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TRANSPLANTATION

Relapse of leukemia with loss of mismatched HLLA resulting from uniparental
disomy after haploidentical hematopoietic stem cell transplantation
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Department of Pediatrics, Nagoya University Graduate School of Medicine, Nagoya; 2Division of immunology, Aichi Cancer Center Research Institute, Nagoya;
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of Pediatrics, Graduate School of Medicine, University of Tokyo, Tokyo; and 821st Century Center of Excellence Program, Graduate School of Medicine,
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We investigated human leukocyte anti-
gen (HLA) expression on leukemic cells
derived from patients at diagnosis and
relapse after hematopoietic stem cell
transplantation (HSCT) using flow cy-
tometry with locus-specific antibodies.
Two of 3 patients who relapsed after HLA-
haploidentical HSCT demonstrated loss
of HLA alleles in leukemic cells at re-

lapse; on the other hand, no loss of HLA
alleles was seen in 6 patients who re-
lapsed after HLA-identical HSCT. Single-
nucleotide polymorphism array analyses
of sorted leukemic cells further revealed
the copy number-neutral loss of heterozy-
gosity, namely, acquired uniparental dis-
omy on the short arm of chromosome 6,
resulting in the total loss of the mis-

matched HLA haplotype. These results
suggest that the escape from immunosur-
veillance by the loss of mismatched HLA
alleles may be a crucial mechanism of
relapse after HLA-haploidentical HSCT.
Accordingly, the status of mismatched
HLA on relapsed leukemic cells should be
checked before donor lymphocyte infu-
sion. (Blood. 2010;115(15):3158-3161)

Introduction

Human leukocyte antigen (HLA) molecules expressed on the cell
surface are required in presenting antigens to T cells. The HLA
class I antigens are vital in the recognition of tumor cells by
tumor-specific cytotoxic T cells. The loss of HLA class I molecules
on the cell surface membrane may lead to escape from T-cell
immunosurveillance and the relapse of leukemia. Previously, loss
of HLA class I haplotype has been described in solid tumors.!?
However, there are few reports concerning HLA-haplotype loss
in leukemia.*s

We examined HLA class I expression in leukemic blasts from
patients who relapsed after hematopoietic stem cell transplantation
(HSCT) to analyze whether the loss of HLA on leukemic cells was
related to the relapse after HLA-identical or haploidentical HSCT.

Methods

Patients and transplantation procedure

We identified 9 children with acute leukemia who relapsed after HSCT.
Their leukemic samples were cryopreserved both at the time of the initial
diagnosis and of relapse. The patients’ characteristics are summarized in
supplemental Table 1 (available on the Blood website; see the Supplemental
Materials link at the top of the online article). Three patients received HSCT
from an HLA-haploidentical family donor, and the other 6 patients received
HSCT from an HLA-matched donor (4 siblings and 2 unrelated donors).

Written informed consent was given by the parents according to the
protocol approved by the ethics committee of Nagoya University Graduate
School of Medicine in accordance with the Declaration of Helsinki.

HLA class | expression on leukemic cells

Samples were collected at diagnosis and post-transplantation relapse. HLA
expression of leukemic blasts and normal cells was analyzed by flow
cytometry as previously reported.® Anti-HLA A2-FITC (cloneBB7.2) and
anti-HLA A24-FITC (clonel7al0) monoclonal antibodies were purchased
from Medical & Biological Laboratories; HLA-A1l (IgM), HLA-A30,
HLA-31 (IgM), HLA-25, HLA-26 (IgM), HLA-Bw6 (IgG3), and HLA-
Bw4 (IgG3) antibodies were purchased from One Lambda. For leukemic
cell markers, CD13-PE (IgGl) were purchased from Immunotech and
CD34-APC (IgG1) were purchased from BD Biosciences. Samples were
analyzed with FACSCalibur cytometer and CellQuest software. The
method of genomic HLA typing was previously reported.”

Isolation of DNA and single nucleotide polymorphism analysis

The CD13+/CD34" leukemic blasts were sorted by flow cytometry from
bone marrow cells at the time of diagnosis and of relapse. Genomic
DNA was extracted from leukemic cells sorted by a fluorescence-
activated cell sorter as well as from phytohemagglutinin-stimulated
patient-derived T cells and subjected to single nucleotide polymorphism
(SNP) array analysis using GeneChip Nspl arrays (Affymetrix) accord-
ing to the manufacturer’s protocol. Allele-specific copy number was
detected using Copy Number Analyzer for GeneChip software as
previously described.?

