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Abstract

Purpose: Tumor regression has been observed in some patients with metastatic renal cell carcinoma
(RCC) after nonmyeloablative allogeneic hematopoietic cell transplantation (HCT). Cellular and
molecular characterization of antigens recognized by tumor-reactive T cells isolated from responding

patients could potentially provide insight into the mechanisms of tumor regression.

Experimental Design: CD8" cytotoxic T lymphocyte (CTL) clones that recognized a novel RCC-
associated minor histocompatibility (H) antigen presented by HLA-A*0201 were isolated from two patients
with metastatic RCC who experienced tumor regression or stable disease following nonmyeloablative
allogeneic HCT. These clones were used to screen a cDNA library and isolate the unique cDNA

encoding the antigen.

Results: An alternative open reading frame in the C790rf48 gene located on chromosome 19q13
encodes the HLA-A*0201-restricted minor H antigen recognized by the RCC-reactive T cells. Differential
T cell recognition of donor- and recipient-derived target cells is attributable to a nonsynonymous single
nucleotide polymorphism within the nucleotide interval that encodes the antigenic peptide. Assays for
gene expression and CTL recognition demonstrated that the C79orf48-encoded peptide is widely
expressed in renal tumors and solid tumors of other histologies. The antigenic peptide can be processed

for CTL recognition via both TAP-dependent and TAP-independent pathways.

Conclusions: Donor T cell responses against the HLA-A*0201-restricted minor H antigen encoded by

C190rf48 may contribute to RCC regression after MHC-matched allogeneic HCT.
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Introduction

Allogeneic hematopoietic cell transplantation (HCT) accomplished with a nonmyeloablative conditioning
regimen can result in graft-versus-tumor (GVT) as well as graft-versus-host (GVH) reactions thought to be
mediated by an alloreactive T cell response (1). In recipients of allogeneic HCT from donors who are
matched at the Major Histocompatibility Complex (MHC), donor-derived T cells can recognize recipient
minor histocompatibility (H) antigens, MHC-associated peptides that are encoded by polymorphic genes
(2). Most non-sex linked minor H antigens presented by MHC class | molecules and recognized by CD8*
CTL are created by nonsynonymous single nucleotide polymorphisms (SNPs) in the coding sequences of
normal genes that cause amino acid changes within the CTL epitope sequence (3-11). More than 3.1
million validated human SNPs are catalogued in the HapMap Phase Il database, including over 17,000
nonsynonymous SNPs mapped to coding sequences (12). These data therefore suggest that the total
pool of polymorphic peptide sequences that may function as minor H antigens in the human population is
extremely large. However, less than 20 genes encoding human minor H antigens have been identified to

date (13).

Nonmyeloablative allogeneic HCT has been investigated as a novel form of adoptive immunotherapy for
patients with metastatic renal cell carcinoma (RCC). A review summarizing results of nonmyeloablative
HCT for RCC patients noted an overall response rate of 20%, comprising primarily partial responses, in
over 200 total patients (14). Several features of the regression of RCC observed following reduced-
intensity allogeneic HCT have suggested a critical role for donor T cells. The conditioning regimens
employed in these frials included conditioning agents such as fludarabine that lacked activity against
RCC. Tumor regression was typically delayed for months after transplantation, and correlated with the
withdrawal of immune suppression and the development of full donor chimerism of CD3" cells. Tumor
regression was also associated with the development of clinically significant GVHD in the majority of
responding patients (14). Studies from our laboratory have provided compelling support for the
hypothesis that minor H antigen-specific CTL could contribute to RCC regression after allogeneic HCT by

showing that CD8" CTL specific for multiple distinct minor H antigens could be detected in the peripheral
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blood of five patients with metastatic RCC treated at our institution. A subset of these clones

demonstrated MHC-restricted recognition of RCC tumor cells in vitro (15).

Further development of allogeneic cellular immunotherapy for RCC would benefit from the cellular and
molecular dissection of GVT effects that may provide insight for selectively manipulating a GVT response.
We previously described a novel minor H antigen presented by HLA-A*0201 that was expressed on both
RCC tumor cells and Epstein-Barr virus-transformed lymphoblastoid cell lines (EBV-LCL), and recognized
by the CTL clones 2B3 and 12B3. These CTL clones were isolated from two patients with metastatic
RCC who underwent MHC-matched allogeneic HCT at our institution and experienced posttransplant
GVT activity, with one patient achieving a near complete response of bulky metastatic disease, and the
other exhibiting stable disease and survival 6 years posttransplant. Genetic linkage analysis mapped the
location of the gene encoding the minor H antigen recognized by these two CTL clones to a marker at
chromosome 19913 (15). However, the 0.5 Mb region at 19913 is particularly gene-dense. Thus, to
identify the gene encoding the epitope recognized by these CTL clones, the alternate strategy of cDNA

expression cloning was pursued.
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Materials and Methods

