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Introduction

Allogeneic hematopoietic stem cell transplantation (HCT) is the only potentially curative
therapy for many patients with high risk or recurrent acute lymphoblastic (ALL) or acute
myeloid leukemia (AML). The success of the procedure is now understood to be due in
large part to a graft versus leukemia (GVL) effect mediated by donor immune cells.1~7
However, leukemia recurs following HCT in many patients and strategies to augment the
GVL effect to prevent and treat leukemic relapse continue to be a focus of research. Immune
effector cells that have been implicated in the GVL response include CD8" and CD4* T
cells, and natural killer (NK) cells, each of which may contribute more or less to the GVL
effect depending on the type of HCT. After T cell depleted haploidentical HCT, donor NK
cells can mediate a potent GVL effect against AML in the small subset of recipients that do
not express donor class | human leukocyte antigen (HLA) molecules required to engage
donor NK-inhibitory receptors.8~12 After haploidentical HCT in which small numbers of
donor T cells are administered to the patient, T cells that recognize major HLA differences
participate in the GVL effect.13 In allogeneic HLA-identical HCT either from related or
unrelated donors, the GVL effect is thought to be mediated primarily by T cells that
recognize recipient minor histocompatibilty (H) antigens, which are distinct HLA binding
peptides encoded by polymorphic genes that differ between the donor and recipient.
Specifically, an HLA-matched individual who is homozygous for the minor H antigen
‘negative’ allele may have T cells in their repertoire that recognize recipient cells that are
homozygous or heterozygous for a polymorphism that encodes a minor H antigen. A key
feature of minor H antigen recognition is that the tissue expression of the antigen(s)
determine whether the alloreactive T cell responses that develop after HCT cause graft
versus host disease (GVHD), in which cells in the skin, gastrointestinal tract and other
tissues are targeted, a GVL effect, or both. This review will focus on recent developments in
T cell recognition of human minor H antigens, and efforts to translate these discoveries to
reduce leukemia relapse after allogeneic HCT.

The Basis for Immunogenicity of Minor H Antigens

Minor H antigens are by definition non-self peptides, therefore the donor T cell repertoire is
not subject to tolerance mechanisms that limit self-reactivity and as a result the T cell
responses that are elicited to these determinants are typically of high avidity (Figure 1).2~/
Most commonly, immunogenicity originates from one or more nucleotide polymorphisms in
the coding sequences of homologous donor and recipient genes that alter peptide-major
histocompatibility complex (MHC) binding and/or T cell receptor (TCR) recognition of the
peptide-MHC complex. There are at least 90,000 non-synonymous single nucleotide
polymorphisms (SNPs) in the human genome,4 providing a potentially large number of
minor H antigens, based on minor alterations in protein sequence. Copy number variation,
specifically homozygous gene deletion of a member of a polymorphic gene family
(UGT2B17) in the donor, has also been shown to result in T cell recognition of peptides
derived from this protein in recipient cells that express one or both copies of the gene.15-18
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For the majority of minor H antigens, only unidirectional recognition has been
demonstrated, either because the corresponding donor peptide is not generated!®: 19 or
transported by the antigen processing machinery,29=21 does not bind stably to MHC
molecules,22725 or is not recognized by T cells 22723, 26=27 (Taple 1).

Rationale for Targeting Lineage-Restricted Minor H Antigens Using T Cell
Immunotherapy Following Allogeneic HCT

The potency of the GVL effect mediated by donor T cells is illustrated by analysis of
outcome data after allogeneic HCT, which demonstrates a dramatically lower relapse rate in
patients that develop acute and/or chronic GVHD.® There is also a reduction in relapse in
recipients of allogeneic HCT that do not develop GVHD compared to recipients of
syngeneic HCT, suggesting that the GVL effect may be separated from GVHD. One strategy
to accomplish this separation has been demonstrated in murine models in which leukemia
was eradicated by the adoptive transfer of CD8* cytotoxic T lymphocytes (CTL) specific for
a single recipient minor H antigen without GVHD.#2 After allogeneic HCT in humans, both
CD8* and CD4* T cells that recognize minor H antigens on recipient cells are activated in
vivo and can be isolated in vitro, suggesting a similar approach to that taken in mice would
be feasible in man. 7+ 43~47 Human CD8* minor H antigen-specific T cell clones have been
demonstrated to lyse primary AML and ALL leukemic cells and inhibit the growth of AML
colonies in vitro. Moreover, these T cells prevent the engraftment of AML in
immunodeficient mouse models, demonstrating that the earliest leukemic progenitors are
targets for minor H antigen-specific T cells.#”~50 Unfortunately, most minor H antigen-
specific T cells that have been isolated from patients and screened for recognition of cells
derived from non-hematopoietic tissues also recognize at least some non-hematopoietic
cells, raising concern that they would cause toxicity if adoptively transferred. A small subset
of minor H antigens discovered are predominantly or exclusively on hematopoietic cells and
several of these are being evaluated as targets for immunotherapy to facilitate a selective
GVL effect (Table 2).43: 51753 The potential for a few of these “hematopoietic restricted”
minor H antigens described below to serve as targets for immunotherapy to augment the
GVL effect is supported by analysis of T cell responses in patients that have responded to
allogeneic HCT, or to a donor lymphocyte infusion (DLI) to treat relapse.

HA-1 and HA-2

HA-1 was the first molecularly characterized autosomal human minor H antigen and has
been comprehensively investigated as a potential target for GVL therapy. HA-1 is a
nonamer peptide (VLHDDLLEA, called HA-1H) that arises as a consequence of a SNP in
the HMHAU1 gene and is presented by HLA-A*0201. The corresponding non-immunogenic
sequence, or ‘null allele’ is VLRDDLLEA, called HA-1R, and two groups have studied the
basis for differential immunogenicity of these peptides in depth.22724 The proteasomal
cleavage and transport of the two peptides into the endoplasmic reticulum via TAP is
similar, and both variants can bind to the HLA-restricting allele. However, the arginine (R)
variant has lower affinity and less stable binding to HLA-A*0201 likely related to the
relatively large size of the arginine molecule that results in steric and electrostatic hindrance
with HLA-A*0201 D pocket residues.22=24 The interaction between soluble HA-1H-specific
TCRs and the HA-1H and HA-1R peptides has also been analyzed, and it was observed that
the TCR bound the HA-1H as expected, albeit with relatively low affinity (35 uM) and rapid
dissociation, but completely failed to bind HA-1R.23 Thus, differences in both MHC and
TCR binding account for the immunogenicity of HA-1H. The immunogenicity of HA-2
(sequence YIGEVLVSYV, called HA-2Y), which is also presented in association with HLA-
A*0201, arises from a SNP in the MYOG1 gene that results in altered binding of the
encoded peptides to HLA-A*0201. Like HA-1, HA-2 has a hematopoietic- restricted tissue
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distribution,>2 although it has been less extensively studied than HA-1 and has a less
favorable phenotypic distribution in the population.