Limiting dilution-based CTLp frequency assay

The frequencies of cytotoxic T-lymphocyte precursor (CTLp) specific for
the recipient-mismatched HLA molecules were analyzed using a standard
limiting dilution assay.?

Submitied November 15, 2009; accepted December 22, 2009. Prepublished
online as Blood First Edition paper, February 1, 2010; DOI 10.1182/blood-
2009-11-254284. .
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Figure 1. The loss of mismatched HLA expression on leukemic blasts caused by uniparental disomy on chromosome 6p impaired recognition and killing of
donor’s alloreactive cytotoxic T lymphocytes. (A) Leukemic blasts at the time of initial diagnosis and at the time of relapse after hematopoietic stem cell transplantation
(HSCT) and donor lymphocyte infusion (DLI) were gated by CD34* and CD13*, and then the surface expression of mismatched human leukocyte antigen (HLA) alleles was
examined with anti-HLA-A2 antibodies. In 3 patients with acute myelogenous leukemia (AML) who experienced relapse after HLA-haploidentical HSCT, HLA-A2 expression
was lost in patient 1 at relapse 15 months after HSCT and lost in patient 2 at second relapse 6 months after DLI. (B) Single nucleotide polymorphism (SNP) array analyses of
sorted leukemic cells with the loss of an HLA allele revealed that the short arm of chromosome 6 shows copy number-neutral loss of heterozygosity or acquired uniparental
disomy as detected by dissociated allele-specific copy number plots (red and blue lines at the bottom), resulting in the total loss of the mismatched HLA haplotype in both
patient 1 and patient 2. The presence of acquired uniparental disomy is also indicated by normal total copy numbers with missing heterozygous SNPs (green bars) in the distal
part of the short arm. (C) Recipient alloantigen-specific cytotoxic T-lymphocyte (CTL) clones were generated by a conventional cloning method from cytotoxicity-positive wells
obtained in the limiting dilution assays using the donor CD8* cells as responders. Donor CTL clones A1, A2, and A3 were specific for HLA-A*0206. Donor CTL clones B1 and B3
were specific for HLA-B*4001, all of which recognize mismatched HLA alleles between the donor and recipient. Those 5 representative CTL clones were tested for HLA
specificity and recognition of leukemic blasts obtained at the time of the initial diagnosis and at the time of HLA loss relapse after DLI by a standard 5'Cr-release assay at the
effector/target ratio of 30:1. (D) Their interferon-y production was also assessed against leukemic blasts collected at the time of diagnosis and at the time of HLA-loss relapse.

Cytotoxic assay of CTL clones against leukemic blasts and a was measured by enzyme-linked immunosorbent assay with 3,3',5,5'-
mismatched HLA cDNA-transfected B-lymphoblastoid cell line  tetramethylbenzidine substrate (Sigma-Aldrich).

The remaining cells of several cytotoxicity-positive wells used for the
CTLp assay for the donor were used to obtain allo-HLA-restricted CTLs.
CTL clones were isolated by standard limiting dilution and expanded as Results and discussion
previously described.!%:!!

The HLA class [-deficient 721.221 B-lymphoblastoid cell line was
maintained in RPMI 1640 medium supplemented with 10% fetal bovine
serum, 2mM L-glutamine, and 1mM sodium pyruvate. Retroviral transduc-
tion was conducted as previously described.!?

Three children with high-risk acute myelogenous leukemia (AML)
received haploidentical grafts from their parents but relapsed 8, 14, and
15 months after HSCT. Patient 2 received 3 courses of donor lympho-

The cytotoxicity of CTL clones against target cells was analyzed by cyte mfusmr} (DL for' relapsed leukemia after haploidentical },ISCT'
conventional chromium 51 (*!Cr) release assay as previously reported.'? After the third unmanipulated D_LI ao’ CD3+./kg), she experienced

CTL clones (10* cells/well) were mixed with the indicated stimula- acute grade-1II graft-versus-host disease and achieved complete remis-
tor cells (10* cells/well) in 96-well, round-bottom polypropylene plates  sion. However, she experienced a second relapse 6 months later. To
and spun at 1200g for 3 minutes before overnight incubation in 200 L. Monitor residual disease in those patients, we used flow cytometric
of RPMI 1640 medium supplemented with 10% fetal bovine serum. analysis with antibodies specific for the mismatched HLA alleles
On the next day, 50 pL of supernatant was collected and interferon-y  between the donor and patient. Surprisingly, we found total loss of
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HLA-A2 expression on CD13%/CD34" leukemic cells from bone
marrow in 2 of 3 patients who underwent HLA-haploidentical HSCT,
whereas microscopic analysis showed relapse (Figure 1A). To test
whether HLA class I molecules could be up-regulated, samples were
cultured for 48 hours in medium supplemented with tumor necrosis
factor-a or interferon-y and measured again; however, no restoration
was observed (data not shown).

