we determined
the frequencies of the MTHFR C677T genotypes in patients
with a hematological disease and their HLA-identical sib-
ling donors. The frequencies of CC, CT, and TT genotypes
in the healthy volunteers were 30, 62, and 8%, respectively,
which was compatible with the reported distribution in the
Japanese population [23]. The frequencies of these

genotypes in the studied patients with a hematological
disease were 35, 52, and 13%, respectively. There was no
significant difference in distribution patterns of the CC, CT,
and TT genotypes between donors and all patients. In a
previous meta-analysis, the MTHFR 677TT genotype was
shown to correspond to a reduced risk of acute lympho-
blastic leukemia [24], whereas in our study, the 677TT
genotype was not significantly associated with a reduction
of the risk for acute lymphoblastic leukemia.

The present study demonstrated that the MTHFR 677TT
genotype in adult patients is significantly associated with a
lower incidence of grade I-IV acute GVHD after HSCT
from HLA-identical sibling donors in patients receiving
prophylactic MTX. There was no significant association
between grade II-IV acute GVHD and the C677T poly-
morphism in patients according to multivariate analysis,
but the Kaplan-Meier analysis showed a trend toward a
lower incidence of grade II-1V acute GVHD in the patients
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Fig. 1 Impact of patient MTHFR genotype on the incidence of acute
GVHD. a The incidences of grade 1-1V acute GVHD in the MTHFR
6TTTT patients (solid line; n = 20) and MTHFR 677CC/CT patients
(dotted line; n = 136) were analyzed by the Kaplan-Meier method. b
The incidences of grade 1I-1V acute GVHD in the MTHFR 677TT
patients (solid lime; n = 20) and in MTHFR 6TTCC/CT patients
(dotted line; n = 136) were analyzed by the Kaplan—Meier method. ¢
The incidences of grade -1V acute GVHD in the patients who were
transplanted from the donor with the MTHFR 677TT genotype (solid
line; n=13) and MTHFR GTICC/CT genotypes (dotred line;
n = 146) were analyzed by the Kaplan-Meier method
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with the 677TT genotype than the patients with the 677CC/
CT genotypes (5 vs. 24%; P = 0.077). Of the 156 evalu-
able patients, only 26 (17%) patients developed grade 11—
IV acute GVHD. Because the incidence of severe (grade
11-1V) acute GVHD is low in the Japanese population [25],
further analysis in a larger study population is warranted to
determine whether MTHFR C677T polymorphism is
associated with development of grade II-1V acute GVHD.

MTX inhibits the intracellular activity of dihydrofolate
reductase and other folate enzymes including MTHFR, a
key enzyme in folate metabolism [26]. Although the
hematopoietic cells are of donor origin after HSCT, the
majority of systemic MTHFR activity remains that of the
host tissues. In this study we apparently demonstrated the
lower risk of acute GVHD in the MTHFR 677TT patients
receiving prophylactic MTX for GVHD. This is consistent
with the idea that patient MTHFR genotypes play a vital
role in the overall availability of folate necessary for tissue
repair and donor lymphocyte growth and activity [15].

In contrast to our findings, another study demonstrated
that the MTHFR C677T polymorphism in the donor but not
patient is associated with a higher incidence of acute
GVHD [16]). They showed a significant association
between the MTHFR 677CT or TT genotype in HLA-
matched related donors and a decreased incidence of acute
and chronic GVHD. The authors discussed the possibility
that alloreactive T cells with low MTHFR enzyme activity
could be negatively selected, because 677TT-genotyped
lymphocytic cells show rapid growth in vitro and are more
sensitive to MTX [27, 28]. The differences between their
and our findings may be due to their inclusion of patients
(~27%) who had MTX dose reductions due to severe
mucositis or hepatic dysfunction and/or differences
between Caucasians and Japanese.

Our study could not detect a significant association
between C677T polymorphism and mucositis, liver dys-
function or TRM. However, several studies have shown
that the polymorphism of MTHFR is associated with an
increased risk of MTX toxicity in patients with acute leu-
kemia [29, 30], ovanan cancer [31], breast cancer [32], or
HSCT recipients [33-35]. Ulrich et al. measured the oral
mucositis index score [36] in patients with chronic mye-
logenous leukemia that received HSCT with MTX for the
prophylaxis of GVHD [33]. They found that patients with
lower MTHFR activity (677TT genotype) had a higher
mean oral mucositis index during days 1-18 and a slower
recovery of platelet counts than the patients with a 677CC
genotype, They later increased the size of the study cohort
and confirmed that the MTHFR C677T genotype is a strong
predictor of oral mucositis [34]. In addition, Kim et al. [35]
investigated liver function in MTX-treated patients
receiving HSCT from an HLA-identical sibling donor.
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They found increased peak bilirubin and aspartic trans-
aminase levels in patients with the 677TT genotype.
Further analysis of the influence of the MTHFR C677T
polymorphism focusing on treatment-related toxicities is of
considerable interest.