Cell Lines. Isolation and maintenance of the CD8" CTL clones 2B3 and 12B3 has been described (15).
The COS-7 cell line was maintained as described (16). The T2 cell line and T2 stably transfected with
plasmid vectors encoding TAP1 and TAP2 have been described (17). The RCC lines A-498, CAKI-2, and
786-0, the breast carcinoma lines HTB-21, MDA-231, and MCF7, and the colon carcinoma line SW480
were obtained from ATCC (Rockville, MD). The RCC lines STAR, FARP, and LYOG were a gift of Dr.
Richard Childs (National Heart, Lung, and Blood Institute, NIH, Bethesda, MD). The RCC lines 1.11,
1.18, 1.24, and 1.26 were a gift of Dr. Elizabeth Jaffee (The Johns Hopkins University, Baltimore, MD).
The RCC lines LB1828, BB65, BB64, LB1047, LB996, GERK, LE9211, and DOBSKI were isolated in the
laboratory of Dr. B. Van den Eynde (Ludwig Institute for Cancer Research (LICR), Brussels, Belgium).
The lines LB1828, BB65, BB64, and LB996 were identified as TREP, CAJE, JAUP, and LOBE RCC,
respectively, in a previous report (15). Isolation of RCC lines SST125 and SST140 was previously
described (15). The RCC line SST207 was isolated at the FHCRC from malignant ascites fluid. RCC
tumor lines were maintained in culture as previously described (15). The ovarian carcinoma line H3729
was a gift of Dr. Ingegerd Hellstrom (University of Washington, Seattle, WA). The melanoma tumor line
SK29.1 was a gift of Dr. Pierre G. Coulie, (Université Catholique de Louvain and LICR, Brussels,
Belgium). The melanoma lines A375, 526mel and 624mel were a gift of Dr. Yutaka Kawakami (Keio
University School of Medicine, Tokyo, Japan). Ovarian, breast, melanoma, and colon carcinoma lines
were maintained in the same culture media as RCC tumor cells. Isolation and maintenance of dermal

fibroblast and EBV-transformed LCL lines has been described (18).

Transient Transfection of COS-7 Cells and Cytokine Release Assays. A cDNA library was generated
from the LB373-MEL melanoma tumor line and expressed in the pcDNAI/Amp plasmid vector, as
previously described (19). Minigene expression vectors were generated by PCR, or, for short constructs,
by annealing complementary oligonucleotides designed with 3’ overhanging deoxyadenosines, and then
cloned into pcDNA3.1/V5-His-TOPO (Invitrogen, Carlsbad, CA), according to the manufacturer's

instructions. Plasmid transfection from cDNA library stocks was carried out with 50 ng plasmid DNA and
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1-2 x 10* COS-7 cells per microtiter well using the DEAE-dextran-choloroquine method (20). One to two
x 10 CTL were added to each well 48 hrs. after COS-7 transfection and cultured overnight. For library
screening, supernatants were first assayed for TNF by WEHI 164 clone 13 cytotoxicity, as described (16,
21). Supernatants from cDNA library screening that were positive for TNF and supernatants from
minigene transfection experiments were assayed for interferon (IFN)-y by enzyme-linked immunosorbent

assay (ELISA), (Endogen, Rockford, IL).

Quantitative Real-Time RT-PCR Analysis of C190rf48 Transcripts NM_199249 and NM_199250.
Total RNA was prepared from cell culture samples of normal or malignant cells using Trizol (Invitrogen),
or using an RNeasy Mini Kit (QIAGEN) following the manufacturer’s instructions. First-strand cDNA was
synthesized from 1 to 4 pg DNase-treated total RNA using Oligo-dT and SuperScript Il reverse
transcriptase (all from Invitrogen). Additional normal human tissue and blood cDNA samples were
obtained (human Multiple Tissue c¢DNA panels | and Il, and Human Blood Fractions, BD
Biosciences/Clontech, Palo Alto, CA). Allele specific primer sequences for NM_199249 and NM_199250
were: NM_199249 forward primer, 5-GAGAAATGCTGGGAGACAGG-3’, NM_199249 reverse primer, 5'-
GGACAGAGGCCAAGCTAACA-3; NM_199250 forward primer, 5-AGAAATGCTGGGGTGCAG-3’,
NM_199250 reverse primer, 5-AGTAACAGGCAGCCTCCTCTG-3. NM_199249 and NM_199250
expression was evaluated for each sample in triplicate and normalized to GAPDH expression measured
in triplicate wells run in the same tray with the following primers: GAPDH forward 5'-
GAAGGTGAAGGTCGGAGTC-3' and GAPDH reverse 5-GAAGATGGTGATGGGATTTC-3'. Reactions
were run in 25 uL volumes with RT?> SYBR Green/ROX gPCR Master Mix (SuperArray Bioscience
Corporation, Frederick, MD), 400 nM forward and reverse primers, and 100 ng cDNA template for cell
culture-derived samples or 2 ng of commercially prepared cDNA. Amplifications were performed on an
Applied Biosystems 7900HT thermocycler. Cycling conditions were: 50°C for 2 minutes, 95°C for 10
minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds and priming/extension at 60°C for
60 seconds. The threshold cycle (Ct) was calculated using 7900HT version 2.2.2 SDS software (Applied

Biosystems Incorporated, Foster City, CA) based on the default settings. Cr values for triplicate reactions
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were averaged and relative NM_199249 or NM_199250 expression determined with the comparative Cy

method, using average Ct values for NM_199249 or NM_199250 and GAPDH.