It is well established that HA-1 and HA-2-specific CTL can kill leukemic blasts and prevent
the growth of leukemic progenitors in vitro.48=49: 57-59 The first example of an in vivo
effect of HA-1-specific T cells was reported by Kircher and colleagues, in which a patient
with a chemotherapy refractory relapse of BCR-ABL positive ALL one year after HCT
received a DLI from the original HLA-identical sibling HCT donor.>” The patient achieved
a complete cytogenetic and molecular remission, and clonal analysis of the specificity of a
minor H antigen-specific CTL line established from patient peripheral blood mononuclear
cells (PBMC) revealed sole specificity for HLA-A2* HA-1H* target cells, and recognition of
primary leukemic cells that endogenously presented the HA-1H minor H antigen. The
Goulmy group performed an analysis of three additional patients who received DLI to treat
post-transplant relapse using MHC/peptide tetramers to quantify HA-1 and/or HA-2 specific
T cells.89-61 They observed an expansion of CD8* T cells specific for HA-1 and/or HA-2 in
the blood after DLI, and the emergence of HA-1 and HA-2 specific T cells coincided with
remission of the malignancies (chronic myeloid leukemia (CML) and multiple myeloma)
and restoration of complete donor hematopoietic cell chimerism. HA-1 and HA-2-specific T
cells were also isolated from these patients and shown to lyse recipient leukemic cells and
inhibit leukemic colony formation in vitro.59=61 In one additional report, the emergence of
HA-1H-specific CTL in patients treated with DLI for relapse of CML appeared to coincide
with elimination of the CML.23

HA-1-specific CTL have been identified in PBMC samples obtained from patients who have
received DLI without experiencing severe GVHD.30: 57, 60=61 However, analysis of
transplant outcome based on donor/recipient disparity of HA-1 has provided conflicting data
concerning a potential role of HA-1 in GVHD.52-64 This conflicting data could reflect the
inherent limitations of analyzing GVHD outcomes in relation to a few known minor H
antigen differences in population studies of highly outbred individuals. HA-1 is widely
accepted to be selectively expressed on hematopoietic cells, and multiple publications have
documented very low to absent HA-1 gene expression in non-hematopoietic cells,9=%7 and
lack of recognition of HA-1H positive non-hematopoietic cells by HA-1H-specific CTL in
cellular assays.>2 Furthermore, HA-1H-specific CTL induce little or no specific tissue
damage when co-cultured with HA-1 positive skin biopsy specimens in a skin explant
model of GVHD.%8

BCL2A1/ACC-1 and ACC-2

BCL2A1 is a member of the bcl-2 family of anti-apoptotic genes and encodes the minor H
antigens, ACC-1Y, ACC-1C and ACC-2P. Bi-allelic recognition of ACC-1 has recently been
demonstrated such that both ACC-1Y (sequence DYLQYVLQI) and ACC-2C
(DYLQCVLQI) are processed, bind the HLA-A*2402 restricting allele and are
immunogenic.36 ACC-2P results from a different nucleotide polymorphism in the BCL2A1
gene and is presented by HLA-B*4403.3% The BCL2A1 gene is highly expressed in
hematologic malignancies and may contribute to the survival of malignant cells, making
minor H antigens encoded by this gene attractive for anti-leukemic immunotherapy.5° The
immunogenicity of ACC-1Y, ACC-1¢ and ACC-2P have been attributed to physical
differences in the peptide-MHC complex for TCR discrimination. ACC-1 Y and ACC-2P
specific T cells were isolated from transplant recipients and lysed primary leukemic cells in
vitro.3® Gene expression analysis by Northern blot,3° quantitative PCR,57 and database
microarray data suggests a predominantly hematopoietic-restricted distribution
(http://biogps.gnf.org) suggesting ACC-1Y, ACC-1€ and ACC-2P may be useful targets for
segregating the GVL effect from GVHD."?
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P2X5/LRH-1

The P2X5 gene is a member of the P2X purinergic ATP-gated non-selective cation channels
and encodes the HLA-B*0702-restricted LRH-1 minor H antigen.38 A frame shift mutation
resulting from an insertion/deletion SNP underlies the immunogenicity of LRH-1. The
cytosine deletion in exon 3 leads to the production of a truncated protein in the donor cells
and a sequence disparity between the recipient and donor in the transcribed region, including
a major partial disparity between recipient and donor for the amino acid sequence that gives
rise to the minor H antigen peptide in recipient cells (TPNQRQNVC in the recipient,
TPTSGRTSYV in the donor).38 The fate of the donor transcript is not known.

Quantitative PCR data shows that P2X5 gene is expressed in normal lymphocytes, B and T
lineage ALL, lymphoma and multiple myeloma, and the CD34* fractions of CML and
AML. P2X5 is expressed at lower levels in brain and skeletal muscle, but there is minimal if
any expression in the target tissues of GVHD (small intestine, colon, liver, lung, skin),38 and
skin fibroblasts that are positive by LRH-1genotyping, are not recognized in cellular assays.
38 Although P2X5 is predominantly expressed on lymphocytes and there is little expression
in normal myeloid cells, LRH-1-specific minor H antigens kill CD34* ALL, AML, and
CML cells, and CD138* multiple myeloma cells in vitro.38=40 Dolstra’s group studied seven
HLA-B7* LRH-1" positive patients who received HCT for a hematologic malignancy and
subsequently DLI from a HLA-B7*+ LRH-1~/~ donor, and detected LRH-1-specific
responses coinciding with clinical, molecular or cytogenetic responses in three of the seven
patients. 38: 40

Progress in Development of Immunotherapy Targeting Minor H Antigens
Following Allogeneic HCT

Despite the discovery of at least fourteen hematopoietic-restricted minor H antigens and
observational data suggesting that certain minor H antigen-specific T cells may have the
potential to induce a potent selective GVL effect, the translation of these discoveries into
clinical trials that prospectively evaluate strategies such as adoptive T cell therapy or
vaccination to augment specific T cell responses has been challenging. The challenges that
have impeded clinical translation of minor H antigen-directed immunotherapy, and the
progress in the field that provides optimism that the potential of this approach will be
realized are described below.

