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Abstract Multiple myeloma is incurable with standard
therapies but is susceptible to a T-cell-mediated graft
versus myeloma effect after allogeneic stem cell trans-
plantation. We sought to identify myeloma-specific anti-
gens that might be used for T-cell immunotherapy of
myeloma. MAGE-C1 (CT-7) is a cancer-testis antigen that
is expressed by tumor cells in >70% of myeloma patients
and elicits a humoral response in up to 93% of patients with
CT-7* myeloma. No CD8" T-cell epitopes have been
described for CT-7, so we used a combination of reverse
immunology and immunization of HLA-A2 transgenic
mice with a novel cell-based vaccine to identify three
immunogenic epitopes of CT-7 that are recognized by
human CD8" T-cells. CT-7-specific T-cells recognizing
two of these peptides are able to recognize myeloma cells
as well as CT-7 gene-transduced tumor cells, demonstrat-
ing that these epitopes are naturally processed and pre-
sented by tumor cells. This is the first report of the
identification of immunogenic CD8" T-cell epitopes of
MAGE-CI1 (CT-7), which is the most commonly expressed
cancer-testis antigen found in myeloma, and these epitopes
may be promising candidate targets for vaccination or
T-cell therapy of myeloma or other CT-7" malignancies.
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Introduction

Multiple myeloma is a clonal B-cell malignancy charac-
terized by the accumulation of plasma cells in the bone
marrow, leading to bone destruction and marrow failure.
Myeloma accounts for >10% of hematologic malignancies
and is incurable with conventional therapies. Survival can
be prolonged with autologous stem cell transplantation
(SCT) and other therapy combinations [1-5], but the dis-
ease recurs in almost all patients. Myeloma is susceptible
to a graft versus myeloma (GVM) effect mediated by donor
T-cells following allogeneic SCT [6, 7]. Direct evidence
for a GVM effect comes from treatment of myeloma
patients with persistent disease after allogeneic SCT, where
the use of donor lymphocyte infusions (DLI) induces a
remission in up to 50% of patients [8]. Unfortunately,
allogeneic SCT and DLI are associated with graft versus
host disease and infections related to immunosuppression,
and approaches that could harness T-cell-mediated killing
of myeloma without damaging normal tissues are needed.

Recent studies have demonstrated that T-cells from
myeloma patients are unable to directly respond to autol-
ogous tumor, suggesting a tumor-induced state of unre-
sponsiveness to myeloma antigens [9-11]. However, upon
in vitro restimulation using myeloma-loaded or peptide-
loaded dendritic cells (DCs), myeloma-reactive cytotoxic
T-cells can be generated from patients’ blood and marrow
[9, 12—15]. Interestingly, patients with monoclonal gam-
mopathy of undetermined significance (MGUS), which is a
pre-myeloma clonal plasma cell disorder, often exhibit
both a T-cell and humoral response against autologous
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bone marrow plasma cells [16, 17]. Furthermore, a T-cell
response against peptides derived from the Sox 2 protein
has been shown to correlate with a decreased risk of pro-
gression to myeloma [18]. These observations suggest that
tolerance of specific host immunity occurs during the
progression from MGUS to myeloma but may be reversible
with adequate conditions for T-cell activation.

Tumor-specific T-cell therapy is being utilized in
humans with increasing success, particularly in melanoma,
where many tumor antigens have been defined [19, 20]. An
obstacle to applying this approach to myeloma is the
paucity of well-defined myeloma antigens. MAGE-C1
(CT-7), a member of the cancer-testis family of proteins, is
an attractive potential target, because it is expressed in
70-86% of myeloma tumor samples [21-23]. Like other
cancer-testis antigens, CT-7 is not expressed in normal
adult tissues other than germline cells [22, 23]. Recently,
others have shown that 93% of myeloma patients with
tumor cells expressing CT-7 have a detectable humoral
immune response against various portions of the CT-7
protein [24], and T-cells from myeloma patients are
capable of recognizing CT-7, but their target peptides
presented by MHC are unknown [25].

To identify potential CT-7 epitopes for CD8" T-cells,
we stimulated T-cells from healthy normal donors in vitro
with autologous dendritic cells pulsed with 13 CT-7 pep-
tides predicted to bind to HLA-A2 and immunized HLA-
A2 transgenic mice with T-cells transduced with the CT-7
gene. We identified CD8™ T-cell responses against 3 HLA-
A2-restricted CT-7 peptides and show that 2 of these
(p1083 and p959) are processed and presented by myeloma
cells, CT-7-transduced tumor cells, and HLA-A2 trans-
genic mouse T-cells transduced with CT-7. The CT-7
p1083 and p959 peptides are the first CD8" T-cell epitopes
of CT-7 to be reported and may be useful targets for T-cell
therapy or vaccination of myeloma patients.

