HapMap scanning of novel human minor histocompatibility antigens
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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 small 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).} 23 Identification and characterization of mHags that
are specifically expressed in hematopoietic but not in other normal
tissues could contribute to graft-versus-leukemia/lymphoma (GVL)
effects, while minimizing unfavorable graft-versus-host disease,
one of the most serious complications of allo-HSCT.!? Unfortu-

nately, however, efforts to prospectively target mHags to invoke
T cell-mediated selective GVL effects have been hampered by the
scarcity of eligible mHags, largely due to the lack of efficient
methods for mapping the relevant genetic loci. Several methods
have been developed to identify mHags, including peptide elution
from MHC,%7 ¢cDNA expression cloning,?® and linkage analysis. >
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.1
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 L.CLs from the International
HapMap Project for genome-wide association analysis.!*!?

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 (mHag ™) LCL panels were generated by screening
corresponding restriction HLA-transduced CHB and JPT HapMap LCL
panels with each CTL clone using CRAs. Briefly, target celis were labeled
with 0.1 mCi of 5'Cr for 2 hours, and 10? target cells per well were mixed
with CTL at a predetermined E/T ratio in a standard 4-hour CRA. All assays
were performed at least in duplicate. The percent specific lysis was
calculated by ((Experimental cpm - Spontaneous cpm) / (Maximum cpm -
Spontaneous cpm)) X 100. After normalization by dividing their percent
specific lysis values by that of positive control LCL (typically recipient-
derived LCL corresponding to individual CTL clones), the mHag status of
each HapMap LCL was defined as positive, negative, or undetermined.

To identify mHag loci, we performed association tests for all the
Phase II 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. x* 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 * statistic is most
convenient for the purpose of power estimation as described below. The
maximum value of the y? 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 II 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
j mHag~ HapMap LCLs. Under this ideal condition, the test statistic, or x?,
for these SNPs takes a definite value, f{7,j) = i+j, which was compared with
the maximum x2 value, or its distribution, under the null hypothesis, that is,
no SNPs within the Phase I 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 Il 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,f) and
calculated the maximum 2 values (2.0 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)f = V.

When proxies are not complete (ie, 72 < 1), the expected values will be
decayed by the factor of 72, and further reduced due to the probabilities of
false positive (fp) and negative (fy) assays, and expressed as
JUj) = (i + j) X 2 through an apparent 2 (2) as provided in formula 1.}
Under given probabilities of assay errors and maximum LD strength
between markers and the mHag allele, we can expect to identify target
mHag loci for those (i,f) sets that satisfy f{7.j) » g(i,/)P =M.

Empirical estimation of distributions of 2

The maximum 2 value (+%,,) between a given mHag allele and one or
more Phase II HapMap SNPs was estimated based on the observed
HapMap data set. Each Phase II HapMap SNP was assumed to represent a
target mHag allele, and the (/%my) 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 LCLs, and polymerase chain reaction (PCR)
was conducted with cDNA with the corresponding primers. Amplified DNA
samples were sequenced using BigDye Terminator version 3.1 (Applied
Biosystems). The presence or absence (deletion) of the UGT2B17 gene was
confirmed by genomic PCR with 2 primer sets for exons ! and 6 as
described previously!® using DNA isolated from LCLs of interest.

Epitope mapping

A series of deletion mutant cDNAs were designed and cloned into
peDNA3.1/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 SLCIAS5 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 »?
value for the target SNP (f(i.)), see Document $1) exceeded the upper 1 percentile point of the maximum 2 values in 10 000 simulated case-control panels (g(i,)7=°").
Combinations of the numbers of mHag* (verical 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 (2ax), ranging from 0.4 to 1.0. Calculations were made for
3 HapMap population panels, CHB + JPT (top), YRI {middie), and CEU (bottom) and for different false positive and negative rates, fp = fy = 0 (left), fp = 0.1,fy = 0 (middie),
and fp = 0.1,/ = 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 UGT2B17, 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.ci(.nih.gov/molbio/hla,bind/)'9 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. S'Cr-labeled
mHag™~ donor LCL were incubated with graded concentrations of the
peptides and then used as targets in standard CRAs.

Results and discussion
Statistical approach and estimation of potential overfitting

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

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

To address this problem, we first estimated the maximum
sizes of the test statistics (here, x> values) under the null
hypothesis (ie, no associated SNPs within the HapMap set) by
simulating 10 000 case-control HapMap panels under different
experimental conditions, and compared them with the expected
size of test statistic values from the marker SNPs associated
with the target SNP, assuming different linkage disequilibrium
(LD), or r? values in between. As shown in Figure 1, the
possibility of overfitting became progressively reduced as the
number of LCLs increased, which would allow for identification
of the target locus in a broad range of +2 values, except for those
mHags having very low minor allele frequencies (MAF) below
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Figure 2. Genome-wide scanning to identify chromosome location of mHag. x? 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 100 006 random permutations, are indicated by broken lines, while the theoretically possible
maximum values are shown with red broken lines. The highest y2 value in each experiment is indicated by a red arrow.

approximately 0.05. According to our estimation using the Phase I
HapMap data (see “Methods”), the majority (> 90%) of common target
SNPs (MAF > ~ 0.05) could be captured by one or more HapMap
SNPs with more than 0.8 of » (Figure S1, available on the Blood
website; see the Supplemental Materials link at the top of the online
article), ensuring a high probability of detecting an association (Figure 1
left panels). The simulation of pseudo-Phase II sets generated from the
ENCODE regions provided a similar estimation.!* False positive and
negative immunophenotyping results could also complicate the detec-
tion, reducing the expected test statistics through the “apparent” r?
values (72), as defined by

2 % { —fe _fN)2
(= fo +Hgil = fu + fq)

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
(fr ~ < 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.