Molecular identification of minor H antigens

The Challenges—A rational assumption for the clinical investigation of minor H antigen-
directed immunotherapy has been that minor H antigens that have a predominantly
hematopoietic-restricted tissue distribution should be selected as targets. Analysis of the
genotype frequency of the minor H antigens shown in Table 2 reveals an inherent difficulty,
which is that the current list will only be relevant for a minor proportion of the transplant
population, and that any study targeting a single minor H antigen would have difficulty
accruing sufficient number of patients to be informative. Ideally, a large panel of minor H
antigens would be available from which to select appropriate targets for the treatment of
individual HCT recipients because of the need to have the appropriate HLA restricting
molecule and the correct directional disparity between HCT recipient and donor.

The success in assembling an adequate selection of minor H antigens for clinical
immunotherapy trials is likely to depend on the stringency of the criteria used to define
‘hematopoietic-restricted’ since the proportion of human genes that are expressed absolutely
exclusively in hematopoietic cells is very small. It is uncertain whether it is essential that the
expression of minor H antigens be absolutely exclusive to hematopoietic cells to prevent
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toxicity in the context of adoptive immunotherapy or vaccination, or what level of
expression in nonhematopoietic cells might be tolerated. However, this issue is difficult to
approach experimentally, thus there remains a strong case for selecting highly
hematopoietic-restricted minor H antigens as targets for the initial immunotherapy clinical
trials until safety is established.

The Progress—At the present time, 25 and 40% of recipients of HLA-identical related
and unrelated donor HCT respectively would be eligible for immunotherapy targeting one of
the molecularly characterized minor H antigens expressed predominantly on hematopoietic
cells (Table 2).”1 The discovery of minor H antigens is accelerating as a result of novel
approaches for isolating minor H antigen-specific CTL clones that can be used for gene
discovery; and the development of databases of human genetic polymorphisms and cell lines
with characterized genotypes that facilitate dissection of T cell recognition (Figure 2). How
these developments are being applied to minor H antigen gene discovery is discussed briefly
below.

a). Cellular tools: isolation of minor H antigen-specific CTL clones by primary in vitro
stimulation: Minor H antigen-specific T cells provide essential reagents for the molecular
identification and characterization of the polymorphic genes that encode the antigens, and
such T cells have in the past been isolated from post-transplant blood obtained from
allogeneic HCT recipients. This approach was cumbersome and often unsuccessful, perhaps
due to the immunosuppressive drugs the patients were taking to impede the development of
GVHD. We developed an approach for isolating minor H antigen-specific CD8* T cell
clones that can be stably propagated for antigen discovery, that relies on the stimulation of
naive CD8* T cells from unprimed donors with monocyte-derived dendritic cells (DC) from
the HLA-identical sibling.>* The generation of minor H antigen-specific CTL by primary in
vitro stimulation required IL-12 and gamma chain cytokines in the culture. With this
approach, a large panel of CTL clones was obtained from granulocyte colony stimulating
factor (G-CSF) mobilized stem cell products of ten consecutive HCT donors. This panel
included CTL clones specific for novel minor H antigens that were presented in association
with common HLA alleles, encoded by polymorphisms with a balanced phenotype
frequency (between 26 and 78% of the population), and expressed on hematopoietic cells
including leukemia.>* As proof of principle, a minor H antigen-specific CTL clone from this
panel was used to discover a new minor H antigen encoded by the HEATR1 gene that is
presented on AML stem cells and minimally in nonhematopoietic tissues.>* Additional
minor H antigens have been identified using CTL clones derived by primary in vitro
stimulation and these are currently being fully characterized.

b). Genetic and molecular tools: Genome wide association and advances in cDNA
library screening: Approaches that have been used previously to identify the polymorphic
genes and peptide sequences that provide minor H antigens include cDNA library screening,
genetic linkage analysis, and peptide elution followed by high-performance liquid
chromatography to identify immunogenic peptides and mass spectrometry to determine their
sequence. These approaches have been reviewed elsewhere,’ but their broad application has
been restricted to a few laboratories with the technical expertise to perform this work. The
application of new genetic and molecular techniques that incorporate advances in human
genomics reduces technical complexity and is accelerating the pace of minor H antigen
discovery.

Genome wide association studies (GWAS) and HapMap screening: An important
development in the field is the application of genome wide association studies (GWAS) and
HapMap screening for minor H antigen identification. GWAS with HapMap scanning takes
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advantage of the publically available genotyping data from the Human Hap Map project and
involves analyzing the relationship between patterns of expression of the minor H antigen
phenotype (as determined by in vitro cytotoxicity or cytokine secretion assays) of B cell
lymphoblastoid cell lines (B-LCL) and their patterns of SNP genotype downloaded from
databases. In contrast to genetic linkage analysis, the association studies in GWAS are
performed simultaneously for SNPs across the whole genome making it a potentially rapid
and powerful technique. GWAS has now been used to discover three novel minor H
antigens, and to retrospectively identify two others.16: 56: 72 The Akatsuka group published
the first report of the use of GWAS for discovering novel minor H antigens.16 They
screened minor H antigen-specific CTL clones for recognition of up to 72 HapMap B-LCL,
and stratified the B-LCL into those that were clearly positive for expression of the minor H
antigen and those that were clearly negative. Association scores were then calculated using
the purpose designed computer program, and chromosomal regions that contained SNPs that
were significantly associated with T cell recognition were identified. Candidate
polymorphisms were then evaluated using synthetic peptides to identify the precise epitope.
In one example reported by the Akatsuka group,16 the actual SNP that corresponded to the
antigenic allele was not identified in the original GWAS because of genotyping errors for
that SNP in the database, but was subsequently identified and confirmed on re-sequencing of
the candidate gene. The GWAS approach is more rapid than traditional genetic linkage
analysis and requires less technical expertise. However, there can be difficulties with the
identification of multiple polymorphisms located in disparate regions, even different
chromosomes, representing a mixture of false and true positive associations.16: 56: 72

Bacterial cDNA libraries for identification of class Il MHC restricted minor H antigens:
Most published work on minor H antigen discovery describes the identification of class |
MHC-restricted minor H antigens recognized by CD8* T cells. There has been renewed
interest in a role for HLA class Il minor H antigens in a selective GVL effect because HLA
class Il is not expressed on most non-hematopoietic tissues under non-inflammatory
conditions, and therefore expression of a minor H antigen in non-hematopoietic tissue in the
absence of its HLA restricting allele is less likely to cause GVHD. It remains to be
determined whether there is sufficient HLA class 11 expression on leukemic cells, including
leukemic stem cells to be recognized by CD4* T cells, and if so whether leukemic cells will
be susceptible to death pathways invoked in target cells by CD4* T cells. These issues are
best studied with T cells specific for molecularly characterized class I1 restricted minor H
antigens.