Next, to examine the potential loss of genes encoding the
undetectable HLA alleles, we sorted CD13%/CD34* leukemic
blasts and performed DNA genotyping. We found that, in addition
to the HLA-A locus, the HLA-B, -C, and -DR loci were not
encoded; only the mismatched haplotype was lost in both patients
(supplemental Table 2). We then questioned whether this phenom-
enon would also occur in HLA-matched HSCT settings using
anti-HLA class I antibodies. We did not observe any loss of HLA
class I expression in any of the patients at the time of relapse
(supplemental Figure 1). These results suggest that loss of HLA
class T haplotype at the time of posttransplantation relapse is
uncommon in HLA-matched HSCT.

To elucidate the mechanism of the loss of the mismaiched HLA
haplotype, we performed an SNP array analysis of genomic DNA
extracted from leukemic blasts at the time of diagnosis and of relapse.
Genomic DNA from patient-derived T cells was used as a reference.
Leukemic cells at the time of relapse showed copy number-neutral loss
of heterozygosity or an acquired uniparental disomy (UPD) of the short
arm of chromosome 6 encompassing the HLA locus, whereas no allelic
imbalance was identified at the time of diagnosis (Figure 1B). Loss of
one allele from one parent and duplication of the remaining allele from
the other parent led to UPD.#

In patient 2, we examined whether the number of CTLp had
changed during the posttransplantation course. Limiting dilution
analysis with a split-well 5!Cr-release assay was carried out to
compare the CTLp frequencies specific for the mismatched anti-
gens between the recipient and donor. Interestingly, the CTLp
frequencies were recovered after DLI (Table 1). Restoration of
CTLp after 3 DLIs could eradicate such leukemic cells, lasting for
6 months thereafter.

Next, we generated allo-HLA-restricted CTLs from CD8* cells
obtained at day 520 in patient2 and tested with the 721.221
B-lymphoblastoid cell line transfected with 1 of 3 mismatched
HLA alleles (Figure 1C-D).

Despite high transplantation-related mortality resulting from
severe graft-versus-host disease and posttransplantation infections,
haploidentical HSCT has been widely used with the expectation of
a strong graft-versus-leukemia effect.!®> However, our observation
provides a possible limitation of this strategy. Indeed, 2 of 3 pa-
tients showed genomic loss of the recipient-specific HLA-
haplotype, which led to escape from the graft-versus-leukemia
effect and relapse of the disease.

Vago et al also reported a similar observation in 5 of 17 (29.4%)
patients whose disease relapsed after haploidentical HSCT.!6 Relapsed
leukemic cells may possess genomic instability that elicits genetic
diversity.!” Immunologic pressure by alloreaction to major HLA anti-
gens may select leukemic variants of HLA class I loss, which results in
the survival and proliferation of these variants.

In haploidentical HSCT, the importance of natural killer (NK)—
cell alloreactivity is emphasized to achieve the graft-versus-
leukemia effect.!®1® HLA loss on leukemic blasts may in turn
enhance the NK-cell alloreactivity. Our 2 patients with HLA loss
had a group 1 homozygous HLA-C locus that is a suppressive killer
immunoglobulin-like receptor (KIR) for NK cells and a KIR-
matched donor (supplemental Table 2). Because UPD does not
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Table 1. The CTLp frequency reactive to the recipient alloantigen in
the recipient after transplantation and the donor

Maximum No. of growing CTLp frequency-!
Samples CD8* input* wellst (95% confidence intervai)
Donor 33300 8 8.6 X 10° (149 X 10°9-5.0 X 10%)
Day 100 35 500 0 uo
Day 180 17700 0 up
Day 300% 86 000 0 ub
Day 520§ 195000 7 4.3 X 10%(7.2 X 10525 X 10%)