() =1

Evaluation of the detection power for known mHags

Based on these considerations, we then assessed whether this
approach could be used to correctly pinpoint known mHag loci
(Table S1). Because the relevant mHag alleles are common SNPs
and directly genotyped in the Phase II HapMap set, or if not,
located within a well-defined LD block recognized in this set
(Figure S2), their 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-1H mHag? by evaluating recognition of the HLA-A*0206—
transduced HapMap cell panel with HLA-A*0206-restricted CTL-
4B 1.2 After screening 58 well-growing LCLs from the JPT + CHB
panel with CRAs using CTL-4B1 (Figure S3A; Tables $2,S3), we
obtained 37 mHag™* and 21 mHag™~ LCLs, which were tested for
association at 3 933 720 SNP loci. The SNP (1s1801284) 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 HMHAI gene, showing a peak x2
statistic of 52.8 (not reached in 100 000 permutations) at rs10421359
(Figures 2A,3A; Tables S2,53).
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Figure 3. Regions of mHag laci 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 (hitp//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 ietters), 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 L.CLs undetermined based on
empirically determined thresholds (> 51% for mHag + LCLs and
< 11% for mHag-L.CLs; 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 x? 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 SLC1AS epitope by deletion mapping. Piasmids encoding recipient full-length SLC1AS, 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 counterpart
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 293T transfectants. (B) Epitope reconstitution assay with synthetic undecameric peptides, AFATANGGLAL and AEPTANGGLAL. (C) Structure of the UGT2B17
gene and screening of UGT2B717 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, SLCI/AS, 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-vy secretion from CTL-3B6
(Figure 4A), indicating that SLC/AS actually encodes the target

mHag recognized by CTL-3B6. Conventional epitope mapping
using a series of deletion mutants of SLCIA5 cDNA 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,S5). The x? statistics calculated from the
immunophenotyping data produced bimodal discrete peaks with
this LCL set. The target locus for the mHag recognized by
CTL-1B2 was identified at a peak (max x?> = 44, not reached
in 100 000 permutations) within a 598-kb block on chromo-
some 4q13.1, coinciding with the locus for a previously reported
mHag, UGT2B17'® (Figures 2C, 3C). In fact, our epitope mapping
using UGT2B17 cDNA deletion mutants (Figure 4C), prediction of
candidate epitopes by HLA-binding algorithms'® (Figure 4D) and
epitope reconstitution assays (Figure 4E), successfully identified a
novel nonameric peptide, CVATMIFMI. Of particular note, this
mHag was not defined by a SNP but by a CNV (ie, a null allele!®)
that is in complete LD with the SNPs showing the maximum )2
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 circamvented
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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Abstract It has been shown that allogeneic hematopoi-
etic stem cell transplantation (HSCT) can be one of the
therapeutic options for patients with metastatic solid
tumors, such as renal cancer. However, the development of
relatively severe GVHD seems to be necessary to achieve
tumor regression in the current setting. Thus, it is crucial to
identify minor histocompatibility antigens (mHags) only
expressed in tumor cells but not GVHD target organs. In
this study, we examined whether three mHags: ACC-1 and
ACC-2 encoded by BCL2AI1, and HA-1 encoded by
HMHALI, could serve as such targets for melanoma. Real-
time PCR and immunohistochemical analysis revealed that
the expression of both BCL2Aland HMHAI in melanoma
cell lines and primary melanoma cells was comparable to
that of hematopoietic cells. Indeed, melanoma cell lines
were efficiently lysed by cytotoxic T lymphocytes specific
for ACC-1, ACC-2, and HA-1. Our data suggest that tar-
geting mHags encoded not only by HMHAI, whose
aberrant expression in solid tumors has been reported, but
also BCL2AI may bring about beneficial selective graft-
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versus-tumor effects in a population of melanoma patients
for whom these mHags are applicable.

Keywords Minor histocompatibility antigen -
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1 Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT)
can cure hematopoietic malignancies. The success of donor
leukocyte infusion or a non-myeloablative conditioning
regimen demonstrated that the therapeutic effects of allo-
geneic HSCT mostly rely on the allogeneic immune
responses. In an HLA-matched setting, allogeneic immune
responses are mediated by donor-derived cytotoxic T
lymphocytes (CTLs) against minor histocompatibility
antigens (mHags). Ubiquitously expressed mHags are
responsible for both life-threatening graft-versus-host dis-
ease (GVHD) and the graft-versus-leukemia (GVL) effect,
whereas hematopoietic cell-restricted mHags, such as
HA-1 [1] or ACC-6 [2], may be optimal target antigens
which can potentially separate the GVL effect from GVHD
development [3].

In some solid tumors, such as melanoma or renal cell
carcinoma, there has been accumulating evidence that
immunological manipulation, e.g., IL-2 [4, 5] or interferon
treatment [6], can lead to clinical responses in some
patients with refractory disease, although responses have
been limited. Since the late 1990s, it has been reported that
nonmyeloablative allogeneic HSCT leads to apparent
tumor regression in these immunogenic solid tumors [7, 8].
However, the development of relatively severe GVHD
seems to be necessary to achieve tumor regression in the
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current setting. Thus, it is crucial to identify antigens that
may serve as therapeutic targets for post-transplant vacci-
nation or adoptive T-cell therapy to selectively augment the
graft-versus-tumor (GVT) effects following allogeneic
HSCT with modification to reduce fatal GVHD. Recently,
we and others showed that the hematopoietic cell-restricted
mHag HA-1Y, encoded by HMHAI, can be one of the
potential targets for the GVT effect due to its aberrant
expression in some solid tumors [9-11]. In addition,
ECGFI-encoded mHag has been shown to be expressed in
some solid tumors [12]. Thus, we sought to examine
whether other mHags we had identified previously could
also be expressed in any solid tumors and serve as potential
targets for GVT effects.

The ACC-1 and ACC-2 mHags encoded by BCL2Al
have been shown as hematopoietic cell lineage-restricted
mHags [13]. Amino acid substitutions, '°Cysteine—Tyro-
sine, and 82Glycine—+Aspartic acid, of BCL2A1 lead to
donor-derived HLA-A*2402 and HLA-B*4403/4402-
restricied CD8" CTL responses against the recipient’s
hematopoietic cells [13]. In this study, we demonstrate that
BCL2AI is also highly expressed in melanoma cells and
that they are effectively lysed by cognate CTLs. Although
it has been reported that allogeneic HSCT was not prom-
ising against advanced melanoma in a small cohort of
patients [14], our findings imply that targeting BCL2A1I-
encoded mHags may bring about beneficial GVT effects in
a fraction of melanoma patients for whom these mHags are
applicable.