Several class | MHC-restricted minor H antigens were discovered by screening cells co-
transfected with pools of a cDNA library prepared from minor H antigen positive cells and
with a plasmid encoding the class | MHC restricting allele. Conventional cDNA library
screening by transfection into COS7 or 293T cells is not as easily applied for the discovery
of class Il minor H antigens, since these cells are not professional antigen presenting cells.
This issue can be resolved by constructing the cDNA libraries such that the invariant chain
is fused to each cDNA to direct the transport of translation products to class Il processing
compartments, and co-transfecting the COS cells with essential components of the class |1
antigen presentation pathway. /3 A subsequent improvement for discovery of class Il
restricted antigens relates to the expression of cDNA libraries in bacteria, and loading of
bacteria containing the expressed human protein into class 11 MHC positive B-LCL.%% 74=75
The first example of the discovery of a minor H antigen using a bacterial cDNA library is
the minor H antigen LB-P14K2B-1S encoded by the phosphatidylinositol 4-kinase type Il
(P14K2B) gene.” A recombinant cDNA library was constructed from patient B-LCL by
cloning randomly primed cDNAs into a pKE-1 vector, which encodes the glutathione-
binding domain of GST under the control of a isopropyl p-D-thiogalactoside (IPTG)
promoter. Protein expression was induced by IPTG, and individual pools of 50 bacteria were
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then opsonized with complement and loaded onto aliquots of donor B-LCL. The B-LCL
were then screened for T cell recognition by enzyme linked immunosorbent assay to detect
interferon gamma. One bacterial pool induced a positive response and sub-cloning of this
pool identified a single cDNA that was identical to the PI4K2B gene. A SNP in PI4K2B was
subsequently confirmed to be the polymorphism relevant for recognition.

Several other autosomal minor H antigens have now been discovered using bacterial cDNA
libraries including LB-LY75-1K, LB-MR1-1R, LB-PTK2B-1Y and LB-MTHFD1-1Q.5% 7®
A minor H antigen of particular interest is LB-LY75-1K (sequence GITYRNKSLM), which
is encoded by the lymphocyte antigen 75 (LY75) gene, and arises from a non-synonymous
SNP (rs12692566, G/T, lysine/asparagine) in exon 29. LY75 is also known as DEC205 and
functions as a scavenger receptor in DC.76:77 LY75 is expressed on both normal lymphoid
and myeloid hematopoietic cells with the highest level of expression on DC. LB-LY75-1K
positive AML cells but not fibroblasts (a representative non-hematopoietic cell) induced
interferon gamma (IFNy) release by the LB-LY75-1K-specific CD4* T cell clone suggesting
that targeting LB-LY75-1K could potentially induce a GVL effect without GVHD.>® One
caveat for targeting LB-LY75-1K to induce a selective GVL effect is that it is also expressed
on cortical thymic epithelial cells which, unlike most non-hematopoietic cells, do express
HLA class Il molecules.”® Thymic damage is considered to be a factor in the development
of chronic GVHD by allowing thymocytes to escape deletion of T cells with self-reactive
TCRs. Cortical thymic epithelial cells (EC) contribute to tolerance, thus the elimination of
recipient thymic EC by targeting LY-75 could theoretically contribute to chronic GVHD.

c). Revisiting old tools: screening candidate polymorphic peptides using reverse
immunology: There has been renewed interest in using reverse immunology for minor H
antigen discovery with the wealth of available data on human genetic polymorphism.
Reverse immunology involves screening candidate peptides selected from the sequence of a
gene product of interest often based on computer algorithms that predict binding to HLA
molecules. This approach has the potential for high-throughput analysis and allows the
selective analysis of peptides encoded by genes that are known to be preferentially
expressed in hematopoietic cells. Reverse immunology has been used extensively to
discover tumor associated antigens, and in the past has facilitated the identification of
additional epitopes in genes such as HMHA-1, and HB-1 that encode minor H antigens
previously discovered by ‘forward’” immunology.34 Reverse immunology has recently been
used by the Ritz group to identify potentially immunogenic novel Y chromosome associated
minor H antigens after HLA-identical transplant between sex mismatched individuals. A
large panel of Y chromosome derived peptide sequences were screened for recognition by T
cells obtained from short-term cultures of PBMC obtained from patients following
allogeneic HCT using IFNy release as a readout. T cell responses to a subset of the peptides
were observed, although only a small number of patients responded to any given peptide.
Studies demonstrating that these putative novel HY antigens are processed and presented by
leukemic cells have not yet been reported.”®

Our lab has performed an in silico analysis that incorporated gene expression and SNP
databases, and peptide prediction algorithms to assemble a library of candidate minor H
antigen peptides derived from genes that are predominantly expressed in hematopoietic
cells. This library of peptides will enable screening for T cell responses that might develop
in allogeneic HCT recipients who are appropriately discordant at the putative antigenic
allele with the donor, and can be used for in vitro priming of T cell responses from the donor
naive T cell repertoire.