PCR-Restriction Fragment Length Polymorphism (RFLP) Assay to Determine Genotype at
rs3745526. Genomic DNA was isolated from tumor cells with a QlAamp DNA Mini kit (QIAGEN)
according to the manufacturer’'s protocol. The forward primer 5-GCACTGGGCTCATTAACCTT-3’ and
reverse primer 5-CGAGATAGCCAGCTCAGTGTC-3' were used to amplify a 410 bp interval of the
C190rf48 genomic sequence that includes rs3745526. Thermocycler parameters were 95°C denaturation
for 5 minutes followed by 35 cycles of 95°C for 30 seconds, 62°C for 30 seconds and 72°C for 30
seconds and final extension at 72°C for 7 minutes. Hinfl digestion of the PCR product amplified from the
allele of C190rf48 with genotype T at rs3745526 produces two fragments of 291 and 119 bp, while the
product amplified from the allele with genotype A at rs3745526 is insensitive to Hinfl. Digested PCR
products were analyzed by agarose gel electrophoresis and the genotype at rs3745526 was inferred from

the banding pattern.
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Results

Identification of C190rf48 by cDNA Expression Cloning as the Gene Encoding a Novel RCC-
Associated Minor H Antigen. The 2B3 CTL clone was found to recognize the HLA-A*0201-expressing
melanoma tumor cell line LB373-MEL (data not shown) from which a cDNA library had been previously
generated (19). For library screening, plasmid DNA from 576 cDNA pools with ~100 cDNA clones each
was tested for the ability to stimulate TNF-o and IFN-y release from 2B3 CTL after transient transfection
into COS-7 cells along with a cDNA encoding HLA-A*0201. Two positive pools were then subcloned and
screened in a similar manner. One subclone, termed 95-4-F4, stimulated HLA-A*02071-dependent

cytokine release from 2B3 CTL (data not shown).

Sequencing of the insert in 95-4-F4 identified a 1.4 kb sequence with >99% identity to a transcript of
C190rf48 (RefSeq accession number NM_199250), a gene of unknown function encoded on
chromosome 19g13. This chromosomal location is in immediate proximity to the KLK(AC) marker
previously identified as tightly linked with the gene encoding the antigen recognized by 2B3 CTL (15).
The 95-4-F4 sequence differed from that of NM_199250 at six noncontiguous nucleotide positions, all of
which corresponded to previously identified single nucleotide polymorphisms (SNPs) (Table 1). The
C190rf48 alleles in patient- and donor-derived LCL as well as in antigen-positive and negative tumor cell
lines were sequenced and compared (data not shown). This analysis revealed that antigen-negative cell
lines were homozygous at these six nucleotide positions for the allele corresponding to NM_199250. In
contrast, patient-derived EBV-LCL and the antigen-positive LB373-MEL tumor from which the 95-4-F4
cDNA was derived were heterozygous at all six SNPs. Thus, on the basis of these data it was not

possible to determine whether genotype at one of the six SNPs determined recognition by 2B3 CTL.

To identify the nucleotide interval within the 95-4-F4 cDNA that encoded the antigenic peptide recognized
by 2B3 CTL, a series of 5" and 3’ deletion constructs derived from this cDNA were tested for HLA-A*0201-
dependent CTL recognition in the COS-7 transfection assay. This analysis localized the epitope-

encoding region to an interval in the 5’ portion of 95-4-F4 that spanned the most 5 SNP (T <& A
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polymorphism at nucleotide 263 of the NM_199250 sequence, dbSNP reference rs3745526; Table 1).
Similar deletion constructs encoding A% (the allele carried by antigen-negative tumor lines) could not
stimulate the 2B3 clone when transfected into COS-7 cells with HLA-A*0201 (data not shown). These
data indicated that of the six SNPs located in the C790rf48 cDNA, only the nucleotide T?** was necessary

for recognition by 2B3 CTL.

The rs3745526 polymorphism lies 5’ to the open reading frame (ORF) in frame +1 that encodes the
predicted major protein product of the NM_199250 transcript of C190rf48. Analysis of reading frames +2
and +3 identified an ORF only in reading frame +2 that would encompass rs3745526 in a polypeptide
sequence (Figure 1A). This +2 ORF encodes a predicted polypeptide of 48 residues in which the critical
SNP creates a serine (antigenic) to threonine (nonantigenic) amino acid polymorphism (Figure 1B). A
minigene construct encoding this 48-residue polypeptide with serine at the polymorphic residue
stimulated IFN-y release from 2B3 CTL in the COS-7 transfection assay (Figure 1C). Thus, the antigenic
peptide encoded by C790rf48 was derived from a novel +2 ORF encoding a predicted polypeptide of 48

residues (termed ORF +2/48).

Identification of the HLA-A2-Associated CTL Epitope Encoded by ORF +2/48 in C190rf48. To
identify the HLA-A2-associated peptide recognized by the 2B3 and 12B3 CTL clones, additional minigene
constructs were created that corresponded to the C-terminal portion of ORF +2/48 encompassing
rs3745526. Minigenes that encoded an initiating methionine followed by peptides of 13-, 12- or 11-
residues comprising the C-terminal domain of ORF +2/48 and terminating in alanine were all recognized
by the 2B3 CTL clone following transfection into COS-7 targets with HLA-A*0201 (Figure 1C and data not
shown). Because the majority of reported HLA-A*0201-associated T cell epitopes are 9 or 10 residues in
length, additional minigene constructs encoding N- or C-terminally truncated derivatives of the 11-mer
sequence (CIPPDSLLFPA) were made. None of four constructs encoding derivative 10- or 9-mer
peptides stimulated 2B3 CTL following transfection into COS-7 cells with HLA-A*0201 (Figure 1C). In
addition, a minigene with nucleotide A?®® encoding the 11mer peptide sequence CIPPDTLLFPA,

corresponding to the product of the nonantigenic C190rf48 allele, was also not recognized by the 2B3
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CTL clone. These data suggested that the minimal epitope recognized by the 2B3 CTL clone was the

sequence CIPPDSLLFPA, the C-terminal 11 amino acids of the product of ORF +2/48 of C190rf48.