It is expected that determination of genetic polymor-
phisms in the recipient and/or donor will allow for better
prediction of the development of HSCT-related complica-
tions. Ours and other's studies suggest a decreased risk of
GVHD and other treatment-related toxicities in patients
with the MTHFR 677TT genotype who received MTX as
prophylaxis for GVHD. However, how MTHFR polymor-
phisms affect the biological mechanisms of MTX remains
unclear despite the fact that the molecular and cellular
effects of MTX on cancer cells have been well character-
ized [37]. Accordingly, it is not yet known whether there is
an association between low MTHEFR activity and a
decreased risk of acute GVHD or higher risk of TRM in
patients treated without MTX [38]. Further studies are
needed to confirm that MTHFR C677T polymorphism can
predict the outcome of HSCT using prophylactic MTX 10
prevent GVHD.
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Minor histocompatibility (H) antigens are
the molecular targets of allo-immunity
responsible both for the development of
antitumor effects and for graft-versus-
host disease (GVHD) in allogeneic hema-
topoletic stem cell transplantation (allo-
HSCT). H , despite their p

N .30, tof H

tion scans (WGASs) with cytotoxic T-
lymphocyte (CTL) assays, in which the
genetic loci of minor H genes recognized
by the CTL clones are precisely identified
using pooled-DNA analysis of immonrtal-
ized lymphoblastoid cell lines with/with-

clinical use, our knowledge of human
minor H antigens is largely limited by the
lack of efficient methods of their charac-
terization. Here we report a robust and
efficient method of minor H gene discov-

ery that combines whole genome associa-

out ptibility to those CTLs. Using
this method, we have successfully
mapped 2 loci: one previously character-
ized (HMSD encoding ACC-6), and one
novel. The novel minor H antigen en-
coded by BCL2A1 was identified within a
26 kb linkage disequilibrium block on

logy/Oncology and

chromosome 15925, which had been di-
rectly mapped by WGAS. The pool size
required to identify these regions was no
more than 100 individuals. Thus, once
CTL clones are generated, this method
should substantially facilitate discovery
of minor H antigens applicable to tar-
geted allo-immune therapies and also
contribute to our understanding of hu-
man allo-immunity. (Blood. 2008;111:
3286-3294)

1 2008 by The American Society of Hematology

Introduction

Currently. allogeneic hematopoietic stem cell transplantation {allo-
HSCT) has been established as one of the most effective therapeu-
tic options for hematopoietic malignancies' and is also implicated
as a promising approach for some solid cancers’ lis major
therapeutic benefits are ot I from allo-i ity directed
against patients’ tumor cells (graft-versus-tumor [GVT] effects).
However, the same kind of allo-immune reactions can also be
directed against normal host tissues resulting in graft-versus-host
disease (GVHD). In HLA-matched transplants, both GVT and
GVHD are initiated by the recogmtion of HLA-bound polymorphic
peptides, or minor histocompatibility (H) antigens, by donor
T cells. Minor H anngens are typically encoded by dichotomous
single nucleotide polymorphism (SNP) alleles, and may potentially
be targeted by allo-immune reactions if the donor and recipient are
mismatched at the minor H loci. Identification and charactenization
of minor H antigens that are specifically expressed in hematopoi-
etic tissues, but not in other normal tissues, could contribute to the
development of selective antileukemic therapies while minimizing
unfavorable GYHD reactions, one of the most serious complica-
tions of allo-HSCT.** Unfortunately, the total number of such
useful minor H antigens that are currently molecularly character-

ized is still disappointingly small. including HA-1,* HA-2* ACC-1¥
and ACC-2,7 DRN-7* ACC-6. LB-ADIR-1F.' HB-1.'' LRH-1."*
and 7A7-PANEL," limiting the number of patients eligible for such
GVT-onented immunotherapy.

Several techniques have been developed to wdentfy novel
minor H antigens targeted by CTLs generated from patients who
have undergone wransplantation. Among these, linkage analysis
based on the cytotoxicity of the CTL clones against panels of
lymphoblastoid cell lines (B-LCLs) from large pedigrees was
proposed as a novel genetic approach.'* and has been success-
fully applied to identify novel minor H epitopes encoded by the
BCL2A) and P2RX5 genes.””'* Nevertheless, the technology is
still largely limited by its resolution, especially when large
segregating families are not available. Linkage analysis using
B-LCL panels from the Centre d'Etude du Polymorphisme
Humain (CEPH) could only localize minor H loct within a range
of 1.64 Mb 10 5.5 Mb. which still contained 11 to 46 genes,” 14
thus requiring additional selection procedures to identify the
actual minor H genes.

On the other hand, clinically relevant minor H antigens might
be associsted with common polymorphisms within the human
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population, and therefore could be ideal targets of genelic associa-
tion studies, considering recent advances of large-scale genotyping
technologies and the assets of the International HapMap Project.'*'®
In this alternative genetic approach using the extensive linkage
disequilibrium (LD) found within the human genome, target loci
can be more efficiemly localized within relatively small haplotype
blocks without depending on limited numbers of recombination
events, given the large number of genotyped genetic markers.'”
Moreover, since the presence of a target minor H allele in
individual target cells can be determined by ordinary immunologic
assays using minor H antigen-specific CTLs, the charactenization
of minor H antigens should be significantly more straightforward
than identifying alleles associated with typical common complex
diseases, for which typically weak-to-moderate genetic effects
have been assumed, '™

In this report, we describe a high-performance. cost-effective
method for the identification of minor H antigens, in which whole
genome association scans (WGASs) are performed based on SNP
array analysis of pooled DNA sampl ted from cytotoxicity-
posttive (CTX") and cytotoxicity-negative (CTX ") H-LCLs as
determined by their susceptibility 1o CTL clones. Based on this
method, termed WGA/CTL, we were able 1o map the previously
charactenzed ACC-6 minor H locus 10 a 115-kb block comaming
only 4 genes, including HMSD." Moreover, using the same
approach, a novel minor H antigen encoded by the BCL2A/ gene
was identified within a 26-kb block containing only BCL2AT on
chromasome 13q25. Surprisingly, the pool size required to identify
these regions was no more than 100 individuals, Thus, this
WGOGA/CTL method has significant potential to accelerate the
discovery of minor H antigens that could be used in more selective,
and thus more effective, allo-immune therapies in the near future.