2 Materials and methods
2.1 Cell lines and cell culture

CDS8*CTL clones recognizing ACC1Y (IB3-CTL) and
ACC-2P (3BS5-CTL) were generated from post-HSCT
recipients peripheral blood mononuclear cells (PBMCs)
and HA-1" (EH6-CTL) were from healthy volunteer’s
PBMCs, as previously described [11, 13]. These CTL
clones were expanded using allogeneic PBMCs and
Epstein Barr virus-transformed B cell lines (B-LCLs) as
feeder cells and frozen until use.

Table | indicates the melanoma cell lines used in this
study, kindly provided by Dr. Kawakami (Keio University,
Tokyo, Japan). Their genotypes for the HLA class I and
mHag allele were typed at the HLA Laboratory (Kyoto,
Japan). All melanoma cell lines were cultured in Iscove
modified Dulbecco medium (Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal calf serum (FCS),
2 mM Lr-glutamine, and penicillin/streptomycin. B-LCLs
established by infecting PBMCs with B95-8 (ATCC,
Rockville, MD, USA) supernatant and HLA class

@ Springer

Table 1 HLA and mHags typing of melanoma cell lines

Cell line HLA mHag *

A loci B loci ACC-1 ACC-2 HA-1
888Mel 0101/2402  5201/5501  Y/C D/G R/R
HT144 0101/2402 1501/5701 Y/C DIG R/R
G361 2301/2601  3801/4403  Y/C DIG R/R
WM266 0201/2902  1302/4403 C/C G/G H/R
C32Mel 0201/2501 1801/4402 C/C G/IG H/H
HS294T  0101/2501  0702/0801 C/C G/G R/R

* The phenotypes of mHags of individual melanoma cell lines are
shown using a single-lettered amino acid code. ACC-1 mHag is
considered to be positive when carrying a Y (tyrosine) residue
(referred to as ACC-1Y) at its polymorphic site, while it is negative
when carrying a C (cysteine) residue (referred to as ACC-1%). Sim-
ilarly, ACC-2P carrying D (asparaginic acid) is positive, while ACC-
29 carry G (glycine) is negative; HA-1" carrying H (histidine) is
positive, while HA-1® carrying R (arginine) is negative

I-deficient mutant 721.221 B-LCL were cultured in
RPMI1640 supplemented with 10% FCS, 2 mM L-gluta-
mine, | mM sodium pyruvate, and penicillin/streptomycin.
Primary melanocytes, NHE-Ma(L.) and HEMa-LP, were
purchased from KURABO (Osaka, Japan) and cultured in
specified medium according to the manufacturer’s proto-
col. All blood and tissue samples were collected after
obtaining written informed consent, and the study was
approved by the Institutional Review Board of Aichi
Cancer Center.

2.2 Messenger RNA expression of BCL2A1
and HMHAI in melanoma cell lines

Total RNA was extracted using the RNeasy Mini Kit
(Qiagen). Messenger RNA was magnetically isolated from
total RNA using the pMACS mRNA Isolation kit (Miltenyi
Biotec) according to the manufacturer’s protocol. Com-
plementary DNA was synthesized in the presence of oligo
(dT);s primer (Roche) and M-MLV-reverse transcriptase
(Invitrogen) according to the manufacturers’ instructions.

PCR amplification and real-time quantification analysis
were performed using the TagMan assay according to the
manufacturer’s instructions. The following sequences were
used as primers with the TagMan probe to detect the
mRNA region of each gene:

BCL2Al-sense: 5'-TGAATAACACAGGAGAATGGA
TAAGG-3,
BCL2A1-antisense:
CACAGAT-3,
BCL2A1-probe:
(MGB)-3'
HMHAI1-sense:
GA-3/

5'-TTCAGGAGAGATAGCATTT
5'-(FAM)-CTGGCTGGATGACTTT-

5'-GAGGGCCTTGAGAAACTTAAG



ACC-1 and ACC-2 as target antigens for melanoma

469

HMHA l-antisense: 5'-CAGCGGGTACTTGGAGATG
ATC-3,
HMHA -probe;

(MGB)-3'

For an internal control, a primer and probe set for human
Glyceraldehyde-3-phosphate  dehydrogenase (GAPDH)
(Applied Biosystems) was used. PCR was performed in a
1 x TagMan Universal PCR master mix containing
10 pmol of each sense and antisense primer, and 2 pmol
of probe in a total volume of 25 pL in the ABI PRISM
7900HT Sequence Detector System (Applied Biosystems).
The temperature profile was: 50°C for 2 min, 95°C for
10 min, and then 95°C for 15 s and 60°C for 1 min for 40
cycles. Relative expressions were calculated by the AaCr
method after validation test described in the manufacturer’s
brochure (User Bulletin #2; Applied Biosystems 11
December 1997 (updated October 2001).

5'-(FAM)-CTGCGTGTCATGCAT-

2.3 Immunohistochemical analysis of BCL2A1
expression in primary melanoma

To analyze the BCL2A1 protein expression in primary
melanoma cells, we used frozen skin sections obtained
from six patients with metastatic melanoma. The expres-
sion status was examined immunohistochemically with the
standard avidin-biotin—peroxidase complex method using
polyclonal antibodies against BCL2A!l [Santa Cruz, Al
(N-20): sc-6066].

2.4 Flow cytometric analysis of HLA Class I
and BCL2A1 expression in melanoma cell lines

The cell surface HLA-class I expression of melanoma cell
lines before and after treatment with interferon-y (IFN-y)
and TNF-o was evaluated using W6/32 mAb (10 pg/mL)
and FITC-conjugated anti-mouse IgG antibodies (Beckman
Coulter). For the intracellular staining of BCL2A1 protein,
cells were fixed and permeabilized with Cytofix/Cytoperm
(BD Biosciences), washed once with PBS, and incubated
with 40 pg/mL of goat polyclonal antibodies against
BCL2AI1 [Santa Cruz, Al (N-20): sc-6066] for 15 min.
After washing, bound antibodies were detected by incu-
bation with FITC-conjugated donkey anti-goat IgG
antibody (8 pg/mL, Santa Cruz, CA, USA) for 15 min.
Cells were analyzed with a FACS Calibur flow cytometer
and CellQuest software (Becton-Dickinson).