Most peptides that bind to HLA-A*0201 satisfy a sequence motif characterized by residues with aliphatic
side chains at position 2 and at the C-terminus (22, 23). To determine if the peptide sequences encoded
by the antigenic (CIPPDSLLFPA) or nonantigenic (CIPPDTLLFPA) alleles of C190rf48 could bind to HLA-
A2, synthetic peptides corresponding to these sequences were tested for stabilization of HLA-A2 on the
surface of T2 cells measured by flow cytometry with the HLA-A2-specific mAb BB7.2. The antigenic and
nonantigenic peptides showed comparable stabilization of HLA-A2 expression on T2 cells, which
modestly exceeded that observed with a positive control peptide, VLHDDLLEA, corresponding to the
minor H antigen HA-1 (data not shown). Shorter derivatives of the undecameric peptide including
nonamer (CIPPDSLLF) and octamer (CIPPDSLL) peptide sequences showed no capacity to stabilize cell
surface HLA-A2 on T2 cells (data not shown). Taken together, the data from both minigene analysis as
well as the binding of synthetic peptides to HLA-A2 support the requirement for an 11-mer peptide
sequence with the C-terminal alanine serving as an anchor residue for peptide association with HLA-

A*0201.

The peptides CIPPDSLLFPA and CIPPDTLLFPA were then tested for their ability to sensitize T2 cells or
donor EBV-LCL targets for recognition by CTL clones 2B3 and 12B3 (Figure 1D and data not shown).
Only the serine-containing 11-mer peptide sequence was able to efficiently sensitize target cells for lysis
by C190rf48-specific clones. The peptide concentration required for half-maximal lysis of T2 cells by the

2B3 and 12B3 CTL clones was in the range of 0.1 to 1.0 ng/ml (Figure 1D).

Expression of C190rf48 in Malignant and Normal Tissues. C190rf48 has two reported transcripts in
the RefSeq database, which are derived from alternative splicing of 5 potential exons. These two
transcripts differ by the inclusion (NM_199249) or exclusion (NM_199250) of exon 2. The novel 48-
residue ORF in C190rf48 that encodes the epitope for 2B3 and 12B3 CTL is present only in the

NM_199250 transcript, and spans all or part of the four exons that comprise this transcript. However,

10
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presence of the exon 2 sequence in the NM_199249 transcript introduces a stop codon 5’ of the interval
that encodes the CIPPDSLLFPA CTL epitope within the +2 ORF (Figure 2A). We investigated the
expression profile of C7190rf48 transcripts NM_199249 and NM_199250 in both malignant and normal
tissues. Northern blot analysis was performed on poly (A)" RNA isolated from an array of normal human
tissues. A probe spanning the epitope-encoding region identified a single band of approximately 1.5 kb
size that was observed at variable intensity across the panel of tissues tested. A discrete second band
corresponding to the 1.6 kb NM_199249 transcript was not seen (Figure 2B). Quantitative (Q)-PCR with
transcript-specific primers designed to selectively amplify the NM_199249 or NM_199250 transcripts
showed that the expression level of NM_199250 exceeded that of NM_199249 by 100- to 600-fold in
samples of RCC tumor, normal proximal renal tubule epithelial cells, peripheral blood mononuclear cells,
EBV- LCL, and dermal fibroblasts (data not shown), confirming that NM_199250 is the major transcript of

C190rf48.

Q-PCR analysis of NM_199250 expression with transcript-specific primers was performed for 21 RCC
tumor cell lines. The RCC tumor line A-498, which expresses cell surface HLA-A2 and is lysed in
cytotoxicity assays by both the 2B3 and 12B3 CTL clones, was chosen as a reference standard for
comparison of NM_199250 transcript expression across the panel of RCC tumor lines. All 21 RCC tumor
lines expressed detectable NM_199250 transcript at levels that ranged from 0.11 to 3.35-fold of the
expression level in A-498 (Figure 3A). The genotype at rs3745526 of eight of these 21 RCC tumor lines
that natively expressed HLA-A*0201 was determined by PCR-RFLP. Four of the eight RCC lines were
found to be heterozygous (3/8) or homozygous (1/8) for the antigenic T?*® allele of NM_199250. The
eight HLA-A2" RCC lines were then tested as targets for the CTL clones 2B3 and 12B3 in cytotoxicity
assays. All 4 of the HLA-A*0201-expressing RCC lines that carried the T** allele of NM_199250 were
efficiently lysed by the 2B3 and 12B3 CTL clones, suggesting that expression levels for the NM_199250
transcript of C7190rf48 in RCC tumor lines are generally sufficient for effective processing and

presentation of this antigen to CTL (Figure 3B).

11
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Q-PCR analysis also revealed the expression of NM_199250 transcript in tumor cell lines derived from
AML (12/12), ALL (4/4), CLL (4/4), melanoma (5/5), ovarian carcinoma (3/3), breast carcinoma (3/3),
prostate carcinoma (2/2) pancreatic adenocarcinoma (1) and colon carcinoma (1). The expression
pattern for NM_199250 was further explored in silico by using the nucleotide sequence for the epitope-
encoding 48-residue ORF to probe the translated human subset of the EST database (dbEST). Four
hundred thirty-one exact matches for either allele of this sequence were retrieved. The tissue sources for
these expressed sequences were derived predominantly (72%) from tumors or immortalized cell lines
encompassing a wide variety of histologies (data not shown). Subsets of these sequences were also
derived from embryonic stem cells or their derivatives (9%), embryonic/fetal tissues (5%), or from normal

adult tissues (11%).