Methods
Cell isolation and cell cultures

This study was approved by the instutonal review board of the Aichi
Cancer Center and the University of Tokyo. All blood or tissue samples
were collected after written informed consent was obtained in accordance
with the Declaration of Helsinki, B-LCLs were derived from allo-HSCT
donors, recipients, and healthy volunieers, B-LCLs were maintained in
RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM
L-glutamine, | mM sodium pyruvate,

Generation of CTL lines and clones

CTL lines were generated from peripheral blood mononuclear cells
(PBMCs) obtained after pl ion by stimulation with frradiated
(33 Gy) recipient PBMCs harvested before HSCT. thereafter stimulated
weekly in RPMI 1640 supplemented with 10% pooled human serum and
2mM (-glutamine. 1L-2 was added on days | and S after the second and
third stimulations. CTL clones were isolated by dard 1i g dilution
and expanded as previously described.” CTL-1B9 was isolated from
PBMCs harvested on day 30 after transplantation from a patient receiving a
marrow graft from his HLA-identical sibling (HLA Al1l. A24, B39, BS),
CwT, Cwl4), and CTL-2A12 has been described recently.”

Chromium release assay

Target cells were labeled with 0.1 mCi (3.7 MBq) of *'Cr for 2 hours. und
10" target cellsiwell were mixed with CTL at the effector-to-target (ET)
ratio indicated in a standard 4-hour evtotoxicity. All assays were performed
at least in duplicate. Percent specific lysis was calculated as follows:
({Experimental cpm — Spontancous cpm) / (Maximum cpm — Spontaneous
cpmi x 100

EFFICIENT MINOR ANTIGEN MAPPING BY SNP ARRAYS 3287

Immunophenotyping by enzyme-linked immunosorbent assay

B-LCL cells (20 000 per well, which had been retrovirally transduced with
restriction HLLA cDNA for individual CTLs, if necessary) were plated in
each well of 96-well round-bottomed plates. and comesponding CTL clones
(10 000 per well) were added to each well, After overmght incubation at
37°C. 50 pl supernatant was collected and released TFN-y was measured
by standard enzyme-linked immunosorbent assay (ELISA).

Construction of pooled DNA and mi ay experiment
Genomic DNA was individually cted from i phenotyped B-
LCLs. Afier DNA alions were d and adjusted to 50 ug/mL

using the PicoGreen dsDNA Quantitastion Reagent (Molecular Probes,
Eugene, OR), the DNA specimens from CTX" and CTX ™ B-LCLs were

bined to g te individual pools. DNA pools were
m]ymu in pairs using Affymetrix GeneChip SNP-genolyping microarmays
{Affymetrix, Tokyo, Japan) according 1o the manufacturer’s protocol.
where 2 independent experiments were performed for each array type (for
more detailed statistical analysis for generated microamay data, u-e
Document S1, available on the Blood website: see the Suppl
Materials link at the 1op of the online article).

Estimation of LD blocks

LD structures of the candidate loci were 1 based on empinical data
from the International Hap Map Project (hup://www.hapmap.org/.'* LD
data for the relevant HapMap panels were downloaded from the HapMap
web  site  and  further  analyzed using  Haploview  software
(hitp:twww broad mit.edw/mpg/haploview/), !

Transfection of 293T cells and ELISA

Twenty d 2937 cells irally duced with HLA A'm”
were plated in each well of 96-well flat 1 plates. cultured

at 37°C, then transfected with 0.12 pg of plasmid containing Tull- lcngth
BCL2AT €DNA generated from either the patient or his donor using Trans
IT-293 (Mirus, Madison, W), B-LCLs of the recipient and his donor were
used as positive and negative controls, respectively. Ten thousand CTL- |B9
cells were added to each well 20 hours after ion. After gh
incubation at 37°C, 50 pl. of supernatant was collecied and IFN-y was
measured by ELISA.

SNP identification by direct sequencing

Compl v DNA prepared from B-LCLs was polymerase chain
reaction (PCR) amplified for the coding region of BCL2A[ using the
following primers: sense: 5-AGAAGATGACAGACTGTGAATTTGG -3
antisense: 5-TCAACAGTATTGCTTCAGGAGAG-3".

PCR products were purified and directly sequenced with the same
primer and BigDye Terminator kit (version 3.1) by using ABI PRISM 3100
(Applied Biosystems, Foster City, CA).

Confirmatory SNP genotyping

Genotyping was carried out using fluorogenic 3'-minor groove binding
(MGB) probes in a PCR assay. PCR was conducted in 10-pl. reactions
containing both allelic probes. 500 nM each of the primers, | X TagMan
Universal PCR Master Mix (ﬁppln:d Bmsyslzmsl. and | pl.(100 ng) DNA.
PCR cycling conditions were as follows: | 50*C for 2 mi

98°C for 10 minutes. followed by 35 eycles of 92°C for 15 seconds and
60"C for | minute in a GeneAmp PCR System 9700 { Applied Biosystems),
The PCR products were analyzed on an ABI 7900HT with the aid of SDS
2.2 software | Applied Biosystems).