2.5 Cytotoxicity assay

Target cells were labeled with 0.1 mCi of >!Cr for 2 h or
overnight at 37°C, and 1 x 10> target cells/well were mixed
with CTLs at an E/T ratio indicated in a standard 4-h

cytotoxicity assay using 96 well, round-bottomed plates. All
assays were performed at least in duplicate. Cells were
treated either with IFN-y (500 U/mL, R&D Systems) or
TNF-o (10 ng/mL, Genzyme) for 48 h as indicated. Percent
specific lysis was calculated as follows: ((Experimental
cpm - Spontaneous cpm) / (Maximum cpm — Spontaneous
cpm)) x 100.

3 Results

3.1 Melanoma cell lines express high levels
of BCL2A1 gene

We previously demonstrated that BCL2A1 is preferentially
expressed in hematopoietic lineage cells but not other
normal cells. By accessing a gene expression database,
GNF (Genomic Institute of the Novartis Research Foun-
dation, http://symatlas.gnf.org/SymAtlas/) [15], we found
that BCL2A1 is highly expressed in melanoma cell lines.
Thus, we first tried to confirm the expression levels of
BCL2A]! in melanoma cell lines using real-time PCR. As
shown in the lower part of Fig. la, most melanoma cell
lines expressed the BCL2A1 transcript at levels as high as
B-LCLs, with the exception of the cell line HS294T, which
eventually expressed a comparable level of the transcript
after cytokine treatment (IFN-y and TNF-o). Some cell
lines also expressed HMHAI transcripts, but their levels
were relatively low (Fig. 1b).

3.2 BCL2AI expression in primary melanoma
specimens

We subsequently tested whether primary melanoma cells
expressed BCL2A1 protein. Skin sections from six patients
(MM-1 to MM-6) with metastatic melanoma were stained
with anti-BCL2A1 antibody (Fig. 2). Three specimens
were positive for BCL2A1 (MM-1, 2, 3), while one was
negative (MM-4). Another two samples were difficult to
evaluate because of marked melanin pigmentation (MM-5,
6). Overall, 3/4 primary metastatic melanoma cells were
positive for BCL2A1 protein. Along with the results of
real-time PCR analysis, BCL2A1 was strongly and fre-
quently expressed in melanoma cells.

3.3 Melanoma cell lines are susceptible to lysis
by BCL2A1-specific CTL clones

To determine whether melanoma cell lines can indeed
present BCL2A1-derived mHags on their cell surface HLA
molecules, and are thus susceptible to lysis by CTLs
specific for these mHags, we performed a standard

@ Springer



470

H. Torikai et al.

BCL2A1

B-LCL #1( as 1.0) p——rm—}
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Oral Fibro
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10° 102 101 100 10! 102 102
Relative Expression

Fig. 1 Relative expression of BCL2AI (left panel) and HMHAI
(right panel) in melanoma cell lines. Real-time reverse transcription
PCR to quantify the mRNA expression of BCL2AI and HMHAI was
performed using cDNA samples prepared from melanoma cell lines
(kind gift from Dr. Kawakami, Keio University, Tokyo) and primary

Fig. 2 Expression of BCL2A1 protein in primary metastatic mela-
noma (MM) cells. Frozen skin sections from six patients with
metastatic melanoma were examined for BCL2A1 expression immu-
nohistochemically by the standard avidin-biotin—peroxidase complex
method using polyclonal antibodies against BCL2A1 (Santa Cruz, Al
(N-20): sc-6066). MM-1 to -3 were found to be positive; MM-4
negative; MM-5 and -6 showed marked melanin pigmentation. Red
arrows in MM-1 and MM-4 indicate melanin spots, showing that the
specimens were of melanoma origin
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melanocytes, together with EBV-transformed B lymphoblasts
(B-LCLs) and fibroblasts (Fibro) from skin and oral mucosa.
IEN-y + TNF-o (solid bars) denotes 48-h cytokine treatment with
500 U/mL of IFN-y and 10 ng/mL of TNF-u. GAPDH was used as an
internal control. mRNA expression in B-LCLs is set as 1.0

51Cr-release assay. As shown in Fig. 3a, melanoma cell
lines positive for respective mHags and restriction HLA
alleles were lysed effectively by cognate CTL clones:
888Mel and HT144 by 18B3-CTL (HLA-A24-restricted,
ACC-1Y-specific), and G361 by 3B5-CTL (HLA-B44-
restricted, ACC-ZD-speciﬁc). In contrast, HLA-class
I-deficient K562 cell lines or melanoma cell lines lacking
either the restriction HLA allele or cognate mHag allele that
were used as control targets were not lysed at all, indicating
that the observed cytotoxicity against melanoma cell lines
by these CTL clones was antigen-specific. We also exam-
ined the expression of HLA-class I and intracellular
BCL2A1 in these cell lines to evaluate the effect of cytokine
treatment. All melanoma cell lines tested were positive for
HL A-class I and BCL2AI1, similarly to B-LCLs, with the
one exception of HT144, whose BCL2A1 expression was
l-log lower than that of B-LCLs (Fig. 3B). Cytokine
treatment upregulated HLLA-class I expression in all mela-
noma cell lines, with one exception of 888 MEL, which
might account for the increased lysis of G361 by 3B5-CTL
and WM266 by EH6-CTL, respectively. The Ilower
BCL2A1 expression in HT 144 was also upregulated after
treatment. However, cytokine treatment did not necessarily
result in increased, specific lysis in cell lines other than
G361 and WM266. Therefore, another mechanism might
also be involved in the susceptibility to lysis of each cell
line. In addition, two melanoma cell lines (WM266 and
C32Mel) positive for the HLA-A*0201 and HA-1" alleles
could be recognized by EH6-CTL despite the relatively low
expression of HMHAI compared to BCL2A1.
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Fig. 3 Susceptibility of melanoma cell lines to mHag-specific CTL
clones and the impact of cytokine treatment. a S1Cr-release assay
against melanoma cell lines. Standard 4-h SlCr-release assays were
performed against various melanoma cell lines at the indicated E/T
ratios and at least in duplicate. B-LCLs positive for the restriction
HLA allele and mHag allele were used as positive controls for
individual CTL clones. The 721.221 cell line comprised HLA-
A*0201-transduced B-LCLs positive for the HA-1Y allele. Non-