Materials and methods
Peripheral blood samples

Peripheral blood mononuclear cells (PBMC) were obtained
by leukapheresis or phlebotomy from HLA-A2* healthy
volunteers who gave written informed consent on protocols
approved by the Institutional Review Board of the Fred
Hutchinson Cancer Research Center. Donors were
screened for HLA-A2 expression by flow cytometry of
PBMC using an HLA-A2-specific monoclonal antibody
(mAb; BB7.2), and HLA-A*0201 expression was con-
firmed by molecular typing in the Clinical Immunogenetics
Laboratory at the Seattle Cancer Care Alliance (Seattle,
WA).

@ Springer

Patient samples

We obtained an aliquot of bone marrow and blood from 11
patients with symptomatic Stage II-III multiple myeloma
according to a protocol approved by the Institutional
Review Board of Fred Hutchinson Cancer Research Cen-
ter. All subjects gave written informed consent. Mononu-
clear cells were isolated from bone marrow and blood
samples by density gradient centrifugation.

Peptide synthesis and HLA A2 binding

CT-7 peptides that are predicted to bind to HLA-A2 were
identified using 2 computer algorithms for epitope predic-
tion: “BIMAS” (http://www.bimas.dcrt.nih.gov/molbio/
hla_bind) and “SYFPEITHI” (http://www.syfpeithi.de/).
The CT-7 peptides (n = 13) that ranked highest for bind-
ing were synthesized (NMI peptides, Reutlingen Germany)
(Table 1). Control peptides included Influenza MPsg g6
(GILGFVFTL) and CMVpp65,495_503 (NLVPMVATYV), as
well as peptides derived from B-cell maturation antigen
(BCMA). Binding to HLA-A2 was confirmed using a TAP-
deficient T2 cell binding assay to measure cell surface
stabilization of HLA-A2 after overnight incubation with
peptide in serum-free medium [26].

Cell lines

Human myeloma cell lines U266 (HLA-A2TCT-7%) and
H929 (HLA-A2"®CT-7%) were obtained from ATCC
(Manassas, VA), and L-363 (HLA-A2TCT7"¥!°W)
was kindly provided by Dr. Kenneth Anderson and
Dr. C. Mitsiades (Dana Farber, Boston, MA). These cell
lines were grown in RPMI 1640 (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS, Hyclone,
Logan, UT). Phoenix E and Phoenix Galv cells (gifts from
the Nolan lab, Stanford, San Francisco, CA) were used to
package retroviruses for transduction of mouse and human
cells, respectively. SW480 colon carcinoma cells (HLA-
A2TCT7"®) were obtained from ATCC and transduced
with CT-7/LZRS and BCMA/LZRS retroviral vectors to
make SW480/CT-7 and SW480/BMCA, respectively.
(LZRS is a retroviral vector developed by the Nolan lab,
Stanford, CA, and the constructs are described in the gene-
modified T-cell section of methods below). SW480 cells
and packaging cells were maintained as adherent mono-
layers in DMEM supplemented with 10% fetal bovine
serum.

Flow cytometry and antibodies

Expression of HLA-A2 was determined using BB7.2-FITC
(BD Biosciences). Intracellular CT-7 expression was
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Table 1 Prediction and screening of HLA-A2 restricted CT-7 peptides
CT-7 peptides® Amino acid sequence BIMAS SYFPEITHI Mean fluorescence Responses
score score (% increase)b identified®
p1087-1095 FLAMLKNTV 320 27 193 No
pl1013-1022 YASEEVIWDV 314 22 26 No
p1046-1054 KVWVQEHYL 299 17 37 No
p1083-1091 KVVEFLAML 234 24 135 3/6
p1001-1009 ILILSIIFI 224 26 14 No
p959-968 ILFGISLREV 201 31 239 6/6
pl1018-1026 VIWDVLSGI 191 24 131 No
p884-892 TLLESDSLT 113 18 24 No
Pp998-1006 RLLILILSI 89 28 5 2/6
p535-543 SLPEWEDSL 43 26 52 No
p907-915 TLDEKVDEL 40 29 27 No
p1089-1097 AMLKNTVPI 30 24 67 No
p999-1007 LLILILSII 17 26 6 No