Immunol Cell Biol. Author manuscript; available in PMC 2011 September 1.
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Adoptive T cell therapy targeting minor H antigens

The Challenges—The adoptive transfer of donor T cells specific for viral antigens is
effective for preventing cytomegalovirus (CMV) and Epstein Barr virus (EBV) disease after
allogeneic HCT without causing GVHD,8%-84 and the transfer of autologous tumor-reactive
T cells has been employed successfully in a subset of patients with melanoma and EBV
related malignancies.85-89 The molecular characterization of minor H antigens that are
expressed by leukemic cells but not on non-hematopoietic tissues provides the opportunity
to use adoptive transfer of minor H antigen-specific T cells to augment the GVL effect after
HCT without GVHD. There are several significant challenges to be met before this complex
approach can be routinely employed. These include the need to develop efficient methods
for isolating and expanding rare donor T cells that are specific for relevant minor H
antigens, to define the appropriate cells and conditions that promote persistence of
transferred T cells in vivo, and to implement strategies to ensure that transferred T cells do
not cause toxicity to normal tissues.

The Progress—Steady progress has been made in defining principles for isolating,
expanding and re-infusing T cells to treat human infections and malignancy, 84, 90-91
including the use of gene transfer techniques to introduce TCR aff genes and confer
specificity for a target antigen, and to introduce genes that will enhance safety.92-93 Another
important advance is the recognition that cell intrinsic qualities of effector T cells (Tg) that
are selected for adoptive transfer play a critical role in their ability to persist in vivo and
establish long-lived memory responses. Here, we discuss how these advances are being
applied to adoptive T cell therapy targeting minor H antigens.

a). Isolation and expansion of minor H antigen-specific T cells: Donor T cells specific for
minor H antigens including hematopoietic-restricted antigens such as HA-1H, ACC-1Y and
ACC-2P and LRH-1 are already amplified in some HCT recipients, 23: 30, 35, 38, 40, 47, 57,
60-61 although their ability to eliminate leukemia may be compromised by the
administration of immunosuppressive drugs to prevent GVHD. Such T cells can be isolated
post-transplant and expanded in vitro for adoptive transfer to magnify the endogenous
response and potentially improve the GVL effect. T cell clones rather than polyclonal T cells
are preferred for immunotherapy in the allogeneic HCT setting to avoid infusing other
potentially alloreactive T cells, and to facilitate analysis of safety and efficacy. A phase |
clinical trial of adoptive immunotherapy has been performed by our group in which T cell
clones that were specific for minor H antigens that exhibited preferential expression on
hematopoietic cells by in vitro assays were adoptively transferred to patients with leukemia
relapse.®4 Prior to infusion, the T cell clones were expanded to several billion cells using
culture methods that employ antibodies to the CD3 signaling complex to activate T cells,
“feeder’ cells to provide co-stimulation, and IL-2 to promote T cell proliferation and
survival. This study demonstrated that generating minor H antigen-specific T cells for
therapy was feasible in a significant subset of patients, and showed that the transferred T
cells infiltrated the bone marrow and mediated antileukemic activity in vivo. However, some
treated patients experienced reversible pulmonary toxicity at high T cell doses that was
subsequently shown to reflect the unexpected expression of the targeted minor H antigen in
pulmonary epithelial cells. This “on-target” toxicity emphasized the need to focus on
immunotherapy targeting molecularly characterized minor H antigens with a well defined
tissue distribution for future clinical trials.®* A second problem observed in this trial was the
short duration of persistence of transferred T cells, which is commonly observed in adoptive
T cell therapy trials for malignancy and correlates with lack of a sustained antitumor effect.
95 The basis for poor T cell persistence is beginning to be elucidated and strategies to
improve cell persistence are discussed later in this review.

Immunol Cell Biol. Author manuscript; available in PMC 2011 September 1.
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An alternative approach is to isolate minor H antigen-specific T cells directly from the donor
before transplant and administer them either as part of the stem cell graft or early post-
transplant when the tumor burden is low. Early therapy may be especially important after
non-myeloablative HCT because of the limited anti-tumor activity of the conditioning
regimen. Specialized culture conditions employing DC that are either pulsed with
immunogenic peptides, transfected with the gene encoding the antigen, or derived from
monocytes isolated from the HCT recipient (and thereby naturally expressing the relevant
minor H antigens) have been developed to isolate donor T cells specific for leukemia-
associated minor H or non-polymorphic antigens.>* 969 Techniques have been established
for the isolation of human T cell clones and involve plating T cells directly from polyclonal
cultures at limiting dilution or after selection using tetramers or cytokine capture, and
screening colonies to identify those with the desired reactivity.4’+ 190 Potential problems
with this approach include the technical difficulty of priming and expanding rare T cells
from the naive repertoire of the donor, and the possibility that Tg cells derived from naive T
cell precursors in vitro may not be appropriately programmed for survival in vivo.

b). TCR ap gene transfer to derive T cells for adoptive immunotherapy: While culture
conditions for the isolation of minor H antigen-specific T cells for GVL therapy have
improved, novel strategies to generate T cells may prove more efficient and ultimately more
effective. One potential approach is to engineer donor T cells for antigen specificity by the
introduction of genes that encode the TCR o and  chains from previously isolated minor H
antigen specific T cell clones. TCR gene transfer has been successful for generating antigen-
specific T cells that are effective in murine models of adoptive immunotherapy,101-103 angd
the first human clinical trials of T cells modified by TCR gene transfer to treat metastatic
melanoma have been performed with some success. 1047105

TCR gene transfer has the advantage of providing “off the shelf” reagents that could be used
to target minor H antigens in HCT recipients that are appropriately discordant at specific
loci. The availability of TCR genes for multiple minor H antigens would increase the
applicability of minor H antigen-specific immunotherapy, requiring only that the donor and
recipient be genotyped prior to transplant to select the appropriate targets for therapy. The
TCRs would need to be inserted into donor T cells that lack the ability to cause GVHD,
which could potentially be accomplished by introducing the genes into virus (CMV or
EBV)-specific T cells. 103, 106-111 For example, the minor H antigen HA-2 has a favorable
tissue distribution and CTL specific for HA-2 have been observed in patients with relapsed
leukemia responding to DLI. However, 95% of the population expresses the antigenic
HA-2V allele and therefore naturally mismatched recipient donor pairs are infrequent. The
transfer of HA-2-specific TCRs into T cells from HLA-A*0201 positive, HA-2-negative
individuals using retroviral vectors has been demonstrated to successfully redirect cytolytic
activity against HA-2 positive target cells, including leukemia.193 Furthermore, the
introduction of an HLA-A*0201-restricted HA-2-specific TCR into HLA-A*0201 negative
lymphocytes also transferred HA-2-specific anti-leukemic reactivity in vitro, and only
against HLA-A*0201 positive target cells.193 Thus, this approach could also be applied to T
cell therapy in non-HLA matched HCT where the donor lacks the HLA restricting allele for
a minor H antigen that both the donor and recipient share.