3.4 HMHAI in dermal fibroblasts is also upregulated
by inflammatory cytokines

It has been reported that HMHAI encoding HA-1 mHag is
not detected in normal nonhematopoietic cells such as
dermal fibroblasts [9], while BCL2A[ is upregulated in
bone marrow-derived mesenchymal stem cells by inflam-
matory cytokines [16]. Thus, we examined whether dermal
fibroblasts upregulated these mHag genes and became
susceptible to cognate CTL clones. We found that the
expression of both BCL2A1 and HMHAI is upregulated in
the dermal fibroblasts after cytokine treatment (Fig. la, b,
upper part), indicating that these hematopoietic cell-spe-
cific mHags might be induced in a strong inflammatory
cytokine milieu such as active GVHD after HSCT.
Hematopoietic cell contamination was excluded by real-
time PCR or flow cytometric analysis of the expression of
CD45 in these fibroblasts (data not shown). Coincident
with expression, the HLLA-A*020!-restricted HA-1"-spe-
cific CTL clone, EH6-CTL, and A*2402 restricted ACC-1¥
specific CTL clone, 18B3-CTL, could lyse these cytokine-
treated mHag-positive dermal fibroblasts, although their

specific lysis of the individual CTL clones was examined and verified
by testing against NK cell-sensitive K562 or melanoma cell lines that
lacked either the cognate mHag or restriction HLA allele. I/T denotes
the treatment of indicated cell lines with 500 U/mL of IFN-y and
10 ng/mL of TNF-« for 48 hours prior to assays; b HLA class I and
BCL2A1 expression of melanoma cell lines. Cell surface expression
of HLA class I and intracellular staining of BCL2A1 was evaluated
by flow cytometry before and after treatment with the above cytokines

level of lysis was relatively lower than that of hemato-
poietic cells (Fig. 4a, b).

4 Discussion

In this study, we demonstrated that HLA-A24-restricted
ACC-1Y and HLA-B44-restricted ACC-2° mHAgs, whose
expressions were shown to be limited to hematopoietic cells
including leukemia cells, were also expressed in melanoma
cell lines by real-time PCR and cytotoxicity assays. Mela-
noma is known as one of the representative immunogenic
tumors. Previously, IL-2 administration [4] or the infusion
of ex vivo expanded TILs [17] was tested, but resulted in a
limited clinical response. In 1990s, many antigens of mel-
anoma origin recognized by autologous T lymphocytes
were identified [18], and these antigens were subsequently
tested in clinical trials by peptide vaccination or adoptive
CTL infusion. To date, peptide vaccination has resulted in a
limited or marginal efficacy [19] while adoptive T lym-
phocyte infusion including Ag-specific CTL clones or TILs,
especially after a lymphodepleted conditioning regimen,
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Fig. 4 Cytotoxicity of mHag-specific CTL clones against dermal
fibroblasts. A standard 4-h °'Cr-release assay was performed, as
described above. a Cytotoxic activity of the HLA-A*2402-restricted,
ACC-1Y mHag-specific 1B3-CTL clone against HLA-A*2402-
positive dermal fibroblasts (Fibro) and B-LCLs that were either
ACC-1¥ mHag allele positive or negative (indicated as ACC-1%;

demonstrated promising results [20-22]. After allogeneic
HSCT for patients with melanoma, there have been some
reports indicating that CTLs against melanoma cells do
exist and that these melanoma-reactive CTLs can be
expanded in vitro [23, 24]. These observations suggest that
allogeneic HSCT after a nonmyeloablative conditioning
regimen might be a promising therapeutic strategy for
patients with refractory metastatic melanoma.

Childs et al., however, reported relatively disappointing
results in which 5 out of 11 metastatic melanoma patients
receiving allogeneic HSCT died from rapid tumor growth,
while the rest of the patients showed variable results [14].
As in the case of hematological malignancies, a high tumor
burden should be one of the most unfavorable factors
regarding treatment failure with allogeneic HSCT. There-
fore, a treatment strategy combining the selection of
patients with a lower tumor burden or slower growth
kinetics and allogeneic HSCT may be explored for this
poor-prognosis disease if the given donor and recipient are
eligible for immunotherapy using ACC-1 and ACC-2
mHags, or other hematopoiesis-specific mHags are also
highly expressed in melanoma cells. Since HSCT recipi-
ents eligible for ACC-1, ACC-2, and HA-1 mHags exist at
a frequency of 11, 3, and 9%, respectively, in Japanese
[25], it would be possible to apply these mHags to nearly a
quarter of such patients.

BCL2A1 is a member of the B-cell lymphoma-2 (BCL2)
family. BCL2 is highly expressed in melanoma, which was
shown to contribute to a chemoresistant phenotype [26].
The reduction of BCL2 by siRNA caused melanoma cells
to become susceptible to chemotherapeutic agents.
BCL2A1, although regulated differently from BCL2, also
exerts antiapoptotic activity and is expressed even in nor-
mal melanocytes like other melanocyte differentiating
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b cytotoxic activity of the HLA-A*0201-restricted, HA-1"-specific
EH6-CTL clone against HLA-A*0201-positive dermal fibroblasts and
B-LCLs that were either HA-1" mHag allele positive or negative
(indicated as HA-1%). IFN-y + TNF-« treatment was performed as
described in Fig. 3. The effector target ratio was fixed at 30:1

antigens, such as Melan-A/MART-1 or tyrosinase. In this
regard, BCL2A1 would be essential for melanoma cells
and melanocyte survival, suggesting that it may be a good
candidate antigen for immunotherapy against melanoma,
although autoimmune depigmentation may also develop, as
seen in adoptive immunotherapy targeting melanoma-
associated antigens mentioned above [20, 21].