Purified CD8* T cells from the peripherai blood mononuclear cells obtained after
transplantation from patient 2 and her donor were cultured at 2- or 3-fold serial
dilutions with 33 Gy-irradiated 3 X 10% leukemic blasts cryopreserved at the time of
initial diagnosis in 96-well, round-bottom plates in advanced RPMI 1640 medium
supplemented with 4% pooled human serum, intereukin-6 { IL.-6), and IL-7 (10 ng/mL;
both from R&D Systems). The IL-2 (50 U/mL) was added on day 7 with a half medium
change. For each dilution, there were at least 12 replicates. On day 14 of culture, a
split-well analysis was performed for recipient-specific cytotoxicity against 5'Cr-
radiolabeled recipient T-cell biasts, donor T-cell blasts, and leukemic blasts harvested
at the time of initial diagnosis and at the time of relapse after DLI if indicated. The
supernatants were measured in a vy counter after 4-hour incubation. The wells were
considered to be positive for cytolytic activity if the total counts per minute released by
effector cells was more than 3 SD above the control wells (mean counts per minute
released by the target cells incubated with irradiated stimutator cells alone). The
CTLp frequency was calculated using L-Calc software (StemCell Technologies). The
CTLp frequencies reactive with recipient T-cell blasts in CD8* T cells obtained
around days 100, 180, and 300 (4 months before relapse) were undetectable,
whereas the CTLp frequency obtained at day 520 (1 month after the third DLI or
2 weeks after remission confirmed by bone marrow aspirate) was close to the CTLp
frequency in the donor CD8* cells. Complete remission and more than 99% donor
chimerism were confirmed on those days

CTLp indicates CTL precursor; and UD, undetermined because no growing wells
are present.

*Number of input CD8* T cells seeded at the highest number per well.

+Number of wells out of 12 wells that received the highest CD8* cells and
showed detectable growth.

}Corresponds to 4 months before relapse.

§Corresponds to 1 month after the third DLI or 2 weeks after complete remission
was confirmed by bone marrow aspirate.

change the total copy number of the gene, donor NK cells should
have been suppressed even after UPD occurred in these patients.
Interestingly, the remaining patient who experienced relapse with-
out HLA loss after HLA-haploidentical HSCT had a KIR-
mismatched donor, so alloreactive NK cells were possibly en-
hanced to kill leukemic blasts with HLA loss.

Although one limitation of our study is an insufficient number
of cases, our results combined with those in a recent report!¢
suggest that leukemic cells occasionally escape from immunosur-
veillance through the loss of the mismatched HLA haplotype by the
mechanism of UPD after haploidentical HSCT. DLI for relapsed
AML is less effective than that for chronic myelogenous leukemia
after HLA-matched HSCT.?® However, DLI is effective even for
the relapse of AML after haploidentical HSCT.?! Evaluation of loss
or down-regulation of HLA on relapsed leukemic blasts after
HLA-haploidentical HSCT should be considered because DLI
would probably be ineffective in patients whose leukemic cells lose
HLA class I antigen.
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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 lymphocytes (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).125 [dentification 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,%7 cDNA expression cloning,%? and linkage analysis.>!0
We have recently reported a novel genetic method that combines
whole genome 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.!!
The mapping resolution has now been improved from several 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. '3!3

Methods

Cell lines and CTL clones

The HapMap LCL samples were purchased from the Coriell Institute
(Camden, NJ). All LCLs were maintained in RPMI1640 supplemented with
10% fetal calf serum, 2 mM L-glutamine, and | 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.!®!7 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 (inHag™) 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 3ICr 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 undetermined.

To identify mHag loci, we performed association tests for all the
Phase I HapMap SNPs, by calculating x? 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. ¥? were calculated for the 2 possible mHag alleles at each locus and
the larger value was adopted for each SNP. While different test statistics
may be used showing different performance, the x? 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 II 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 3 901 416 (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 [ HapMap SNP
set contains the target SNP of the relevant mHag or its complete proxies,
and that the immunologic assays can completely discriminate i mHag™ and
Jj mHag™ HapMap LCLs. Under this ideal condition, the test statistic, or x2,
for these SNPs takes a definite value, f{i,j) = i+, which was compared with
the maximum x? value, or its distribution, under the null hypothesis, that is,
no SNPs within the Phase II 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 II 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,j) and
calculated the maximum x2 values (x%max) 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,j)* = 0L

When proxies are not complete (ie, 12 < 1), the expected values will be
decayed by the factor of r?, and further reduced due to the probabilities of
false positive (fp) and negative (fy) assays, and expressed as
fip) = (i +j) X 2 through an apparent 72 (2) as provided in formula [.!
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 (i,j) sets that satisfy Ri.j) > g(i,j)f = OL

Empirical estimation of distributions of 12

The maximum 2 value (12;,) between a given mHag allele and one or
more Phase Il HapMap SNPs was estimated based on the observed
HapMap data set. Each Phase II HapMap SNP was assumed to represent a
target mHag allele, and the (#%,;,) was calculated, taking into account all
the Phase II 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 transcribed
from total RNA extracted from L.CLs, 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 UGT2B17 gene was
confirmed by genomic PCR with 2 primer sets for exons 1 and 6 as
described previously!'3 using DNA isolated from LCLs of interest.