Epitope reconstitution assay

The candidate BCL2A I-encoded minor H epitope and its allelic counterpart
(DYLQYVLQI) peprides were synthesized by standard Fmoc chemistry
S gbeled CTX ™ donor B-LCLs were incubated with graded concentra-
tions of the peptides and then used as wrgets in standard cytotoxicity assays
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Figure 1. Specificity of CTL-189 against hematopoistic cells and its restriction
HLA. (A) The cytolytic activity of CTL-1B9 was evaluated in a standard 4-hour *'Cr
release assay (E/T ratio, 20:1). Targels used were B-LCL. CD40 (CO40-8)
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Figure 2. Whole genome assoclation scans performed with pooled DNA
generated based on immunophenotyping with CTL-2A12. Pooled DNAS ganer-
ated from 44 CTX* and 44 CTX- B-LCLs were analyzed with 50 K Xbal (A), 50 K
Hindill (8), 250 K Mspt (C), and 250 K Snd (D) arays. Test statistics wete calculated
for all SNPs and plotied in the chromosomal order. In all SNP amay types. a commaon

B cells, dermal fibroblasts, and primary acute myeloid leukemia cells from the
reapient (Rt), and B-LCL and CD40-B cells trom his donor (Do), Rt dermal fibroblasts
were pretrealed with 500 L/mL IFN-y and 10 ng/mL TNF-a lor 48 hours before ¥'Cr
labeling. (8) Cytolytic activity of CTL-189 against a panel of B-LCLs derved from
unrelated individuals. each ol whom shared 1 or 2 class | MHC allela(s) with the
recipient from whom the CTL-1B8 was generated. The shared HLA allels(s) with
the recipient are underlined, B-LCLs (no. 5) which did not share any HLA abeles with
the recipient, were retrovirally transduced with HLA-A"2402 cDNA and included to
confirm HLA-A*2402 restrction by CTL-189. Resutts are typical of 2 axpeniments and
data are the maan plus or minus the standard deviation |S0) of tnplicates

Results
CTL-based typing and SNP array analysis of pooled DNA

CTL-2A12 and CTL-1B9 are CTL clones established from the
peripheral blood of 2 patients with leukemia who had received
HLA-identical sibling HSCTs. Each clone demonstrated specific
lysis against the B-LCLs of the recipient but not against donor
B-1L.CLs, indicating recognition of minor H antigen (Figure 1A and
Kawase et al”). The minor H antigen for CTL-2A12 had been
previously identified by expression cloning”: on the other hand, the
target minor H antigen for the HLA-A24-restricted CTL-1B9
clone, which was apparently hematopoietic lineage-specific (Fig-
ure 1A) and present in approximately 80% of the Japanese
population (data not shown), had not yet been determined. Using
these CTL clones, a panel of B-LCLs expressing the restriction
HLA (HLA-B44 for CTL-2A12 and HLA-A24 for CTL-1BY)
endogenously or retrovirally transduced, were subjected to “immu-
nophenotyping” for the presence or absence of the minor H antigen
by ELISA and, if necessary, by standard chromium release assay
(CRA). Based on the assay results, for CTL-2A12 we initially
collected 44 cytotoxicity-positive (CTX ™) and 44 cytotoxicity-
negative (CTX") B-LCLs after screening 132 B-LCLs, while
57 CTX" and 38 CTX "™ B-LCLs were obtained from 121 B-LCLs
for CTL-1B9. From these sets of B-LCL panels. pools of DNA
were generated and subjected to analysis on Affymetrix GeneChip
100 K and 500 K microarrays in duplicate. '

Detection of association between minor H phenotypes and
marker SNPs

Genetic mapping of the minor H locus was performed by identify-
ing marker SNPs that showed statistically significant deviations in
allele-frequencies between CTX " and CTX  pools based on the
observed allele-specific signals in the microarray experiments. For

peak is atl 1821, to which the minor H antigen for CTL-2A12,
encoded by the HMSD gene. had been mapped based on expression cloning®
(arrows)

this purpose, we evaluated the deviations of observed allele ratios
between CTX ' and CTX pools for cach SNP on a given array
(Document S1). An SNF was considered as positive for association
if its test statistic exceeded an empirically determimed threshold
that provided a “genome-wide™ P value of .05 in duplicate
experiments (Document S1. Figures 81,52, and Table $1). Thresh-
old values for different pool sizes are also provided in Table 52 for
further experiments, The positive SNPs eventually obtained for
both CTLs are summarized in Table 1, where the 10 SNPs showing
the highest test statistics are listed for individual experiments.

Mapping of the minor H loci by WGASs

All the SNPs significantly associated with susceptibility to CTL-
2A12 were correctly mapped within a single 115 kb LD block at
chromosome 18g21 containing the HMSD gene (Figures 2 and 3A),
which had been previously shown to encode the ACC-6 minor H
antigen recognized by CTL-2A12." According to the above criteria,
no false-posiive SNPs were reported in any array types (Table 1),
Confirmation genotyping of individual B-LCLs from both pancls
revealed none of the 44 that had been immunophenotyped as CTX
were misjudged, while 8 of the 44 CTX* B-LCLs were found 1o
actually carry no minor H-posiuve allele for ACC-6, which was
likely due to the inclusion of individual B-LCLs showing border-
line eytotoxicity (data not shown).

On the other hand. positive association of the target minor H
antigen with CTL-1B9 was detected in 2 independent loci: SNP
rs1879894 a1 15¢25.1 in 250 K Nspl (Table 1, Figure 4A-B, and
Figure 55) and SNP rs1842353 at 8q12.3 in 50 K HindlII (Table 1
and Figure S3A). We eventually focused on rs1879894. as it
showed a much more significant genome-wide P value than SNP
rs1842353 (Table 11 In contrast 10 the CTL-2A12 case, where
many mutually correlated SNPs around the most significant one
created a broad peak in the statistic plots (Figure 2 arrows and
Figure §3), the adjacent SNPs (rs6495463 and rs2562756; Figure
3B solid arrows) around rs187894 (Figure 3B open armow) did not
show large test statistic values, reflecting the fact that no marker
SNPs on 100 K and 500 K arrays exist in high LD (Figure 3B
dashed red lines encompassing 26 kb) with this SNP according to
the HapMap data. To further confirm the association, we generated
additional B-LCL pools consisting of 75 CTX* and 34 CTX"
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Figure 3. Linkage disequilibrium (LD) block mapped
by CTL-2A12 and GTL-1B9. (A} An LD block map
identified by pairmise r piot from HapMap CEU data
are overlayed with SNPs avalable from Atymetrix
GeneChip SNP-genotyping microarmays (amows) and
4 genes n the 115kb block SNPs thal amarged