In addition, we unexpectedly found that, after cytokine
treatment, dermal fibroblasts upregulated both BCL2A1 and
HMHAI expression and become susceptible to cognate
CTL clones, respectively (Fig. 4). This suggests that, after
allogeneic HSCT, they would also be upregulated under a
“cytokine-storm”, and may contribute in some way to the
pathophysiology of skin GVHD. In the clinical setting,
HA-1 was originally reported as an mHag associated with
GVHD ([27], and additional studies brought about mixed
results, making it still too early to draw any conclusion [28,
291, while ACC-1Y disparity did not seem to be associated
with an increased incidence of acute GVHD [30]. In skin
explant assays, it was shown that skin sections from HLA-
A2" HA-1" individuals incubated with HA-1 CTLs
developed only background grade I or low grade I GVH
reactions, while male HLA-A2* skin sections incubated
with Y antigen-specific CTLs displayed severe GVH
reactions of grade III-IV [31]. It is assumed that stronger
GVH reactions might be observed if skin sections are
pretreated with cytokines before incubation with HA-1-
specific CTLs. IFN-y, which is known to induce various
transcription factors specific for hematopoiesis and
immunity, might be a key in this upregulation of hemato-
poietic cell-restricted mHags in dermal fibroblasts. Since
IFN-y is strongly produced by CTLs and type | helper T
cells, the IFN-y secreted from mHag-specific CTLs could
lead to the upregulation of target hematopoiesis-specific
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mHags, resulting in GVHD or GVT effects in tumors
sensitive to the IFN-y-induced upregulation of such
mHags. Therefore, it is crucial to develop a new treatment
strategy to induce selective GVT effects while avoiding
life-threatening GVHD using preconditioning and GVHD
prophylaxis regimens to minimize GVHD, followed by
selective immunotherapy targeting mHags mainly expres-
sed in tumors and hematopoietic cells, such as ACC-1, -2,
and HA-1, after the “cytokine storm” period is over.

In summary, BCL2A!l-encoded mHags, ACC-1 and

ACC-2, may be potential targets of immunological inter-
ventions for a fraction of patients with refractory, but not
bulky melanoma following allogeneic HSCT.
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Abstract The efficient isolation and ex vivo expansion of
antigen-specific T cells are crucial for successful adoptive
immunotherapy against uncontrollable infections and can-
cers. Several methods have been reported for this purpose,
for example, employing MHC-multimeric complexes,
interferon-gamma secretion, and antibodies specific for
molecules expressed on T-cell surfaces, including CD25,
CD69, CD107a, CD137, and CD154. Of the latter, CD137
has been shown to be one of the most promising targets since
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itis only expressed on CD8* T cells early after encountering
antigen, while being almost undetectable on resting cells.
However, detailed comparisons between CD137-based and
other methods have not yet been conducted. In this study,
we therefore compared three approaches (with CD137,
CDI107a, and tetramers) using HLA-A24-restricted CMV
pp6S and EBV BRLFI epitopes as model antigens. We
found that the CD137-based isolation of antigen-stimulated
CD8™* T cells was comparable to tetramer-based sorting in
terms of purity and superior to the other two methods in
terms of subsequent cell expansion. The method was less
applicable to CD4" T cells since their CD137 upregulation
is not sufficiently high. Collectively, this approach is most
likely to be optimal among the methods tested for the iso-
lation and expansion of antigen-specific CD8™ cells.

Keywords CD137 - Adoptive transfer -
Cytotoxic T lymphocyte - Sorting

1 Introduction

Patients under severe immunosuppression after organ
transplantation or chemotherapy, or due to congenital/
acquired immunodeficiency, are vulnerable to infections
with viruses such as cytomegalovirus (CMV) and Epstein—
Barr virus (EBV), which are major causes of morbidity and
mortality. Although the advent of new antiviral drugs for
CMYV [1] or anti-CD20 antibodies for EBV-associated B
cell malignancies [2] has improved the survival of patients
at risk, the adoptive transfer of T cells specific for these
viruses still remains an attractive strategy, especially when
the viruses or virus-associated tumors are resistant to such
agents [3]. The powerful antiviral effects of infused T cells
have been reported in various clinical settings [4-6]. There
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are two ways to compensate for immunodeficiency in
patients: (1) the infusion of ex vivo-expanded viral antigen-
specific T cells; and (2) direct transfusion of peripheral
blood T cells from healthy donors when the patients receive
allogeneic hematopoietic cell transplantation. Although the
latter method is feasible, there is a risk of graft versus host
disease and it usually takes at least a few weeks before
antiviral T cells have effectively expanded in vivo [7]. In
contrast, although the former method is cumbersome and
also time-consuming one at the ex vivo step, it is expected
to be more effective and safer since only armed and selected
viral antigen-specific T cells are infused [8].

Recently, several methods to detect and positively sort T
cells specific for antigens of interest have been reported.
These include the sorting of T cells stained with peptide/
MHC multimers, with antibodies that react to cell surface-
exposed CD107 (LAMPIL) [9, 10], cell surface-captured
interferon-gamma (IFN-y), with the aid of a special biphasic
antibody [11], and CD137 [12] as a more antigen-specific
activation marker than CD25 or CD69. Except in tetramer or
multimer cases, T cells activated with whole antigen without
prior knowledge of the restriction HLA alleles or epitopes
have been shown to be positively selected by flow-sorting or
with magnetic beads using any of the above-mentioned
methods. As these methods are based on the specific func-
tions of individual cells, it is not easy to determine which
method is most feasible for routine immunological studies
and clinical application. In this report, we compared the
results using three methods (using tetramers, CD107a, and
CD137), all of which require a single staining step,
employing CMV pp65 and EBV BRLFI epitopes as model
antigens, focusing on their merits and limitations.

2 Materials and methods
2.1 Cells and culture media

Peripheral blood mononuclear cells (PBMCs) were isolated
by centrifugation on a Ficoll density gradient. All blood
samples were collected after obtaining written informed
consent, and the study was approved by the institutional
review board of Aichi Cancer Center. Primary T cell lines
were induced in RPMI 1640 (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 12.5 mM HEPES, 5%
autologous plasma, penicillin/streptomycin, and 2 mM
L-glutamine (referred to as T cell medium). Epstein—Barr
virus-transformed B cells (B-LCL) were established by
infecting an aliquot of PBMCs with B95-8 supernatant.