To determine if the C7190rf48-encoded CTL epitope was functionally expressed by tumors other than
RCC, a panel of nine tumor cell lines that natively expressed HLA-A*0201 was collected and cell surface
expression of HLA-A2 was evaluated by flow cytometry (Figure 3C). The genotype at rs3745526 in each
line was also determined by PCR-RFLP. Six of the nine tumor lines were found to carry the antigenic T3
allele of NM_199250, including two breast, two melanoma, one ovarian, and one colon tumor cell line.
These lines were then used as targets in cytotoxicity assays with 2B3 and 12B3 CTL, both of which
demonstrated significant lysis of each HLA-A2-expressing target cell line that also carried the antigenic
allele of C190rf48 (Figure 3D). Taken together, the expression data for NM_199250 and CTL recognition

of tumor target cell lines representing multiple different histologies provide compelling evidence that

C190rf48 encodes a broadly shared tumor-associated minor H antigen.

To investigate the expression pattern of C790rf48 within normal tissues, cDNAs derived from an array of
normal human tissues were analyzed by Q-PCR for expression of the NM_199250 transcript. Expression
of NM_199250 was detected in both resting and activated leukocyte subsets, including T- and B-
lymphocytes as well as CD14" monocytes (data not shown). Expression of NM_199250 was also
detected in a large subset of normal human tissues, including organs that can be targets of graft-versus-

host reactions, such as small and large intestine, liver, and lung (Figure 4A). Dermal fibroblasts,

12
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representing nontransformed target cells, obtained from the two patients from whom the 2B3 and 12B3
CTL clones were isolated (patient #2 — UPN 18473 and patient #6 — UPN 18502) (15) were tested as
targets for these two C190rf48-reactive clones. Fibroblast target cells were lysed at low levels compared
to patient LCL targets (Figure 4B and 4C). Lysis of fibroblast targets was not augmented by pretreatment

with IFN-y.

Previous observations by our group and others have suggested that minor H antigens broadly expressed
in normal tissues may contribute to GVHD following allogeneic HCT (24, 25). To compare the time
course of the CTL response against C190rf48 in patients #2 and #6 (15) with their clinical GVHD status,
cryopreserved PBMC samples from the two patients were screened by flow cytometry with a tetramer
composed of HLA-A2 and CIPPDSLLFPA peptide. CD8"/tetramer” CTL were detected in the peripheral
blood of Patient #2 at low frequency (range, 0.06 to 0.17% of total CD8" T cells) on posttransplant days
196, 385, 420 and 720, and T cell lines generated by stimulating PBMC from the first three time points
with pretransplant patient PBMC or EBV-LCL showed 7 to 50 fold enhancement of CD8"/tetramer” cells
(data not shown). CIPPDSLLFPA-specific CTL clones were also isolated at each time point studied.
Patient #2 ultimately achieved near-complete regression of bulky metastatic disease following three
infusions of donor lymphocytes and treatment with IFN-o. in the complete absence of acute and chronic

GVHD, but died at 31 months posttransplant from probable sepsis (Supplementary Figures 1 and 2).

PBMC obtained from patient #6 on posttransplant days 35, 52, 58, and 94 also contained detectable
CD8"/tetramer” cells (Figure 4D). This patient was treated for acute and chronic GVHD involving the skin,
gut, mouth, lacrimal glands, and lungs with corticosteroids and thalidomide starting at posttransplant day
92. Tetramer analysis of PBMC obtained at 23 months and 70 months posttransplant demonstrated no
detectable CD8"/tetramer” cells above background levels (Figure 4D). Patient #6 had stable disease to
23 months posttransplant. Subsequent disease progression was managed with IFN-o followed by

temsirolimus, and the patient was alive at last follow-up 6.2 years posttransplant.

13
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Two additional HLA-A2* HCT patients (1 RCC, 1 ALL) who were discordant with their HLA-matched
donors at rs3745526 in the direction of a donor anti-host response targeting the antigenic allele of
C190rf48 were assessed for CIPPSLLFPA-specific T cell responses. Posttransplant PBMC from these
two patients were screened by flow cytometry for CIPPDSLLFPA/HLA-A2 tetramer binding directly ex vivo
and after in vitro stimulation with irradiated CIPPDSLLFPA-loaded T2 cells. This analysis demonstrated
21% CD8/tetramer” T cells following two cycles of in vitro stimulation of PBMC collected at
posttransplant day 27 from the patient with ALL (data not shown). No CD8"/tetramer” T cells were

observed in PBMC from the other (RCC) patient analyzed directly ex vivo or after in vitro stimulation.

Processing of C190rf48 for HLA-A2 Presentation by a TAP-Independent Pathway. In the absence of
exogenous CIPPDSLLFPA peptide, 2B3 and 12B3 CTL showed reproducible recognition of T2 target
cells in cytotoxicity assays at low levels (specific lysis of 10-20%, compared with antigen-negative EBV-
LCL targets, for which specific lysis values were routinely < 5%; Figure 1E, 4B, 4C, and data not shown).
PCR-RFLP genotyping of genomic DNA from T2 for the rs3745526 polymorphism indicated that T2 are

heterozygous for the antigenic T°%°

allele of C190rf48, and suggested that CTL recognition of T2 cells
reflected endogenous processing and presentation of the C790rf48-encoded epitope despite the absence
of the TAP-1, TAP-2, LMP-2 and LMP-7 genes in these cells (26, 27). CTL recognition of T2 targets was
compared to recognition of T2 cells stably transfected with the TAP71 and TAP2 genes (17). The T2/TAP
targets were a more potent stimulus for IFN-y release from 2B3 CTL than T2 (Figure 5A). Q-PCR
analysis of NM_199250 expression in T2 or T2/TAP demonstrated similar expression levels (1 to 2-fold)
compared to that in the A-498 cell line (data not shown). T2 cells genetically modified via retroviral
transduction to overexpress the epitope-encoding ORF +2/48 of NM_199250 also stimulated more IFN-y
release from 2B3 CTL than untransduced T2 cells (Figure 5B). These observations collectively suggest

that the processing and presentation of the C7190rf48-encoded CTL epitope may occur via both TAP-

dependent and TAP-independent pathways.