n the 2 independ s are indk
cated in biue The genomawide P values lor positive
SNPs are shown as lolows ‘P« 05 “P< 01
**P < 001 The intronic SNP (rs8845824) controliing
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sion of encoded ACC-6 minor H antigen 15 indicated in
red (B) LD blocks identified by pairwise r plot trom
HapMap JPT data are overiayed with SNPs available
from AMymetrn GeneChip SNF-genotypsng microar-
rays {armows) and exon 1 of the BCL2A T gene. The only
SNP showing a high iation with CTL- 183 i
phenotypes (rs1575854) is shown a8 an open amow.
The nonsynonymous SNP (ra1138357) controfing the
expragsion of the minor H antigen recognized by
CTL-1B0 = indicated by a rad arrowhead. "**SNP with

P 001. The 2 SNPs adjacent 10 the

26 kb LD block (rs2562756 and ms6495463) never gave
a significant genomawide P value
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B-LCLs from another set of 128 B-LCLs, and performed a WGAS.,
As expected, the WGAS of the second pools also identified the
identical SNP with the highest test staustic value in duphcate
experiments, unequivocally indicating that this SNP is truly
associated with the minor H locus of interest (Figure 4C.D and
Table §3), The association was also detected when the references in
the first and second pools were swapped (data not shown),

Identification of the minor H epitope recognized by CTL-1B9

The LD block containing SNP rs 1879894 that was singled out from
more than 500 000 SNP markers with 2 sets of DNA pools only
encodes exon | of BCL2A T (Figure 3B). To our surprise. this was
the region to which we had previously mapped an HLA-A24-
restricted minor H antigen, ACC-1Y.7 We first confirmed that
full-length BCL2AT ¢DNA cloned only from the recipient but not
his donor could stimulate interferon-y secretion from CTL-189
when transduced imto donor B-LCL (Figure SA). indicating that
BCL2AI is a bona fide gene encoding minor H antigen recognized