* The protein sequence of CT-7 was scanned using epitope prediction algorithms (BIMAS, http://www.bimas.dcrt.nih.gov/molbio/hla_bind;
SYFPEITHI, http://www.syfpeithi.bmi-heidelberg.com) to identify nonamer and decamer peptides predicted to bind HLA-A2

® Fluorescence is expressed as percentage increase of HLA-A2 mean fluorescence by flow cytometry of T2 cells in the presence of peptide

versus the level on empty T2 cells

¢ Responses were determined by screening CD8" T-cell cultures from 6 healthy donors for specific lysis of T2 cells pulsed with CT-7 peptide

and confirmed by IFN-y Elispot assay

examined following fixation and permeabilization of cells
with Becton-Dickinson (BD) Fix/Perm solution (BD Bio-
sciences) according to the manufacturer’s directions, fol-
lowed by staining with anti-CT-7 mAb (CT7-33, Dako,
Carpinteria, CA) and a PE-conjugated F(ab’), goat anti-
mouse secondary antibody (Invitrogen). After washing
thoroughly, myeloma bone marrow samples were counter-
stained with mouse mADb-FITC against disease-specific
intracellular kappa or lambda light chains (Invitrogen) to
facilitate gating on monoclonal tumor cells. HLA-A2/PE
Pentamers folded with CT-7 p959 and pl083 (Pro-
Immune, Bradenton, FL) were used with anti-CD8-FITC
(Invitrogen) to stain T-cells. Flow cytometry was per-
formed using a BD FACScalibur and analyzed using
WinMDI software.

Peptide stimulation of CD8" T-cells

Dendritic cells were derived from PBMC by culture of
adherent monocytes for 2-5 days in AIM-V medium
(Invitrogen) supplemented with 800 units/mL granulocyte—
macrophage colony-stimulating factor (GM-CSF) and
1,000 units/mL interleukin (IL)-4 (R&D Systems, Minne-
apolis, MN) and then matured for 24-48 h with a cocktail
of cytokines as described [27]. Mature dendritic cells
(DCs) were pulsed for 4 h in serum-free medium with
synthetic peptides, each at the concentration of 20 pg/ml,
washed, and used as stimulator cells. CD8" T lymphocytes
were enriched from PBMC to >95% purity by positive

selection using Miltenyi microbeads (Miltenyi Biotec,
Auburn, CA). CD8" T-cells were co-cultured at a ratio of
10-20:1 with peptide-pulsed autologous DCs in 24-well
plates in the presence of 10 ng/ml IL-12 in CTL media
(CTLM), which consisted of RPMI 1640 supplemented
with 25 mmol/l HEPES, 4 mmol/l L-glutamine, 100 U/ml
penicillin  (Sigma), 100 pg/ml streptomycin (Sigma),
25 pmol/l 2-mercaptoethanol (Sigma), and 10% heat-
inactivated human serum (FHCRC). Cultures were
re-stimulated with y-irradiated (35 Gy) peptide-pulsed
dendritic cells under similar conditions, except IL-12 was
replaced by IL-7 (5 ng/ml) and IL-15 (1 ng/ml) in the
second stimulation cycle, and IL-15 was then added at
1 ng/ml every 3—4 days. In some experiments, T-cells
(3-8 x 10*well) were co-cultured with peptide-pulsed
DCs in 96-well plates and 10 ng/ml IL-15 was added on
day 7 without a second peptide stimulation. An aliquot of
each well was screened on day 12 (for cultures in 96-well
plates) or day 14 (for cultures in 24-well plates) for lysis of
peptide-pulsed T2 cells in a 6-h >'Cr release assay. Ali-
quots from wells with specific lytic activity were expanded
as described [28].

Cytotoxicity assay
Target cells were labeled with >'Cr and peptide(s) for 2 h
at 37°C, washed 3 times, and then added directly to 96-well

plates in duplicate or triplicate wells with effectors at
various E:T ratios. After a 6 h incubation at 37°C,
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supernatants were counted for >'Cr release and the per-
centage of specific lysis determined by the formula:

51
(°" Crrelease sample — spontaneous > Crrelease) /
(maximum>!Crrelease —spontaneous>!Crrelease) x 100.

Interferon-gamma (IFN-7) enzyme-linked immunospot
(ELISPOT)

ELISPOT assays were used to quantify antigen-specific
IFN-y-producing human and mouse T-cells as described
[26, 29]. CD8* T-cells or immunized mouse splenocytes
were added to wells along with peptides at 10 pg/ml or
with 1-5 x 10 of the indicated stimulator cells at 37°C for
1624 h. Spot-forming cells were counted using a Bio-
Reader 3000 optical reader (ImmunoBioSys, The Colony,
TX) and are expressed as spot-forming cells per well (SFC/
well). A positive test well was pre-defined as containing at
least 10 spots more than control wells and at least twice as
many spots as control wells containing T-cells and no
peptide.