2.2 Antibodies, tetramers, and flow cytometric analysis

Antibodies used for sorting and phenotyping were as
follows: anti-CD4-PC5, anti-CD8-PCS5, anti-CD28-PE,
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anti-CD45RA-PE, anti-CD45RO-FITC (all from Beckman
Coulter Inc., Miami, FL, USA) anti-CD137-FITC (MBL,
Nagoya, Japan), anti-CD107a-FITC (Southern Biotech,
Birmingham, AL, USA), anti-CD137-PE (BD Biosciences,
San Diego, CA, USA), and anti-CCR7-FITC (R&D sys-
tems, Minneapolis, MN, USA). For intracellular interferon
(IEN)-y staining, anti-IFN-y-FITC was from MBL
(Nagoya, Japan). HLA-A*2402 CMVpp65, HLA-A*0201
CMV pp65, HLA-A*2402 EBV-BRLFIl, and HLA-
DRB1*¥0101 EBNALI tetramers were purchased from MBL
(Nagoya, Japan). Cells were first stained with tetramers for
15 min at room temperature, and then stained with
appropriate combinations of antibodies for 15 min on ice.
Flow cytometric analysis of the cells was performed using
a FACSCalibur (BD Biosciences) with the aid of CellQuest
software (BD Biosciences).

2.3 Peptides

The following peptides were synthesized by BioSynthesis
(Lewisville, TX, USA): CMV/pp65(341-349) (QYDP-
VAALF, referred to as CMV-QYD hereafter), CMV/
pp65(495-503) (NLVPMVATYV, as CMV-NLV), EBV/
BRLF1(320-328) (DYNFVKQLF, as EBV-DYN), and
EBV/EBNAI1(515-527) (TSLYNLRRGTALA, as EBV-
TSL).

2.4 Induction of T cell lines by mixed lymphocyte-
peptide cultures (MLPCs) (Fig. la)

The antigenic peptides listed above were directly added to
PBMCs at 10 pg/ml suspended in 2 ml T cell medium in a
15-ml round-bottomed tube (BD Biosciences), and the
cultures were maintained at 37°C and 5% CO,. On day 2,
recombinant human IL-2 (50 U/ml, Shionogi Pharmaceu-
tical Institute Co., Osaka, Japan) was added. Starting on
day 5, half-medium change and supplementation of 1L-2
were performed every other day until day 14,

2.5 Restimulation and positive selection
of antigen-specific T cells

Restimulation of MLPC T cell lines for the analysis of
CD107a and CD137 expression followed by positive
selection with MACS beads was performed 14 days after
the primary stimulation. The optimal peptide concentration
was predetermined for individual epitopes. Peptide was
directly added to the aliquot of T cell lines without any
antigen-presenting cells (APCs) and cytokines. For the
determination of the optimal timing for positive selection
either with anti-CD107a, or anti-CD137 antibody, the
expression of CD107 and CDI137 on antigen-specific T
cells (identified by cognate tetramer) was assessed at
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Fig. 1 a Schematic diagram of a
mixed lymphocyte peptide
culture (MLPC). Heparinized
whole blood was first
centrifuged to obtain plasma for
culture media preparation.
Peripheral blood mononuclear
cells (PBMCs) were then
separated by density gradient
centrifugation from the
resuspended blood pellets and
cultured in RPMI1640 medium
supplemented with 5%
autologous plasma in the
presence of 10 pg/ml of
antigenic peptide for 14 days. b
b Induction of viral antigen-
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various time points. After incubation for the predetermined
time, T cell lines were washed and stained with either
FITC-labeled CD107a, or CD137 antibody at 10 pg/ml in
PBS containing 0.5% human serum albumin for {5 min at
4°C. After washing with MACS buffer (phosphate-buffered
saline supplemented with 0.5% human serum albumin and
2 mM EDTA), the cells were incubated with anti-murine
IgGl MACS beads (Miltenyi Biotec, Auburn, CA, USA)
for 15 min at 4°C. Cell separation was conducted using
AutoMACS (Miltenyi Biotec). Antigen-specific T cells
were also isolated without prior antigenic stimulation using
cognate PE-conjugated tetramers followed by separation
with anti-PE MACS beads and AutoMACS.

Tetramer

2.6 Expansion of sorted antigen-specific T cells

Sorted T cells were propagated in appropriately sized
culture vessels in ALyS505N-1000 medium (Cell Science
& Technology Institute, Inc., Sendai, Japan) originally
containing 1000 U/ml of IL-2. Cultures were fed by
changing half of the supernatant twice a week.

2.7 CFSE-based cytotoxicity assay
Target B-LLCLs were labeled with 1 uM 6-carboxyfluo-

rescein diacetate succinimidyl ester (CFSE; Wako Pure
Chemical Industry, Osaka, Japan) for 10 min at 25°C.
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After two washes, the CFSE-labeled target cells were
cocultured with graded numbers of effector T cells for 5 h
at 37°C and 5% CO, in the presence or absence of peptides
in 96-well microtiter plates. The whole cells were har-
vested and stained with Annexin-V and Kusabira Orange
(MBL) for 15 min at 25°C according to the manufacturer’s
instructions, and the absolute number of surviving cells
was determined using a FACSCalibur with the aid of
CellQuest software. The percentage lysis was calculated as
follows:

[(ET — T0)/(100 — TO)] x 100.

ET indicates percentage of CFSE* Annexin-V™ target cells
cocultured with effector cells, and TO indicates the per-
centage of CFSE' Annexin-V' target cells without
effector cells.

2.8 Statistical analysis

Data were expressed as the average £ SD of seven
experiments. Samples were compared by paired Student’s
t test analyses using on-line software available at
http://www.physics.csbsju.edu/stats/t-test.html.

3 Results

3.1 Induction of viral antigen-specific T cell lines
by MLPC

We first sought to determine whether a simple MLPC could
expand cognate antigen-specific T cells from healthy
donors serologically positive for CMV and/or EBV
(Fig. 1a). As shown in Fig. 1b, 3-15% of CD8™ tetramer™
populations among surviving cells with the cultured
PBMCs were readily obtained after 14 days of culture,
although the magnitude of responses varied depending on
the epitope peptides and donors. The induction of T cells
from seronegative donors was not attempted.