There are potential limitations of the TCR transfer approach including a) mispairing of the
gene-transferred TCR and native TCR chains leading to the development of dysfunctional or
potentially autoreactive TCRs, b) competition for the CD3 co-receptor between the gene-
transferred TCR with the native TCR or mixed TCR dimers leading to reduced function of
the introduced antigen-specific TCR, and c) inefficient gene transfer and unstable transgene
expression. Potentially harmful neoreactivity, including HLA class | and 11 alloreactivity and
autoreactivity, has been observed in human T cells in vitro as a consequence of mispairing
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of the gene-transferred minor H antigen or viral-specific TCR a or  chains and native TCR
chains!12, and a lethal GVHD syndrome (“TCR gene transfer-induced GVHD”) has been
observed in murine models as a result of mispairing of endogenous and introduced TCRs.113
Efforts to make TCR transfer safer include modifications of the introduced a and B chains to
increase correct pairing,112: 114=117 andj/or to prevent expression of the endogenous TCR by
the introduction of a zinc finger nuclease specific for the endogenous TCR beta chain or the
use of small interfering RNA (siRNA), thereby avoiding the opportunity for mispairing 18—
119 A further option to prevent mispairing of the introduced and endogenous af chains is to
introduce the off TCR genes together with the requisite CD4 and CD8 co-receptors into y/o
T cells which lack endogenous of3 chains. The y/d T cell approach has been studied using the
HA-2 minor H antigen TCR as a model and the HA-2 of3 transduced y/8 T cells showed
good functional activity in vitro,107, 120

c). Promoting persistence of adoptively transferred antigen-specific T cells: The optimal
regimen for promoting persistence of transferred T cells in humans has not yet been defined.
Several factors have been suggested to interfere with T cell persistence including terminal
differentiation from prolonged culture of T cells before infusion, the use of excessive
cytokines in vitro, and the absence of a CD4* helper T cell response in vivo.81: 121 Strategies
for improving in vivo survival of transferred T cells that have been evaluated in animal
models include the addition of exogenous cytokines such as IL-2 or IL-15, or cytokine
transduction of the CTL,; co-stimulation via CD28 or 4-1BB; and transferring T cells when
the recipient is lymphopenic and homeostatic regulatory mechanisms that promote T cell
expansion and survival are invoked.85—86: 122-125 The yse of IL-2 or IL-15 is likely to be
difficult in the allogeneic HCT setting as these cytokines may provoke GVHD by inducing
the proliferation of donor alloreactive T cells present in the stem cell graft.

The importance of heritable cell intrinsic qualities of transferred T cells is increasingly being
recognized as a factor for the persistence of transferred T cells. T cells for adoptive transfer
could be isolated from the naive (Ty CD45RA* CD45RO~ CD62L™), central memory (Tcm
CD45RO™ CD62L™), or the effector memory (Tgp CD45RO*, CD62L7) T cell subsets.126
After in vitro activation and expansion, T cells acquire a uniform Tg phenotype and lack
most memory T cell markers.127 Studies in our lab in a non-human primate model have
demonstrated that clonally derived Tg cells obtained from Ty precursors have a greatly
superior capacity to persist in vivo after adoptive transfer compared to those derived from
Tem precursors, and reacquire memory markers, and respond to antigenic challenge in vivo.
128 This finding is consistent with studies in murine models showing that T¢y confer
superior anti-tumor protection after adoptive transfer compared to Tgpm.12% These results
suggest that the transfer of TCRs specific for minor H antigens to target leukemia would
best be accomplished by purifying Tcp cells with a native TCR specific for a persistent
virus to facilitate their survival and function after adoptive transfer. A recent study
performed in a transgenic mouse model suggests that Tg cells derived from Ty are also
superior to those derived from Tgp cells in their ability to persist in vivo after adoptive T
cell transfer, providing they are not extensively cultured.130

d). Preventing toxicity associated with adoptive T cell transfer: The adoptive transfer of
minor H antigen-specific T cells to augment the GVL effect has the potential to cause
GVHD or toxicity to normal tissues that express the target antigen, as illustrated by the
results of the first clinical trial of this approach.%* The use of gene transfer to engineer T cell
specificity would impose an additional risk of insertional oncogenesis.13! If the therapy is
effective in eliminating leukemia, some limited toxicity may be acceptable. However, it
would be advantageous to be able to eliminate transferred T cells if serious toxicity
developed. The introduction of a conditional suicide gene, such as the HSV thymidine
kinase (TK) gene has been effective for controlling GVHD after polyclonal DLI to treat
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relapse or EBV lymphoproliferation in HCT recipients, but this approach can be limited by
the immunogenicity of the viral TK, which can result in premature elimination of transferred
effector cells.%3: 1327134 Aternative suicide genes based on the expression of chimeric
human proteins such as Fas or caspase 9 that can be activated by a synthetic nontoxic drug
to induce cell death are being investigated by several groups.135-136 Another approach is to
express a surface molecule such as CD20 that can be targeted by a monoclonal antibody.
Preliminary studies indicate that virus (CMV)-specific T cells co-transduced with CD20 and
the minor H antigen HA-2 TCR exhibit high level HLA-restricted cytotoxicity against
HA-2* targets in vitro and can be efficiently destroyed with the «CD20 mAb Rituximab by
complement-dependent cytotoxicity.13” These developments suggest that more sophisticated
approaches to augmenting GVL activity by the adoptive transfer of minor H antigen-specific
T cells will be feasible in the future.

Future Directions -- Vaccination Against Minor H Antigens

Vaccination of HCT recipients against minor H antigens could represent an alternative
approach to adoptive immunotherapy, or a complementary strategy for augmenting the GVL
effect. However, despite considerable effort to elicit tumor-reactive T cell responses in
cancer patients, most studies have yielded poor results. Additional challenges to priming or
boosting immune responses in HCT recipients are posed by the pharmacologic
immunosuppression that is administered to prevent or treat GVHD, and by the delayed
immune reconstitution that occurs after HCT. Conversely, there are grounds for optimism
about the potential of vaccines targeting minor H antigens to augment the GVL effect. In
contrast to solid tumors, hematological malignancies may be more susceptible to vaccine-
induced T cell responses because the tumor environment is more accessible physically and
immunologically. Several clinical trials of peptide or DC vaccines targeting non-
polymorphic leukemia-associated antigens have now been conducted and immunologic and
clinical responses have been demonstrated.138-151 Minor H antigens are foreign to the donor
T cells and therefore should have the potential to induce high affinity responses, in contrast
to most non-polymorphic tumor-associated antigens.