Mice

HLA-A?2 transgenic HHD II mice (referred to as HHD), in
which the H-2Db and mouse f2m genes have been dis-
rupted by homologous recombination and a transgene has
been inserted for HLA-A-0201 «1-o 2, H-2Db «3-trans-
membrane and intracytoplasmic domains, were a kind gift
of Dr. F. Lemonnier (Pasteur Institute, France) [30], and
breeders were kindly provided by Dr. Don Diamond (City
of Hope, Duarte, CA). Mice were bred at our animal
facility under an approved institutional protocol.

Generation of gene-modified T-cells (T-APC)

The cDNA for the coding regions of CT-7 and BCMA were
cloned from mRNA isolated from the U266 myeloma cell
line using RNEasy (Quiagen) and the following primers:
(CT-7 Forward 5'-TGTGACGAGGATCGTCTCAGGTC-3")
(CT-7 Reverse 5'-GTGCGACTCATGTGCATAAACTA
GGATT-3') (BCMA Forward 5-TTACTTGTCCTTCC
AGGCTGTTCT-3’) (BCMA Reverse 5-CATGAAACC
AAGGAAGTTTCTACC-3). Each ¢cDNA was inserted
into the pcDNA3.1 TOPO vector (Invitrogen) and then
subcloned into the LZRS retroviral vector and designated
CT-7/LZRS or BCMA/LZRS. Phoenix E and Phoenix Galv
packaging cells were transfected using lipofectamine LTX
(Invitrogen) for generation of retroviruses. Transduction
with polyethylene glycol (PEG)-precipitated retroviral
supernatant was performed after activation of human T-cells
for 3 days with anti-CD3 mAb and 50 units/mL IL-2, or after
activation of HHD mouse splenocytes for 48 h with
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2.5 pg/ml Concanavalin A (ConA) and 100 units/ml IL-2.
Polybrene (4-8 pg/ml) was added during transduction, and
the cells were centrifuged for 2 h in the plate followed by
overnight incubation before washing. After 3 days, the
T-cells were stained for expression of BCMA or CT-7.

Vaccination of HLA-A2 transgenic (HHD) mice

Gene-modified T-cells (T-APC) with at least 15% expres-
sion of CT-7 or BCMA were injected (1 x 107 per mouse)
via lateral tail vein. Vaccinations were repeated after
14 days. Other groups of mice were immunized subcuta-
neously in the flank twice at a 14-day interval with 100 pg
of one of the 3 CT-7 peptides (p959, p998, or p1083) or
with 100 pg of a control viral peptide (CMVpp65nLypm-
vaty or influenza MPgy geverL)- The peptides were mixed
with hepatitis B core helper peptide (140 pg) and emulsi-
fied 1:1 in incomplete Freund’s adjuvant (IFA; Difco
Laboratories, Detroit, MI) in a final injection volume of
200 pl. Splenocytes were isolated 8—10 days after the
second vaccination and assayed by direct ex vivo IFN-y
Elispot for responses to CT-7 peptides. In some experi-
ments, an aliquot of the splenocytes was also in vitro
stimulated (IVS) with peptide-pulsed 30 Gy irradiated
splenocytes for 5-7 days before testing by IFN-y Elispot.
Media for culture of murine T-cells was the same as CTLM
except it contained 12.5 mM HEPES buffer and 10% FBS
(Hyclone) instead of human serum.

Statistical analysis

We used GraphPad Prism 5 for data handling and analysis.
Graphs display averages with error bars indicating standard
error of the mean. Student’s #-test was used when com-
paring only 2 groups of data. Statistical significance was set
at P < 0.05.

Results
Expression of MAGE-C1 (CT-7) by myeloma cells

Prior studies using immunohistochemistry and reverse
transcriptase PCR to detect expression of CT-7 protein and
RNA, respectively, showed that 70-86% of cases of mul-
tiple myeloma express CT-7 [21, 23, 31, 32]. Flow
cytometry should be superior to these methods for deter-
mining the homogeneity of CT-7 expression within a
population of myeloma cells and for comparing the level of
expression between patients. We permeabilized human
myeloma cell lines (H929, U266, and L363), and stained
the cells with an anti-CT-7 mAb (gray histograms) or
isotype control mAb (open histograms) followed by a
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Fig. 1 Expression of CT-7 by myeloma cells. Myeloma cell lines
(H929, U266, and L363) and bone marrow samples from 11 patients
with stage II-III multiple myeloma (MM) were stained for intracel-
lular CT-7 expression (gray histograms) or with an isotype control
mADb (open histograms) following fixation/permeabilization. Analysis
of the patient samples was limited to only myeloma cells by gating on
appropriately sized cells counterstained for intracellular disease-
specific kappa or lambda light chains, and data are shown for 6
samples representative of the different staining patterns seen. Seven