3.2 Kinetics of CD107a and CD137 expression
following stimulation

It is important to determine when the activation markers
are maximally upregulated for optimal sorting. Although
CD137 expression kinetics have been reported elsewhere
[12], we made a comparison with those of CD107a. As
shown in Fig. 2a, CD137 expression among tetramer™ cells
exceeded 90% around 16 h following stimulation with the
predetermined minimal concentration (10 ng/ml, see
below) of CMV-QYD peptide. The expression started to
decline after 24 h, and only 25% of the cells remained
positive after 48 h. In the case of CD107a, upregulation
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was much quicker than with CD137, and a 70% level was
maintained between 4 and 24 h, followed by a decline to
25% after 48 h. The maximal CD107a expression level was
around 20% lower than that of CD137, and, unexpectedly,
CD107a molecules exposed by the degranulation of CTLs
remained on outer membranes for up to 24 h. Thus, we
decided to perform the following positive selection
experiments around 20 h after antigenic stimulation.

3.3 Optimization of peptide and primary antibody
concentrations

Excessive antigenic stimulation is known to cause activa-
tion-induced cell death (AICD) in T cells [13]; thus, it is
important to determine the minimal peptide concentration
which results in sufficient CD137 expression. In the case of
HLA-A24-restricted CMV-QYD peptide, the minimal
concentration required to obtain more than 90% CDI137*
cells among the cognate tetramer™ population was 10 ng/
ml, and the use of 100 ng/ml resulted in a significant
reduction of live cells, possibly due to AICD (Fig. 2b, ¢
and data not shown). The optimal peptide concentrations
differed among peptides; for example, 1 ng/ml was suffi-
cient for the HLA-A24-restricted EBV-TYP peptide (data
not shown), suggesting that the predetermination of opti-
mal concentrations for individual peptides is necessary. A
similar trend was observed when the extent of degranula-
tion was assessed with CD107a antibody (data not shown).
The CD137 antibody (clone 4B4-1) itself does not
induce AICD, but we also sought to determine sufficient
concentrations by titration with measurement of the mean
fluorescence intensity. In most cases, sufficient staining
was obtained around 10 pg/ml (Fig. 2d and data now
shown), which is a commonly employed concentration in
most cell-staining procedures. Thus, we decided to use this
concentration throughout the following experiments.

3.4 Comparison of three positive selection methods

Figure 3a shows the schematic procedures to positively
select antigen-specific T cells by CD137, CD107a, or tet-
ramer staining followed by MACS-based capture. In the
case of tetramer-based sorting, peptide stimulation was not
performed prior to sorting because it led to diminished
tetramer staining, possibly due to the downregulation of T
cell receptors (TCRs) on cognate T cells (upper right panel
of Fig. 3b). The marked difference observed in sorted
fractions just after positive selection was due to the fact
that the tetramer-sorted fraction contained an average of
93% CDS8™ tetramer™ cells (Table 1), while those obtained
by CD107a and to lesser extent CD137 methods contained
substantial numbers of tetramer™ cells (Fig. 3b, second
panel from the top). Since the tetramer™ fractions were
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Fig. 2 Optimization of conditions for positive selection. a Expres-
sion kinetics of CD137 and CD107a on T cells generated by MLPC
with the CMV-QYD peptide. The percentages of indicated marker
(CD137 or CD107a)-positive cells among tetramer’ T cell popu-
lations after stimulation with 10 ng/ml CMV-QYD peptide are
longitudinally plotted. The data shown are mean and SD values
from four independent experiments. b A representative profile of
CD137 expression before and after stimulation with the CMV-QYD
peptide. ¢ Titration of the CMV-QYD peptide for the full
upregulation of CD137. T cell lines generated by MLPC with
CMV-QYD peptide were restimulated with the indicated concen-
trations of peptide, and the percentages of CD137" cells among the
tetramer’ population were plotted. The data shown are mean and
SD values from five independent experiments. d Titration of CD137
antibodies. The mean fuorescence intensity (MFI) of CDI137
staining with graded concentrations of FITC-conjugated CD137
antibodies is shown. T cell lines were the same as used in ¢ and
were stimulated with 10 ng/ml CMV-QYD peptide for CD137
upregulation

composed of both CD8* and CD4V cells, it is likely that
these fractions came from T cells that expressed CD137 or
CD107a molecules nonspecifically. Antigen-independent,
spontaneous CDI137 upregulation in tetramer™ cells was
indeed present (Fig. 2b), which might explain the recovery
of tetramer™ cells by CD137- and CD107a-based sorting.
However, following culture for 7 days, these tetramer™
cells showed a trend toward disappearance, suggesting
either the loss of the growth of cells that had been
expressing CD137/CD107a non-relevant to antigen stimu-
lation, or relative outgrowth of antigen-specific cells after
sorting (Fig. 3b, bottom panels and Table 1).

Data regarding the recovery of CMV-QYD-specific T
cells with the three sorting methods are summarized in
Table 1. Due to a consistently high percentage (average
>93%) of tetramer cells in the tetramer-sorted fraction,
the total recovery of tetramer' cells was also constant
(34-44.5%). In Experiment 3, however, the poor cell
recovery, especially with CD107a-based sorting using the
AutoMACS device, was most likely caused by unex-
pectedly low CD107a induction (11.3% among tetramer™
cells). Nevertheless, in the other two experiments, both
CD137- and CD107a-based methods resulted in a better
recovery of tetramer® cells than the tetramer-based
method.

We next sought to determine which method was most
suitable for expanding enriched antigen-specific T cells
after sorting. Fig. 4a and b shows the growth kinetics of
sorted fractions cultured in the presence of IL-2, but
without any feeder cells for T cell lines specific for CMV-
QYD (Fig. 4a) and EBV-TYP (Fig. 4b) obtained from
seven individuals. In the CMV-QYD group, T cell lines
enriched with the CD137-based method readily showed
significantly better growth than those enriched with tetra-
mer (Fig. 4a). In the EBV-TYP group, T cell lines enriched
with the CDI137-based method showed a trend toward
better growth than those enriched with tetramer (P = 0.084
for day 7 and P = 0.063 for day 14, Fig. 4b). In the case of
T cell lines enriched with CD107a, those specific for CMV-
QYD showed moderate growth (Fig. 4a), while those
specific for EBV-TYP remained unchanged in number
(Fig. 4b). The difference of growth kinetics did not reach
significance for CD137-based versus CDI107a-based
methods; however, there was a constant trend toward an
increased number of antigen-specific T cells among the
CD137-based sorting group (Fig. 4a, b).

3.5 Phenotype and functional aspects of T cell lines
sorted by CD137

Since CD137-based enrichment gave promising results,
especially with expansion after sorting, we further
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