Epitope mapping

A series of deletion mutant cDNAs were designed 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 (IFN)-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 | 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 successful mHag mapping. The target locus was assumed to be uniquely identified, if the expected 2
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=2").
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 Il HapMap SNPs (max), ranging from 0.4 to 1.0. Calculations were made for
3 HapMap population panels, CHB + JPT (top), YRI (middle), and CEU (bottom) and for different false positive and negative rates, fp = fy = 0 (left), f» = 0.1 ,fv = 0 (middle),

and fp = 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 UGT2BI7, 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 Biolnformat-
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
SLC1AS) 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).!3

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 »2 values, except for those
mHags having very low minor- allele frequencies (MAF) below
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CTL-4B1

Chromosomes / positions

Figure 2. Genome-wide scanning to identify chromosome location of mHag. »? values were plotted against positions on each chromosome for each of 3 mHags
recognized by CTL-4B1 (A), CTL-3B6 (B), and CTL-1B2 (C). Chromosomes are displayed in alternating colors. Threshold x2 values corresponding to the genome-wide
P = 1073 (dark blue) and 102 (light blue), as empirically determined from 100 000 random permutations, are indicated by broken lines, while the theoretically possible
maximum values are shown with red broken lines. The highest x? value in each experiment is indicated by a red arrow.

approximately 0.05. According to our estimation using the Phase II
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 2 (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
values (72), as defined by

(I - fP _fN)2
= fo+ vl — fx + f/q)

(1) P=r? X

where fp, 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
(fp ~ <0.1, fy ~=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.

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 I HapMap set, or if not,
located within a well-defined LD block recognized in this set
(Figure S2), their loci 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,S3), 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-1H locus within the HMHA gene, showing a peak x?
statistic of 52.8 (not reached in 100 000 permutations) at rs10421359
(Figures 2A,3A; Tables S2,S3).
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Figure 3. Regions of mHag loci identified by HapMap scanning. LD structures around the SNPs showing peak statistical values (in JPT + CHB) are presented for each
mHag locus identified with (A) CTL-4B1, (B) CTL-3B6, and (C) CTL-1B2. Regional x? plots are also provided on the top of each panel. LD plots in pairwise D’s with
recombination rates along the segment were drawn with HaploView software version 4.0 (http://www.broad.mit.edu/mpg/haploview/). The size and location of each LD block
containing a mHag locus are indicated within the panels. Significant SNPs (blue letters), as well as other representative SNPs, are shown in relation to known genes. The
positions of the SNPs showing the highest statistic values (red letters) are indicated by red arrowheads.

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 x? 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 2 value of 50 (not reached in 100 000 permuta-
tions) at rs3027952, which was mapped within a small LD block of
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Figure 4. Epitope mapping. (A) Determination of the SLC1AS5 epitope by deletion mapping. Plasmids encoding recipient full-length SLC1A5, exon 1 of recipient and donor,
exon 1 with various N- and C-terminus deletions around the amino acid encoded by SNP rs51983014, and minigenes encoding AEATANGGLAL and its allelic counterpant
AEPTANGGLAL were constructed and transfected into HLA-B*4002-transduced 293T cells. Interferon (IFN)-y was assessed by ELISA (right column) after coculture of
CTL-3B1 with 2937 transfectants. (B) Epitope reconstitution assay with synthetic undecameric peptides, AEATANGGLAL and AEPTANGGLAL. (C) Structure of the UGT2B17
gene and screening of UGT2B17 cDNA and deletion mutants. HLA-A*0206-transduced 293T cells were transfected with each plasmid and cocultured with CTL-2B1. IFN-y
production from CTL-1B2 (right column) indicated that the epitope was likely encoded by nucleotides 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
cDNA was able to stimulate IFN-y 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 SLCIAS ¢DNA finally
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 rs3027956 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 $2,55). 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 100000 permutations) within a 598-kb block on chromo-
some 4q13.1, coinciding with the locus for a previously reported
mHag, UGT2B17'8 (Figures 2C, 3C). In fact, our epitope mapping
using UGT2BI17 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 x2
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 possible without highly specialized
equipment or expensive microarrays. Except for clinically irrel-
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 11
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 cells?® is encouraging, indicating
possible exploration of genotypes that are relevant to cell types
other than immortalized B cells.
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