Clinical trials of HA-1 or HA-2 vaccination of the transplant recipient to augment the GVL
effect following allogeneic HCT have been initiated or are planned at several centers, but
results have not yet been reported. Vaccination of the immune competent transplant donor
prior to transplant is an intriguing alternative approach that could increase the frequency T
cells specific for leukemia-associated antigens in the stem cell graft and facilitate the GVL
effect. The feasibility of inducing immune responses with vaccination and transferring them
with adoptive immunotherapy post-transplant in humans has been demonstrated in the
autologous HCT setting,192 and transfer of vaccine induced T cell responses to a tumor
antigen (idiotype) through the HCT graft has also been demonstrated in HCT between HLA-
identical siblings.1®3 Donor vaccines targeting minor H antigens may pose a theoretical risk
of inducing autoimmunity by virtue of cross-reactivity with the “non-immunogenic” allele.
However, the observation that multiparous women remain healthy in spite of being primed
to minor H antigens from the fetus suggests this is unlikely.124~155

Conclusions

It is now fifteen years since the first molecular characterization of human minor H antigens
and significant strides in minor H antigen discovery are now being made as a consequence
of advances in cellular, genetic and molecular techniques. Much has been learned about the
mechanisms of minor H antigen immunogenicity, their expression on normal and malignant
cells, and their role in GVL responses. As discussed in this review, the challenges in
translating these findings to improve the outcome of allogeneic HCT have been substantial.
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The first report of the adoptive transfer of minor H antigen-specific T cell clones to patients
with leukemia relapse in 2010 illustrates the potential for manipulation of alloreactivity for
therapeutic benefit. Concurrent progress in defining the basic requirements for effective
adoptive T cell immunotherapy, such as the transfer of T cell subsets with a high intrinsic
capacity for prolonged survival and in the use of gene transfer to confer specificity promise
to hasten the clinical translation of cellular therapeutics targeting minor H antigens.
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Figure 1.

The cartoon illustrates the pathways of generation and presentation of minor H antigens, and
the recognition of minor H antigens by donor T cells during allogeneic HCT. Minor H
antigens arise as a consequence of the normal cellular mechanisms for processing and
presenting foreign antigens to T cells. Polymorphic genes are transcribed and translated and
short peptide sequences are generated by proteolytic digestion of longer precursors in the
proteosome. The peptides are transported into the endoplasmic reticulum by the peptide
transporter (TAP) and loaded onto MHC class | molecules. The peptide-MHC complex is
subsequently presented on the cell surface. In the setting of allogeneic HCT, polymorphisms
in the recipient genome can result in the expression of proteins and peptides that are distinct
from those in donor cells. Donor T cells fail to recognize self-peptides presented on the cell
surface of donor cells due to thymic and peripheral tolerance mechanisms. However, there
are high avidity T cells in the donor repertoire that can recognize recipient minor H antigens
and these cells become activated following allogenic HCT and contribute to GVHD and to
the GVL effect.
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Figure 2.

The figure depicts the accelerating pace of minor H antigen discovery. Each year in which a
molecularly characterized autosomal chromosome-associated human minor H antigen was
discovered is marked on the horizontal time line by the vertical arrows. The name(s) of one
or more minor H antigen identified in each discovery year is listed above the corresponding
arrows.

Immunol Cell Biol. Author manuscript; available in PMC 2011 September 1.



Page 24

Bleakley and Riddell

uononusap apndad
J10sIn2aid 0y Buipes)
abenea]o [ewiososlold dNSSU 01U0X® ADVLOJIIA T0T0+V 12€00Z (ETdVV/20T) €-VH aBeAa|O [BW0S08101d
S]|99 Jouop U1 uoneiuasald Buissasoud
apndad juasqe 01 Buipes) dv.l J1o/pue 1odsuen
dv 1 Hodsues spndad v dNSSU 21U0Xa ATIAATLY 1020%Y 021002 (0200vVI3) 8-VH ul yodsuel) pasal|y utaj0.d pasaly
x8]dwod apndad-QHIN 440 aAneUIB)R
40 uonuBoaI |39 L V Ul dNSSU 91U0X® VdITVIVAVAS 1020-v | 122002 (VEHOL/HIAV) 4T-HIAv-a1
sapndad snonfuod
uou Buionds asianal
‘xa1dwod apndad-OHIN
4o uomuBodal |89 L'V dNSsU 91uoX® Md1SL19YdTS TOS0xV 19002 (0T1dS) 40TTdS
xa1dwod apndad-OHIN 440 anneuIg)e
40 uormuBooal 1|30 1V ur dNSSU 21UOX® IV 1dYuIVHdY 20L0+8 929002 (14993) HT-T4903-81
xa1dwoa apndad-OHIN
Jo uonuBodal |20 L V dNSSU 1uoxa IDTADOTAG 2072V 9g800¢ (TV2108) 51-00V 4
x8]dwod apndad-QHIN
40 uonuBodal |20 L V dNSSU a1uoxa MNINTQI33X E0VY8 gg€00Z (1v2108) qz-00v
x8]dwod apndad-QHIN
40 uoniuBoval 1139 | v dNSSU 91U0Xd IDIARDTAQ Z0VeeY Ge€00Z (T¥2108) A1-00V 4
xa|dwod apndad-DHIN [0]472%: ]
10 UONIUBO21 |80 1 V dNSSU 91U0X? MAKXTISOEYIT 20778 ygB66T (TSHINH) AT-8H
x8]dwod apndad-OHIN fl0ja72%e|
40 uonuBoda! |30 L V dNSSU a1Uox? MAHTS9Y33 20r78 ££77g666T (TAHWH) yT-8H 4
x81dwoa apndad-OHIN 210079
40 uomuBoal 1|89 1 V dNSSU 91U0X® (V1aaATADIN 09+ 162002 (TVHIH) yT-VH
xa|dwod apndad-OHIN 1002 xa]dwod apndad
(> .
10 uomubodal [189 | V 9020+ DHIN 10 uonubodas
Buipuig OHIA -apnded v dNSSU 91U0X? vITIAaHIA 1020V 228661 (TYHINH) pT-VH HOL pasaly
(s1010€}
leuonippe ajqissod+)
Butpuiq OHW-apndad v dNSSU 91UOoX? ASATAIOIA T02+V 67 825667 (OTOAW) AZ-VH
Buipuig OHIN apndad v dNSSU 91UoXa YO TIdTLYM E0EEXY 629002 (H uisdayed) y5-Ovv ¥oL
OHI 0 10/pue QHIA 0} Buipuig
Butpuig JHIA spndad v dNSSU 9IUOX? GYOTIdILY T0TERY 62900Z (H utsdayed) y-OvY Butpuiq apndad pasaiy apndad pasayy
apndad swsiueyosw anduss | adond3 spndad atusbounwwy | 3j3je v1H (auab) uabnuy H JoulN
21[8] e 8ANRUIBY[E Y1
10 uoniubodals bunussaad
SWISIUBYO3W J1e|Nd3joIA