PE-conjugated goat anti-mouse F(ab’), secondary anti-
body. H929 and U266 homogeneously expressed CT-7,
whereas L.363 expressed minimal to undetectable levels
(Fig. 1). We then examined CT-7 expression in primary
myeloma cells present in aliquots of bone marrow obtained
from untreated patients with Stage II-III multiple myeloma
(MM). Each sample (MM 1 through MM11) was coun-
terstained with a mAb against intracellular kappa or
lambda light chains to facilitate gating on monoclonal
myeloma tumor cells, and analysis was performed on the
myeloma cell fraction. The CT-7 expression by myeloma
cells from 6 representative patient samples is shown
(Fig. 1, MM1-MMG6). Of note, background isotype control
staining of primary myeloma cells was often higher than
for cultured cells and different for each patient (open his-
tograms). Although there was no detectable expression of
CT-7 by flow cytometry in 4 of the 11 patient samples
(MMS5 and 3 others not shown), 7 of the 11 primary
myeloma patient samples (64%) expressed CT-7 by flow
cytometry. Expression was homogeneous in some of these
(e.g., MM1, MM2) and heterogeneous or bimodal in others
(e.g., MM3, MM6). In some cases, there was a CT-7 low or
negative subset of cells, which could represent either het-
erogeneous expression of CT-7 in the tumor cell sub-
population, different levels of expression with changes in

of 11 patient samples expressed CT-7 (as represented by patients
MML, 2, 3, 4, and 6), while no detectable expression was seen in 4
patients (as represented by MMS5). Expression was homogeneous in
some samples (e.g., MM1 and MM?2) and was heterogeneous (MM3)
or even bimodal (MM6) in other samples. Of the 5 MM patient
samples not shown, 2 had staining similar to MM3 and MM4 and the
other 3 were not above background staining. The nontumor bone
marrow cells did not express CT-7 (not shown)

cell cycle, or the presence of contaminating normal plasma
cells or B cells that expressed the same light chain isotype.
The latter is unlikely since counterstaining for CD19 to
gate out normal B cells and normal plasma cells did not
eliminate the CT-7-low/negative population, and no bone
marrow cells other than the light chain restricted myeloma
cells expressed CT-7 (data not shown).

Identification of CT-7 peptides recognized by CD8"
cytotoxic T-cells

The observation that myeloma cells in the majority of
patients with advanced disease express CT-7 and that this
expression can be homogeneous suggests that CT-7 may be
a suitable target for immunotherapy [15, 33, 34]. No CT-7
epitopes recognized by CD8" T-cells have been previously
reported; therefore, we used epitope prediction algorithms
to identify nonamer and decamer peptides within the 1142
amino acid CT-7 sequence that were predicted to bind
HLA-A2 and synthesized 13 peptides with the highest
binding scores to test for immunogenicity (Table 1).

We examined the immunogenicity of CT-7 peptides in
healthy donors in this study, because the numbers of
T-cells and dendritic cells that can be isolated from mye-
loma patients is limiting, and T-cell responses might be
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more difficult to detect in patients due to tumor-induced or
corticosteroid-induced T-cell defects [11, 35]. CD8™ T-cells
were purified from six healthy donors, and aliquots were
stimulated with autologous monocyte-derived mature den-
dritic cells pulsed with CT-7 peptides as antigen-presenting
cells (APC). After 12-14 days, T-cells from individual wells
were tested to identify T-cells that specifically lysed T2 cells
pulsed with CT-7 peptide(s) but not control or unpulsed T2
cells. Wells with specific cytolytic activity were screened
further by IFN-y Elispot assay to confirm peptide specificity
before expansion. Cytotoxic T-cell responses specific for
three of the 13 novel CT-7 peptides (CT-7959_963, CT-
71083-1001, and CT-799g_1006) Were detected and confirmed
by Elispot in at least 2 donors each, and all 6 donors
responded to at least one of these three peptides (Table 1).
The responses against CT-7959_ggg (p959) and CT-710g3_1091
(p1083) were reproducible upon repeat testing of a second
aliquot of T-cells from the same donors.