by CTL-1B9. We next genotyped 3 nonsynonymous SNPs in the
BCL2A! exon | sequence (Figure 3B) and comparison was made
between the genotypes and the susceptibility to CTL-1B9 of
9 HLA-A*2402" B-LCLs, including ones generated from the
recipient (from whom CTL-1B9 was established) and his donor.
Susceptibility 10 CTL-1B9 correlaied completely with the presence
of guanine at SNP rs1138357 (nucleotide position 238, according
to the mRNA sequence for NM_004049.2) and thymine ar SNP
rs1138358 (nucleotide position 299) (Table 2), suggesung that the
expression of the minor H epitope recognized by CTL-1B9 is
controlled by either of these SNPs. We searched for nonameric
amino acid sequences spanning the 2 SNPs using BIMAS sofi-
ware, ™ since most reported HLA-A*2402 binding peptides contain
9 amino acid residues’ Among these, a nonameric peptide,
DYLQCVLQI (the polymorphic residue being underlined), has a
predicted binding score of 75 and was considered as a candidate
minor H epitope. As shown in Figure 5B, the DYLQCVLQI was
strongly recogmzed by CTL-1B9. whereas its allelic counterpart,
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CTL-2A12, Exp 1 CTL-2A12, Exp 2 CTL-1BS, Exp 1 CTL-18%, Exp 2
rsiD  Chr Position ARuss, ralD Chr  Position  ARaun, rsiD Chr  Position  ARua, rsiD Chr  Position ARus,
50K X bal
m10513033 16 50690860 0.366° (310513933 18 50609660 0511+ wi1J63258 5 10G707580 0239 mI048E174 6 131200680 035"
9320028 18 59668150 (255§ rs0320028 18 50668150 D360 726063 3 67093720 0203  m300Se 5 122325602 0240
rab102 18 59721450 0221 s10485873 7 3503740 0157 m639243 5 31302031 0998 mI1S0T24 16 51960443 0213
8724533 23 116440574 0137 rs219323 14 58510440 0150 rmIG3G461 10 56518024 0186 m19GH120 B 63618836 0208
mi341112 6 104018301 0136 rsi0506862 12 B2478538 0147 m76I878 12 94022502 0186 rm3SE046 13 69086751 0201
5470400 18 B1IER2216 0136 10402260 12 97786333 0144 redSS404 7 133054441 01790 2860268 4 86421898 0184
M2826718 21 21471423 0134 e10483466 14 35086827 0,130 mIOMBET2T T 41672315 DATE  m2ET00R 12 40312537 0.83
(810506607 12 73241741 0128 rs5910124 23 116408616 0137 rs2B33488 21 32010112 0176 m1148808 13 67688608 0.182
m10S08801 12 82300020 0127 10512545 17 66337078 0134 mITE212 5 60977687 0172 mi10501287 11 42446010 0.180
8308095 14 50857910 0125  rs295678 5 581BGOZE 0131 re1954004 14 SBE2TAT2 0170 rs5B4003 5 31393476 0177
S0K Hindil
20320032 18 SO712101 04861 mO320032 18 50712181 0506f mIBAZIS) B 63617543 0244 (s03008G2 13 101216476 02258
s8000046 18 50773066 0207¢ mE090046 18 5SO773066 0245 r1s10521202 17 12755289 02013 1842353 B 63617543 02103
1474220 2 108525317 0.183% 10408752 6 41876480 0210 m7899961 10 50606431 0.1984 (s10520083 5 31314700 0.1951
rEI04G8752 6 41876488 0178 1041538 18 37964337 0176 mO320074 6 124421441 0167% 1334375 13 80897038 0473
ra2298570 21 21832551 0167 re76R2Z770 4 152748018 0.174 10520083 5 31314700 0170 310519184 15 75412768 0163
7516032 1 91618962 0165 445862 5 3675257 0160 rs1BG2446 5 147460740 0170 0322063 26 146852196 0152
sS030G08 10 70845022 0.184 redB06876 4 21058616 0167 1358778 20 13266796 0169 mO0E7384 17 3I7026265 0150
rs1BB3041 21 44021845 0158 m50308938 10 70645022 0.165 mIB7ITE0 4 B3422480 0166 10521202 17 12755288 D W7
123002916 4 189045176 0.155 m3002018 4 169045176 0.165 1220724 4 70868705 0,162 7014004 10 62740968 0141
S1000551 20 58708208 0154 rs1883041 21 44001845 0164 =O300692 13 101216476 0157 m1220724 4 70868705 0.14)
250K Nspl
(89950003 18 50781783 05341 (9050003 18 SO7E1783  1.0361 1879804 15 78055874 08461 (s1B70804 15 TBOSSE74 1072t
51463835 3 23530615 0532t rgB0D0SB6 18 59781864 0518t mOBGA62B4 16 6110010 04841 mE7TIESS 3 190642054 03871
rs18975450 18 37802275 D3B3' 1wE4T3I70 B BOGG4B40 0338 177343302 5 134045240 0.9651 m10512261 9 96804394 0209°
(sB0B0SBE 18 50781B64 0.367° red510128 18 50782312 0.310% 566619 7 41381538 0.345° 12122772 | BO3B4SE4  0267°
rs16872621 4 22081055 02312t m1006755 18 58782026 0300 m17737566 6 50345280 0310° m2153165 4 26034162 02483
rsB70582 B 125007114 0301f (s7039378 © 116735638 0258 rs3BAGHES 6 28350374 0.285° 17126806 14 53020484 02463
rs1015416 18 59720363 02703 rs1860563 16 6418896 0266 rs4616156 13 86501518 0273° 1328652 13 35607527 0240
rs2155007 11 97508883 0227 rs4699126 4 105709109 0212 rm24B4698 1 217474460 0263° rs7021551 8 27446645 0237
rs2112048 5 50004204 0222 mI0275055 7 156212078 0204 s17139600 11 79638632 0262° rs252817 5 106752487 0237
ra2019747 2 120681506 0217 rs1526411 7 124658308 0201 2156737 4 100642520 02461 rs10772587 12 12681356 0235
250K Snd
m6102 18 59721450 05987t mE102 18 58721450 04951 9383025 6 151975774 08191 r=201204 6 104842863 06881
89951512 18 50600885 0374" rs99045024 18 59771746 0407° rsB407307 18 10846258 03111 rs12556155 23 108836418 0.442f
rs6496897 15 D0483249 0.320¢ mES51512 18 59680885 O0.317¢ 017252 7 22219990 02801 rs4791422 17 10605304 0.435¢
159945024 18 50771746 0.315¢ rs1983205 3 157782892 0.314F (1019403 3 7823997 0260f rs7749012 6 106459559 0336
512707805 B 107404746 0.303¢ 850865 § 2720884 03073 17053134 5 155573544 02508 509851 5 31385483 03084
BI0G71778 6 33893184 0206 m2276179 18 54715512 0.202¢ rs11710880 3 72214065 0246 rs16870024 B 32225711 02561
6565076 16 BI4BTEIE  0294F mI0427722 22 36417752 02893 m17I67EEE 7 13919264 0237 2100054 15 75200482 0282
52278179 18 56715512 ©201F rs17156659 7 682046820 0271 rs10867062 9 137935241 0237 11811023 1 143805034 0.240
rS7806238 7 20006442 0200f rsd502324 18 4811261 0282 5825800 23 23ETHT07 02356 wI1T382798 15 75256074 0231
rs965888 18 38062658 0283F 181348428 2 205807288 0.260 rs2256831 4 146614313 0234 2030302 17 12526501 0231
Signif SNPs that d o both axps are d.

‘Genomewide P < .01
tGenomewide P < 001
1Genomewide F < 05

DYLQYVLQIL, was not. Decameric peptide, QDYLQCVLQL, on
the other hand, appeared to be weakly recogmized: however, it is
likely that the nonameric form was actually being presented after
N-terminal glutamine cleavage by aminopeptidase in the cullure
medium. Because it was possible that the cysune might be
cysteinylated, recognition of synthetic peptides DY LQCVLQI and
cysteinylated DYLQC*VLOQI were assayed using CTL-1B9. Hall-
maximal lysis for the former was obtained at a concentration of
200 pM, whereas recognition of the latter was several-fold weaker
(Figure 5C). Thus, we concluded that DYLQCVLQI defines the
cognate HLA-A*2402—resiricted CTL-1BY epitope. now desig-
nated ACC-1°. This incidentally provides a second example of
products from both dichotomous SNP alleles being recogmzed as
HLA-A*2402-restricted minor H antigens, the first example being

the HB-1 minor H antigen.** Finally. real-time quantitative PCR
revealed that T cells carrying the complementarity-determining
region 3 sequence identical 10 CTL-1BY became detectable in the
patient’s blood at the frequencies of 0.22%, 091%, 1.07% and
0.01% among TCRaB* T cells at days 30, 102, 196, and 395 after
transplantation. respectively, suggesting that ACC-1¢ minor H
antigen 15 indeed immunogenic (Figure SD).