14
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Discussion

In this report, we have identified C790rf48 as the gene encoding a novel minor H antigen presented by
HLA-A*0201 and recognized by CTL clones isolated from two patients with metastatic RCC who were
treated with nonmyeloablative HLA-identical allogeneic HCT. The C790rf48 gene, first identified by the
Mammalian Gene Collection Program (28), was subsequently cloned from a cisplatin-resistant human
lung adenocarcinoma cell line (29). Sequence analysis of C7190rf48 transcripts predicted a 117-residue
translation product encoded by the largest ORF that is located in both the NM_199250 and NM_ 199249
transcripts. However, our studies of T cell recognition of C7190rf48 provide direct evidence for a
translation product derived from a novel ORF in the +2 frame of NM_199250 that encodes a predicted
polypeptide of only 48 residues. Although differential splicing of 5 exons result in the alternative
C19orf48-derived transcripts NM_199249 or NM_199250 that are discordant for the ORF encoding the
antigenic 48-residue protein, our analyses of transcript expression by both northern blot and Q-PCR
demonstrate that the NM_199250 transcript encoding the antigenic 48 residue polypeptide is the
dominant transcript, with expression levels that are 100- to 600-fold greater than the expression levels of
NM_199249. Taken together, our findings represent the first experimental evidence for a translation
product derived from C7190rf48. Discovery of the C7190rf48-encoded minor H antigen within an
unrecognized ORF adds to a growing body of data demonstrating that minor H peptides can be derived
from surprisingly short protein species encoded by unconventional or occult ORFs (4, 30, 31). The
cellular function of the C7190rf48-encoded 48-residue polypeptide is currently unknown. The C7190rf48
genomic locus lies between the androgen-regulated testicular acid phosphatase (ACPT) gene and the
androgen-regulated kallikrein gene cluster on chromosome 19q (32). Preliminary analysis in our lab
suggests that transcription of C7190rf48 is likewise androgen-regulated (NF and EHW, unpublished

observations), which may explain the high level of NM_199250 expression seen in prostate tissue.

CTL recognition of minigene constructs and epitope reconstitution assays with synthetic peptides pulsed

onto T2 target cells identified the 11-mer peptide sequence CIPPDSLLFPA as the minimal sequence

recognized by CTL in association with HLA-A*0201, suggesting that this sequence represents the
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naturally-processed epitope. The peptide CIPPDTLLFPA encoded by the nonantigenic allele of
NM_199250 was able to stabilize HLA-A2 on the surface of T2 to a similar degree as the antigenic
peptide. However, when pulsed onto target cells, CIPPDTLLFPA was not efficiently recognized by CTL,
suggesting that discrimination between the two peptides occurred at the level of the TCR. It is unknown if
the CIPPDTLLFPA peptide is presented at the cell surface in association with HLA-A2, and it remains
formally possible that CIPPDTLLFPA may also be immunogenic in HCT donor/recipient pairs with
appropriately discordant genotypes at rs3745526. It is notable that extensive biochemical analyses of
HLA-A2 associated peptide ligands isolated from RCC tumor cells (33) including the A-498 tumor cell line
(34) failed to identify peptides encoded by C190rf48. Thus, our data support the observation that T cell-

directed identification of tumor-associated antigens remains a valuable tool for the tumor immunologist.

The frequencies of the antigenic and non-antigenic alleles of NM_199250 (0.354 and 0.646, respectively),
and of the corresponding antigen-positive T/A and T/T and antigen-negative A/A genotypes (0.458, 0.125,
and 0.417, respectively), observed in a group of 24 adults drawn from the CEPH European reference

population (http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=rs3745526) predicts a higher probability of

discordant C190rf48 antigen expression in HLA-A2" HCT donor/recipient pairs than that observed for
several other autosomally-encoded HLA-A2-restricted minor H antigens, including HA-1, HA-2, and HA-8
(35). Studies of posttransplant CTL response in four HLA-A2" HCT recipients (3 RCC, 1 ALL) discordant
for the antigenic allele of NM_199250 revealed evidence for CIPPDSLLFPA-specific CTL in three of the
four patients (2 RCC, 1 ALL). Thus, these data suggest that further study of the contribution of C7190rf48-
specific CTL responses to posttransplant GVT and GVHD effects is warranted. The potent in vitro
effector function demonstrated by the 2B3 and 12B3 CTL clones against all HLA-A2" allogeneic RCC
lines that expressed the antigenic allele of NM_199250, combined with the ubiquitous expression of
NM_199250 demonstrated in 21 independent RCC tumor samples, support the hypothesis that the CTL
response against C790rf48 could have contributed to antitumor effects in these two RCC patients.
Posttransplant tumor regression has also been observed in patients with metastatic melanoma, breast,
ovarian, or colorectal carcinomas after nonmyeloablative MHC-matched allogeneic HCT (36-38). The

HLA-A2- and rs3745526 genotype-dependent recognition of melanoma, breast, ovarian, and colorectal
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tumor targets by the 2B3 and 12B3 CTL clones suggests that CTL responses against the C790rf48-
encoded minor H antigen could also contribute to antitumor activity in HLA-A2" patients with these tumor

histologies who undergo allogeneic HCT from MHC-matched but minor H antigen-mismatched donors.