CT-7 p1083 and p959 are processed and presented
by CT-7" myeloma cells and CT-7 gene-transduced
tumor cells

To determine whether any of the 3 CT-7 peptides that
elicited CD8* T-cell responses in vitro were presented by
HLA-A2 on myeloma cells, we expanded wells containing
peptide-reactive T-cells using OKT3 mAb, interleukin-2
(IL-2), and allogeneic feeder cells. T-cells expanded from
the two cultures that had exhibited CT-799g 1006 (P998)
specificity no longer exhibited a detectable response
against CT-7 p998, likely due to overgrowth of irrelevant
T-cells. However, T-cells specific for CT-7;0g3_-1001
(p1083) and CT-7959_96s (p959) were expanded success-
fully, retained specificity, and were evaluated further.

Pentamer staining and IFN-y Elispot of the p1083-reac-
tive T-cell line demonstrated the presence of a moderately
high frequency of pl1083-specific CD8" T-cells after
expansion (Fig. 2a, b). The p1083-specific T-cells produced
IFN-y in response to stimulation with p1083 and to HLA-
A2*CT-7% U266 myeloma cells, but did not recognize the
control HLA-A2(—)CT-7" H929 myeloma cell line
(Fig. 2b). The ability of HLA-A2" tumor cells to present
endogenous p1083 was substantiated by *'Cr release assays,
which showed that the p1083-specific T-cells lysed p1083-
pulsed T2 cells, U266 myeloma cells, and HLA-A2" SW480
tumor cells retrovirally transduced to express CT-7 (SW480/
CT-7), and they did not lyse control peptide-pulsed T2 cells,
HLA-A2(—) H929 cells, or BCMA-transduced SW480
tumor cells (SW480/BCMA) (Fig. 2c, d).

We used a similar approach to determine whether CT-7
p959 was processed and presented by myeloma cells.
Pentamer staining and IFN-y Elispot assays showed a high
frequency of p959-specific T-cells in the expanded cultures
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(Fig. 3a, b), and these T-cells efficiently lysed p959-pulsed
T2 cells, U266 myeloma cells, and SW480/CT-7 tumor
cells but not control SW480/BCMA cells or the HLA-
A2TCT-7egativeow 1y veloma cell line L363 (Fig. 3c). IEN-
7y Elispot assays also showed similar recognition of U266
myeloma but not L363 (Fig. 3b). A separate experiment
showed lack of reactivity against the HLA-A2-negative
myeloma cell line H929 (data not shown).

Vaccination of HLA-A2 transgenic mice with CT-7
gene-modified vaccine cells induces T-cell responses
to CT-7 pl1083 and CT-7 p959

The ability to isolate CT-7-specific T-cells from healthy
individuals indicates that tolerance to CT-7 is not complete.
However, the frequency of T-cells recognizing the two CT-7
peptides that were presented by myeloma cells was estimated
to be approximately 1in3-15 x 10° peripheral blood CD8™"
T-cells, determined from the proportion of wells that were
positive by Elispot after peptide stimulation under these
culture conditions. Thus, to utilize CT-7 as a target for
immunotherapy, it may be necessary to vaccinate patients to
expand the rare CT-7 reactive T-cells in vivo. We have been
developing a cell-based vaccine based on expression of the
CT-7 protein in autologous T-cells (T-APC). The rationale
for using T-cells as APC is based on the rapid induction of
T-cell immune responses to transgene products in clinical
trials in which gene-modified T-cells were administered to
immunocompetent patients [36—40]. Mouse studies of gene-
modified T-cells have recently shown that the antigens
appear to be chiefly cross-presented to endogenous CTL by
dendritic cells that phagocytose the infused T-cells and
become activated [41]. We chose to use this “problem” of
gene therapy to our advantage by infusing T-APC as a
“Trojan horse” for carrying the cancer antigen of interest to
dendritic cells in vivo.

We tested T-APC vaccination against CT-7 in HLA-A2
transgenic (HHD) mice, which express human HLA-A2
and lack all mouse class I MHC molecules (and therefore
present only HLA-A2-restricted peptides to CD8™ T-cells).
To generate gene-expressing T-APC, we constructed ret-
roviral vectors encoding CT-7 (CT7-LZRS) and BCMA as
a control (BCMA-LZRS) and transduced activated T-cells
from HHD mice and humans (Fig. 4). Expression of sur-
face BCMA and intracellular CT-7 in transduced T-APC
cells was evaluated by flow cytometry 3-5 days after
transduction. The transduction efficiency of HHD T-cells
was inferior to that of human T-cells and typically resulted
in the expression of CT-7 or BCMA in 15-30% of T-cells,
compared to 50-95% expression in human T-cells (Fig. 4).