Discussion

Recent reports have unequivocally demonstrated that WGASs can
be successfully used 1o identify common variants involved in a
wide variety of human diseases, ™7 Our report represents a novel
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application of WGASs to transplantation immunology. which The current WGA/CTL method has several desirable features

provides a simple but robust method to fine-map the genetic loci of  that should contribute to the acceleration of minor H locus
minor H antigens whose expression is readily determined by  mapping. In comparing the method to those of linkage analysis and
standard immunophenotyping with CTL clones established from  other nongenetic approaches, including direct peptide sequencing
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Table 2. Carrelation of BCL2A1 sequence poly P with pibility to CTL-1B9
HLA-A'2402-positive B-LCLs
Rt Do um uR2 UR3 UR4 URS URS UR?

Cytolysis by CTL-1BO . - - ' N - - =
Detected SNP, position®

m1138367, 238 oA A a a G/A G/A GIA A A

1138358, 299 TG G T T TG TG TG a G

83826007, 427 a A a G [<} G am QA G

Al mdicates recipiant, Do, donor, UR. unmelated; +, yes, and —, no.

“Nucleotide postions are shown according 1o the NM_004092 2 mANA sequence. available at hip://www.ncbr. nim nih.gov/ as GEO accession GSE 10044

expression cloning.**'" there are differences in terms of power,

sensitivity, and specificity. Direct sequencing of minor H antigen
peptide guarantees that the purified peptide is surely present on the
cell surface as antigen, but it requires highly specialized equipment
and personnel. Expression screening of cDNA libranes 15 also
widely used and has become feasible with commercially available
systems. However, it depends highly on the quality of the cDNA
library and expression levels of the target genes. In addition, it
often suffers from false-positive results due 1o the forced expres-
sion of cDNA clones under a strong promoter, The current method
of WGAJCTL genetically determines the relevant minor H antigen
locus, not relying on highly technical protein chemistry using
specialized equipment, or repetitive cell cloning procedures, It is
also not affected by the expression levels of the target antigens.

As a genetic approach, the current method based on genetic
association has several advaniages over conventional linkage
analysis: the mapping resolution has been greatly improved from
severdl Mb in the conventional linkage analysis to the average
haplotype block size of less than 100 kb.'"** usually containing a
handful of candidate genes, compared with the dozens as typically
found in linkage analysis. This means that the effort needed for the
subsequent epitope mapping will be substantially reduced. In fact,
the 115kb region identified for CTL-2ZA12 contains 4 genes
compared with 38 genes as revealed by the previous linkage study
(data not shown), and the candidate gene was uniquely identified
within the 26 kb region for CTL-1B9, for which linkage analysis
had fmled due to very rare segregaling pedigrees among the CEPH
panels with this truit (now ACC-1€; data not shown).'*'* In
addition, before moving on to epitope mapping. it would bhe
possible to evaluate the chmeal relevance of the minor H antigens
by examining the tissue distnibution of their expression. based on
widely available gene expression databases such as Genomic
Institute  of the Novartis Research  Foundation (GNE
hup:/fsymatlas.gnf, org/SymAtlas/), >

Second, the required sample size is generally small, and should
be typically no more than 100 B-LCLs for common mmor H
alleles. This 18 in marked contrast to the association studies for
common diseases, m which frequently thousands of samples are
required."™**?7 In the current approach. sufficiently high test
statistic values could be obtained for the relevant loct with a
relatively small sample size, since the minor H allele 1s correctly
segregated between the CTX' and CTX  pools by the highly
specific immunologic assay. Combined with high accuracy in
allelic measurements, this feature allows for the use of pooled
DNAs in WGAS. which substantially saves cost and time, com-
pared with the genotyping of ndividual samples. Unexpectedly,
our method allows for a considerable degree of error in the
immunophenotyping, indicating the robustness of the current
method: in fact, the minor H locus for CTL-2A12 was successfully
identified in spite of the presence of B (~ 10%) immunophenotyp-
ing errors. When the minor H allele has an extreme allele frequency

(eg., < 5% or > 95%), which could be predicted by preliminary
immunophenotyping. WGAS/CTL may not be an efficient method
of mapping, due to the impractically large numbers of B-LCLs that
would need to be screened to obtain enough CTX' or CTX
B-LCLs. However. such minor H antigens would likely have
limited clinical impact or applicability.

Sensitivity of the microarray analysis seems o be very high
when the target SNP has good proxy SNPs on the array, because we
were able 10 correctly identify the single SNP correlated with the
turget of CTL-1B9 from more than 500 000 SNP markers. On the
other hand, genome coverage of the microarray is definitely
important. In our experiments on CTL-2A12, the association was
successfully identified by the marker SNPs showing ¢ values of
approximately 0.74 with the target locus of ACC-6. Since the
GeneChip 500 K amay set captures approximately 65% of all the
HapMap phase 11 SNPs with more than 0.74 of 2" and higher
coverage will be obtained with the SNP 6.0 arrays having more
than 1 000 K SNP markers, these arrays can be satisfactorily used
as platforms for the WGA/CTL method,