Further study will be required to clarify the potential qualitative and/or quantitative contribution of
C19orf48-specific CTL responses to GVHD. Patient #2, in whose peripheral blood CIPPDSLLFPA-
specific CTL were detected at time points ranging from posttransplant days +196 to +720, experienced a
RCC-directed GVT effect in the complete absence of acute and chronic GVHD. Our data demonstrate
that NM_199250 transcript levels as measured by Q-PCR do not correlate closely with recognition by 2B3
and 12B3 CTL of the NM_199250-encoded antigenic peptide, and may therefore represent a poor
surrogate marker to predict effector activity against normal tissues. The large 3’ UTR of NM_199250
contains several sequences that are predicted to be targets for defined microRNAs (JC and EHW,
unpublished observations), suggesting a plausible mechanism for modulating the efficiency of translation
of the epitope-encoding ORF +2/48 from NM_199250 without altering the transcript level. Ongoing

studies in our laboratory are addressing this issue.

Target cell recognition by C1790rf48-specific CTL clones was observed to extend to the antigen
processing mutant T2, a cell line with a genetic deletion spanning the HLA-linked genes TAP-1, TAP-2,
LMP-2 and LMP-7 (26, 27). T2 was found to be heterozygous for the antigenic allele of C190rf48 and
expresses the NM_199250 transcript at levels comparable to target cell lines recognized by the 2B3 and
12B3 CTL clones. In the absence of exogenously added peptide, CTL specific for the C7190rf48-encoded
epitope still recognized the T2 target line measured by assays for cytotoxicity or IFN-y release. These
data suggest a TAP-independent processing pathway for the generation of the C790rf48-encoded
epitope. Sequence and hydrophobicity analysis of the product of the +2/48 ORF suggests that the
presentation of CIPPDSLLFPA in T2 cells does not likely occur via the route that enables presentation of
signal sequence-derived peptides. Further study of the processing of the antigenic C7190rf48-encoded
peptide in T2 cells represents an area of ongoing investigation in our laboratories. Low constitutive levels

of MHC class | processing-associated molecules including TAP-1 and TAP-2 in RCC and other tumor
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types has been proposed as a potential mechanism of tumor escape from immune surveillance (39, 40).
The 2B3 and 12B3 CTL clones show reproducible recognition of tumor lines with very low cell surface
HLA-A2 expression (HTB-21, A375, 624mel), demonstrating that low MHC class | expression does not
preclude target recognition by these CTL. TAP-independent processing and presentation of the
CIPPDSLLFPA antigenic peptide by RCC or other tumor cells may enhance its ability to both stimulate
and serve as a target for CTL responses that contribute to GVT activity after MHC-matched allogeneic

HCT.
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Table 1. Single nucleotide polymorphisms in the NM_199250 transcript of C190rf48

NM_199250 95-4-F4 cDNA NM_199250
Nucleotide dbSNP Reference Genotype Genotype
Position (Antigenic) (Nonantigenic)

263 rs3745526 T A

311 rs1043315 T C

399 rs3745528 C T

1009 rs4802741 T C

1070 rs4801853 A G

1235 rs9991 T C
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Figure Legends

Figure 1. Identification of a CTL Epitope Within the 48-Residue Polypeptide Encoded by the +2
Reading Frame in NM_199250. (A) Schematic representation of ORFs encoded by the sense strand of
the NM_199250 transcript of C7190rf48. The relative location in reading frames +1, +2, and +3 of ORFs
predicted to encode polypeptides > 40 amino acids are indicated with shading. Nonsynonymous SNPs
located at nucleotides 263, 311, 399, 1009, 1070, and 1235 are indicated by vertical arrows. (B)
Nucleotide sequence and predicted 48-residue protein product of the ORF in the +2 reading frame
starting at nucleotide 137 (ORF +2/48) and spanning the critical T<>A polymorphism at nucleotide 263
(arrowhead), which creates a serine (S) < threonine (T) amino acid polymorphism (double headed arrow)
in the translated polypeptide. The 11mer peptide sequence recognized by the CTL clones 2B3 and 12B3
is boxed. (C) Minigenes encoding the entirety of ORF +2/48 or the shorter peptide sequences indicated
were cloned into pCDNA3.1/V5-His-TOPO and transfected into COS-7 targets cells with or without co-
transfection of a plasmid vector encoding HLA-A*0201. Transfections were carried out with
Lipofectamine (Invitrogen) and 320 ng of plasmid DNA following the manufacturer’s protocol. 2B3 CTL
were added to transfected COS-7 targets after 48 hours. Culture supernatants were harvested 18 hours
after CTL addition and assayed for IFN-y by ELISA. (D) Aliquots of 0.5 to 1.0 x 10° T2 target cells were
labeled with 50-100 uCi of ¥cr overnight at 37°C and used as targets for CTL clones 2B3 (M, (1) or 12B3
(A, A) in a 4hr cytotoxicity assay as described (41). Synthetic peptides CIPPDSLLFPA (filled symbols)
or CIPPDTLLFPA (open symbols) were added to T2 at the indicated concentrations before CTL addition.