The gene-modified HHD T-APC were administered
intravenously in a dose of 1 x 107 cells on days 0 and 14.
Eight to ten days after the second vaccination, splenocytes
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were isolated and tested directly ex vivo for recognition of
CT-7 peptides by IFN-y Elispot. Six of 6 mice inoculated
with T-APC/CT-7 exhibited T-cell responses to at least one
CT-7 peptide (either p1083 or p959), while none of 4 control
mice inoculated with T-APC/BCMA exhibited T-cell
responses to CT-7 peptides (Fig. 5). In five of the six mice
vaccinated with T-APC/CT-7, approximately 0.4-0.5% of
the CD8™ T-cells responded to CT-7 p1083 by direct ex vivo
Elispot (Fig. 5a). CT-7 p1083-specific T-cells could also be
expanded/enriched to ~1.5% of CD8* T-cells by a single
round of in vitro peptide stimulation with p1083-pulsed

splenocytes, and this was not a primary in vitro response
since splenocytes from control mice did not react with p1083
after in vitro stimulation (Fig. 5b). One of the 6 mice
immunized with T-APC/CT-7 (the only mouse without a
detectable response to pl083) had a detectable T-cell
response against CT-7 p959 (~0.1% of CDS8 T-cells,
Fig. 5c). Responses were not detected against any of the
other 11 CT-7 peptides predicted to bind to HLA A2 in any of
the mice (Fig. 5a). The induction of T-cell responses to CT-7
pl083 and CT-7 p959 after vaccination with T-APC
expressing CT-7 protein confirms the ability of these
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Fig. 4 Retroviral vectors encoding CT-7 and BCMA enable
expression of these antigens in T-cells from humans and HLA-A2
transgenic mice. The cDNAs for the CT-7 and BCMA open reading
frames were cloned into the LZRS retroviral vector (top). The vectors
were packaged in Phoenix Galv and Phoenix E cells for transduction

peptides to be endogenously processed and presented to
T-cells and suggests these two epitopes may be immuno-
dominant epitopes for presentation by HLA-A2.

Vaccination of HLA-A2 transgenic mice with CT-7
peptides

The immunogenicity of the three most promising candidate
CT-7 peptides (pl083, p959, and p998) was further
examined in HHD mice by vaccination of cohorts of mice
subcutaneously twice at a 2-week interval with one of the

@ Springer

of human and mouse cells, respectively. Expression was confirmed by
flow cytometry for surface BCMA or intracellular CT-7. A represen-
tative example of the expression of BCMA and CT-7 after transduc-
tion of human and mouse T-cells with each of the vectors is shown
(bottom panels)

three CT-7 peptides or with a control viral peptide
(CMVpp65NLVPMVATV or influenza MPGILGFVFTL) mixed
with a hepatitis B core helper peptide in incomplete Fre-
und’s adjuvant [42]. Splenocytes were isolated and assayed
by ex vivo IFN-y Elispot 8-10 days after the second vac-
cination. The frequency of CD8" T-cells responding to
CT-7 pl1083 was 0.4-0.9% in 4 of 4 mice, which was
similar in magnitude to the T-cell response elicited by
CMV pp65 vaccination in control mice (Fig. 6a), and
notably similar to the p1083-specific T-cell response elic-
ited after vaccination with T-APC/CT-7 (Fig. 5a).
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Fig. 5 Vaccination with CT-7 gene-modified T-APC induces T-cell
responses againstimmunodominant CT-7 peptides p1083 and p959. Six
mice were immunized by i.v. injection of CT-7-transduced T-APC (T-
APC/CT-7) or control BCMA-transduced T-APC (T-APC/BCMA).
Eight to ten days after the second immunization, splenocytes were
tested directly ex vivo by IFN-y Elispot against the CT-7 peptides p959
and p1083 alone, and the 11 other peptides from Table 1 combined in a
pool. a T-cell responses to pl083 detected by IFN-y Elispot in 2
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representative mice that responded to pl083. b IFN-y Elispot of
splenocytes from CT-7 and BCMA immunized mice after one in vitro
stimulation with p1083 peptide. Cultures were analyzed 7 days after
stimulation. ¢ One of 6 mice immunized with T-APC/CT-7 (the only
mouse without a significant response to p1083) had a low level but
detectable response directed against CT-7 peptide p959 (P = 0.05
compared to no peptide control)
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Fig. 6 CT-7 pl083, p959, and p998 are immunogenic in A2
transgenic mice. Cohorts of HHD mice were immunized with one of
three CT-7 peptides (p1083, p959, or p998), or a control viral peptide,
by subcutaneous injection of 100 pg peptide emulsified with 140 pg
hepatitis B virus helper peptide in incomplete Freund’s adjuvant.
a Direct ex vivo Elispot assay of CT-7 pl1083-specific and CMV