As shown in the current study, the intrinsic sensitivity and
specificity of the WGA/CTL method in detecting associated SNPs
were excellent. In other words, as long as target SNPs are captured
in high r* values with one or more marker SNPs within the
Affymetrix 500 K SNP set. there is a high likelihood of capturing
the SNP with the current approach. To evaluate the probability of a
given minor H antigen being captured in high r* with marker SNPs,
we checked the maximum # values of known minor H antigen
SNPs with the Affymetrix 500 K SNPs, according to empirical data
from the HapMap project (www. hapmap.org). Among 13 known
minor H antigens, 7 have their entries (designated minor H SNP) in
the HapMap phase Il SNP set (HA-3" HA-8." HB-1,"" ACC-|
and ACC-2.7 LB-ADIR-1F" and 7AT-PANEI""), and were used
for this purpose (note that absence of their entries in the HapMap
data set does not necessarily mean that they could not be captured
by a particular marker SNP set). As shown in Table 54, all 7 minor
H SNPs are captured by at least one Aanking SNP that is included in
the Affymetrix 500 K SNP set with r* values of more than 0.74 in at
least one HapMap panel. The situation should be more favorable in
the recently available SNP 6.0 array set with | 000 K SNPs,
indicating the genome coverage with currently avaiable SNP
arrays would be sufficient (o capture typical minor H antigens with
our approach.

Mosi patients who have received allo-HSCT could be a source
of minor H antigen-specific CTL clones to be used for this assay,
since the donor T cells are in vivo primed and many CTL clones
could be established using currently available methods. In Fact.
substantial numbers of CTL clones have been established world-
wide and could serve as the probes to identify novel minor H
antigens, =" Once constructed. a panel of B-LCLs, including those
transduced with HLA cDNAs. could be commonly applied to
immunophenotyping with different CTL clones, especially when
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CTLs are obtained from the same ethnic group. In addition, by
adopting other immunophenotyping readouts such as production of
IL-2 from CD4- T cells, this method could be applied to
identification of MHC class 1l-restncted minor H antigens which
have crucial roles in controlling CTL functions upstream. This may
open a new field in the study of allo-HSCT since MHC class
Il-restricted mHags have been techmically difficult to idennfy by
conventional methods.

Finally, the discovery of ACC-1% as a novel minor H antigen
indicutes that all the mismatched transplants at this locus could be
eligible for allo-immune therapies, since we have previously
demonstrated  that the counter .‘dlell.' also encodes a minor H
antigen. ACC-1Y, which is p Ily expressed and | ted
on blood components mcludmg leukemic cells and may u:n'e asa
target of allo-immunity. ™™ Indeed. CTLs specific for ACC-2, an
HLA-B44-restricted minor H antigen restricted by the third exonie
SNP on BCL2ALT was independemtly isolated from the peripheral
blood of a patient with recurrent leukemin re-entering complete
remission after donor lymphocyte infusion.” The number of
eligible allo-HSCT recipients has now been effectively doubled,
accounting for 50% of transplants with HLA-A24 or 20% of all
transplantations performed in the Asian population. In conclusion,
we have described a simple but powerful method for minor H
mapping 1o efficiently accelerate the discovery of novel mmor H
antigens that will be needed 1o contribute to our understanding of
the molecular mect of h allo-i ity.
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Abstract: To assess infectious complications associated with chronic
graftversus-host disease (cGVHD) after allogeneic hematopoietic stem
cell transplantation (HSCT) with reduced- and conventional-intensity
conditioning regimens (RIC, n = 91; CIC, n = 54, respectively), we
retrospectively analyzed data from 145 consecutive patients with
c¢GVHD after allogeneic HSCT from a human leukocyte antigen-
matched related or unrelated donor. In the present retrospective
analysis, 57% (83/145) of patients with cGVHD developed infections,
with a mortality rate of 27% (22/83). The incidences of bacteremia

(n = 28), central venous catheter-related infections (n = 11), bacterial
pneumonia (n = 4), invasive aspergillosis (n = 7), and adenoviral
hemorrhagic cystitis (n = 8) were significantly higher in patients with
prednisolone dose >1mg/kg at the time of diagnosis of cGVHD. The
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regardless of whether the patient received RIC or CIC.

Infectious complications contribute to morbidity and
mortality following allogeneic hematopoictic stem cell
transplantation (HSCT). Well-known factors affecting sus-
ceptibility to infections include donor type, conditioning
regimen, development of graft-versus-host disease
(GVHD), and environmental factors. Reduced-intensity
conditioning (RIC) regimens are thought to lower the risk
of infections because they involve relatively little damage
to vital organs (1) However, our experience indicates that
with both RIC and conventional-intensity conditioning
(CIC) regimens, the inaidence of bacterial infections during
neutropenia and Aspergillus infections is high after al-
logeneic HSCT (2, 3). Thus, it appears that RIC alone is not
sufficient to improve the safety of allogeneic HSCT.

GVHD and the trearment of GVHD with immunosup-
pressive drugs are also well-known predominant risk
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present results suggest that infections associated with cGVHD,
especially after high-dose prednisolone, are predictive of poor outcome
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factors for the development of opportunistic infections
(4-6). In the case of acute GVHD, inpatients can be given
comprehensive prophylaxis, including environmental con-
trol, to prevent infections over the short term. In contrast,
chronic GYHD (cGVHD) is most often a late complication of
allogeneic HSCT, and is usually treated on an outpatient
basis. Consequently, the resources that can be used to
control infections in patients with ¢cGVHD are limited, and
prophylaxis should be considered as a long-term approach,
taking into account the safety and emergence of drug-resis-
tant pathogens. In Japanese patients, the incidence of
c¢GVHD after allogeneic HSCT is reportedly as high as
50%, with 20% of those who develop cGVHD contracting
concurrent infections (7). At present, more transplantation
procedures are being performed with peripheral blood
stem cell (PBSC) products, in older patients, and with