NIH-PA Author Manuscript

suabnue Ajigiedwodoisiy Joulw uewny Jo Aj1diusbounwiwi Jo SWSIURYIBIA

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Immunol Cell Biol. Author manuscript; available in PMC 2011 September 1.



Page 25

Bleakley and Riddell

pajeJisuowWwap usag sey uoniubooal o1jafje-1g

#

1d1IosueI) JusiaIp € 1ueLIEA QSWH £0vh«8
01 speaj Budlds YNYW v dNS d1uonul JASIATIHITN 4014 O] 112002 (ASWH) 19-00V Buronds wNHW
1duosuen
paleoun) ‘panioge
uondiosuel]) ‘uopod uoneuIwa)
dojs paiejas uoneINN uoreINW sussuou SFADTTaMAY T0S0xV 679002 (WdN32) TaNVd UOIEINW 8SUSSUON
a0uanbas paguasues]
Ut 9ousayIp Jofew uoNEINW Iys-aurely SANOHONdL 20408 0v~8eS002 (GX2d) T-HY1 UONEINW IS SLuel
82uanbas paqudsue.] ou uonaep aush TAITNLIVAD 9020xY 976002 219.19N
[ X01472%2]
a9uanbas paqLIasUeL) ou uonsjep susb ATEdINTIaY 2062V T ‘G7€00C £19219N uonasp aus uonduasues) palsly
Lodsues dvL v 3jgissod dNSsU 91u0X® IVIDONVLIVAV 200V 976002 vSVIO1S umousun
apndad swisiueydaw onsuss) | adond3 spndad owusbounwwy | aj8e VIH (auab) uabnuy H JoulN

21[9]e dAIJRUIBY[E 3y}
10 uonubodaa Bunuanaad
SWwISIUBYIaW 1e|Nd3[oIN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Immunol Cell Biol. Author manuscript; available in PMC 2011 September 1.



Page 26

Bleakley and Riddell

_ 0«8 ]
€T z1 TS=AA TTY=AH L'€5=HH MAHTSOUMII LSSTOTSI 20vv«9 ZebS/TaHNH £6—2666T nl-aH
_ 08 ]
89 6€ L'€5=HH ZTr=AH Z'S=AA MAXISOUMIT LGSTOTS! 20vv«8 €' 1ebS/TaHNH 6661 AT-8H [EoX:
20519
_ S0xTV
6'ST ¥'0T 9'9v=AIA 0S=A/1 '€=/ dT0ddIOam 088706251 0a Z'11d9T/6TAD 95800¢ 161D
> 7> L'9=AA G§'6E=0A 8'€5=00 IDIADDIAC LGEBETTSI 20v2xY €'vZhsT/TVZ 108 9¢800¢ 51-00V
B ZT00Y 8 )
> > 2'Tr=4Y 8'Gy=4H E£T=HH (N1QaHIADIN ¥82T08TS! 09+8 €' €TdBT/TVHINH 100¢ HI-VH
vz z1 09=N/N £€= N/ L'9=/ INTISSINYALID 9952692Ts! | TOET« T8YA vZbz/SLAT §g600C MT-SLAT-E'T
¥ 91 L¥T=99 £'8r=0Y 0°'Le=4Y MdLS19Td1S 9//59€TS! 1080+ 1'26bz/0TTdS ££900¢ 4011dS
¥4 871 G'G=ININ L'LE=INA 8'9G=AA ASATAIOIA TES6ELTOSI T0Z0xY ZT1d-€1d/9TOAW | 62-82566T AC"VH
JusLIeA SINH 0«8 -
6 €2 L'99=IMIM EZ=IWA O0T=A/A JASIATIHEN V2656651 20vY«d €'TZbgT/ASH 12002 A9-00V nslodoyewaH
A 87 §'€5=00 G'6E =OA L'9=AA IDTARDTAQ LGEBETTSI 20v2Y £'vZhsT/TIVZ 108 Ge€00C A1-00V
95 TE S =9/9 Sy =9/3 0T =3/3 IvIvEINS 189512251 10808 evbT/TYLVAH g070¢ 3THLV3IH
19 9¢ §'55=99 1'86=9d ¥'9=ad MNIIGa343x 100928€s! €0vv«8 £'vZhsT/IVZ 108 Ge€00¢ qc-00v
9 6y 9b= —/— 0G= —/+ b= +/+ DANOTONdL L068T8SS! 20L0+9 £'€1d.T/5X2d geS00¢ T-HY'l
1002
T>9020+V+ | T>9020xV+ -~ 9020V g™
91T 9 2 Th=4Y 8'Gv=4H ET=HH v3ITIQaH 1A 8210815/ T0Z0xY £ eTdBT/TVHINH 728661 HI"VH
(%) ann (%) asn (9%) sa1ouanbauay adAjous adond3 apndad otuabounwuw | wsiydiowAjod al9le V1H auwosowoayD/puss uabnuy H Jouly
Aredsig Aaedsig
payewnsy payewnsy

NIH-PA Author Manuscript

¢ ?9lqel

S|182 analodolewsay ul passaidxa A|9ANds|as suabijue H Joul

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Immunol Cell Biol. Author manuscript; available in PMC 2011 September 1.