The E:T ratio was 5:1.

Figure 2. Two Alternative Transcripts from C790rf48. (A) Schematic diagram of the C7190rf48
genomic locus showing the intron/exon structure of the two RefSeq transcripts NM_199249 and
NM_199250. The heavy horizontal arrows indicate the open reading frames (in frame +2) defined by the
ATG at nucleotides 137-139 in both NM_199249 and NM_199250. The location of the nonsynonymous
T<>A SNP at nucleotide 263 is noted (arrowheads). (B) An oligonucleotide spanning ORF +2/48 of the

NM_199250 transcript of C790rf48 was amplified by PCR and purified (QIAGEN). This oligonucleotide
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was *?P-labeled using a Random Primed DNA Labeling Kit (Roche Diagnostics Corporation, Indianapolis,
IN) and used to probe a Multiple Tissue Northern Blot nylon membrane (BD Biosciences/Clontech)
loaded with poly (A)" RNA isolated from 12 different human tissues. Hybridization was performed as
described (41) at 68°C for one hour. Imaging was obtained by 7-day exposure on a Phosphorlmager

(Molecular Dynamics, Sunnyvale, CA).

Figure 3. NM_199250 Transcript Expression and CTL Recognition of Tumor Cell Lines. (A)
Quantitative PCR analysis of NM_199250 expression in a panel of 21 RCC tumor cell lines is indicated.
First strand cDNA was amplified by PCR with NM_199250 allele- as well as GAPDH-specific primers, and
the expression level of NM_199250 was normalized according to the expression level of GAPDH. The
expression level of NM_199250 in the A-498 RCC tumor cell line was arbitrarily defined as 1. (B) Eight
RCC tumor cell lines that natively express HLA-A*0201 were labeled with 50 uCi of >'Cr overnight at 37°C
and tested as targets for CTL clones 2B3 and 12B3 in a 4 hour *ICr -release assay. The E:T was 10:1.
The genotype of each line at the rs3745526 SNP as determined by PCR-RFLP is indicated. (C) Patient
(P)- or donor (D)-derived EBV-LCL lines from Patient #2 (15) and nine tumor cell lines of various
histologies, including ovarian carcinoma (H3729), breast carcinoma (HTB-21, MCF7, and MDA-231),
melanoma (A375, 624mel, 526mel, and SK29.1), and colon carcinoma (SW480) were analyzed for cell
surface HLA-A2 expression by flow cytometry. The FITC-conjugated BB7.2 mAb reactive with HLA-
A*0201 (42) was used at 25 ug/ml and compared to an isotype matched FITC-conjugated control (BD
Biosciences, San Diego, CA). Data were collected on a Calibur analytical flow cytometer and analyzed
with CellQuest™ software (BD Biosciences). (D) The same cell lines as in panel 3C were labeled with

*'Cr and tested for CTL recognition as described in panel 3B.

Figure 4. Expression of the NM_199250 Transcript in Normal Tissues. (A) CDNA isolated from the
indicated human tissues (human Multiple Tissue cDNA panels | and I, BD Biosciences/Clontech) were
analyzed by quantitative PCR for relative expression of the NM_199250 transcript as described for Figure
3A. (B) Patient #2 (15) or donor LCL target cells were chromium-labeled as described for panel 1D.

Fibroblast cells from Patient #2 were labeled with 50-100 uCi of °'Cr for 1 to 2 hours at 37°C. One aliquot
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of fibroblast cells was pretreated with IFN-y at 200 units/ml for 48 hours. Target cell lines were plated with
variable numbers of the 2B3 CTL clone indicated for a 4-hour cytotoxicity assay. (C) Target cell lines
were derived from Patient #6 (15) or their donor and the effector cell was CTL clone 12B3. Assay
conditions were the same as described for panel 4B. (D) A PE-labeled MHC-tetramer (used at 10ug/ml)
composed of HLA-A2 and the CIPPDSLLFPA peptide was used to immunostain cryopreserved PBMC
previously obtained from Patient (“P”) #6 (15) pretransplant, and at the indicated time points
posttransplant, or from the donor (“D”) for Patient #6. Cells were co-labeled with a FITC-conjugated CD8
antibody (BD Biosciences) and gated for exclusion of propidium iodide as a viability marker. Ten
thousand CD8" events were collected on a Calibur analytical flow cytometer and analyzed with
CellQuest™ software (BD Biosciences). Tetramer staining was positive on 98.3% of cells from a culture

of CTL clone 12B3 isolated from Patient #6.

Figure 5. Recognition of T2 and genetically modified T2 by 2B3 CTL. (A) The 2B3 CTL clone was
cultured overnight with T2 target cells (<) or T2 cells stably transfected with TAP1/2 (#) at the indicated
antigen presenting cell (APC):T cell ratios. Supernatants were harvested and assayed for IFN-y by
ELISA. (B) T2 cells were transduced with a retrovirus encoding the epitope-encoding ORF +2/48 of
NM_199250 coupled to an HA epitope tag followed by an IRES-GFP, and GFP-expressing cells were
purified by flow cytometry. The 2B3 CTL clone was then cultured overnight with T2 cells (<) or sorted
GFP-positive T2 cells transduced with the ORF +2/48-encoding retrovirus (#), and the supernatants were
harvested and assayed for IFN-y by ELISA. The data in (A) and (B) are representative of those obtained

in four independent experiments.
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