Two of 4 mice immunized with CT-7 p959 developed a
specific T-cell response that was demonstrable directly ex
vivo at a frequency of ~0.2% of CD8" T-cells, which was
comparable to the anti-viral response in control mice
immunized with influenza MP peptide (Fig. 6b). Immuni-
zation with the CT-7 p998 peptide did not elicit a T-cell
response detectable directly ex vivo, but after in vitro

pp65-specific T-cells in immunized mice. b Direct ex vivo Elispot
assay of CT-7 p959-specific and influenza MP-specific T-cells in
immunized mice (data are shown for one representative experiment).
¢ CT-7 p998 is weakly immunogenic, and T-cell responses were not
detectable directly ex vivo (not shown), but were detectable following
a single in vitro stimulation with p998-pulsed splenocytes

stimulation of p998-immunized T-cells with p998-pulsed
splenocytes, 1.7-2.1% of the CD8™" T-cells responded in the
IFN-y Elispot assay, confirming that a low level response was
primed by vaccination in 2 of 2 mice (Fig. 6¢). Thus, all three
of the CT-7 peptides that we found to elicit T-cell responses
in healthy HLA-A2-positive donors were also immunogenic
in HLA-A2 transgenic mice.
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Discussion

Therapeutic options for multiple myeloma have improved
with the development of immunomodulators and proteo-
some inhibitors, but the majority of patients are not cured.
Myeloma is susceptible to a T-cell-mediated GVM effect
after allogeneic stem cell transplantation, and autologous
T-cell responses to myeloma cells have been detected in
patients, suggesting that immunotherapy, either by vacci-
nation or adoptive T-cell therapy, could be used in com-
bination with or as an alternative to current therapies. A
major impediment for the development of specific immu-
notherapy is the lack of defined target antigens recognized
by T-cells. The studies presented here focused on identi-
fying epitopes in a candidate myeloma antigen CT-7 that
are presented by HLA-A2 and recognized by CD8"
T-cells.

In this study, we evaluated the presence of CT-7-specific
T-cells in healthy HLA-A2-positive donors, because the
T-cell repertoire in myeloma patients may be impaired by
prior cytotoxic therapy or tumor-induced immune dysregu-
lation. T-cells specific for three different CT-7 peptides
(p1083, p959, and p998) that were predicted by computer
algorithms to bind to HLA-A2 were detected in healthy
donors. T-cells specific for p959 and p1083 were isolated
from 6/6 and 3/6 healthy donors, respectively, and could be
identified by pentamer staining, IFN-y ELISPOT assay, and
killing of human myeloma cell lines and CT-7 cDNA-
transduced tumor cells. These data demonstrate that the
CT-7 epitopes p959 and p1083 are derived by processing of
intact CT-7 protein and presented in tumor cell lines that
express HLA-A2. We were unable to evaluate T-cell rec-
ognition of primary myeloma samples with the described
T-cell lines due to either low numbers of T-cells remaining
after the assays presented, low numbers of myeloma cells
obtained from the bone marrow samples available at the
time, or lack of HLA-A2 expression on available myeloma
samples, but future studies will address this important issue.

Some T-cell lines derived by peptide stimulation were
not able to recognize myeloma cells or CT-7 transfectants
(data not shown), likely due to the outgrowth of T-cells
with low avidity [43]. However, these data show that at
least in healthy donors, tolerance to CT-7 is incomplete,
and the repertoire does contain T-cells with sufficient
avidity to recognize CT-7 expressing tumors. Vaccination
with cell-based vaccines that express the CT-7 gene should
preferentially expand T-cells of high avidity and avoid the
activation of low avidity T-cells [43, 44].

The immunogenicity of CT-7 pl083 and p959 was
confirmed by immunizing HLA-A2 transgenic (HHD)
mice. Vaccination of HHD mice with syngeneic T-cells
transduced with the CT-7 gene (T-APC/CT-7) elicited
p1083-specific T-cells in 5/6 mice and p959-specific
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T-cells in 1/6 mice. Responses were not detected to any of
the other 11 CT-7 peptides that were predicted to bind to
HLA-A2, suggesting that the p1083 and p959 epitopes are
immunodominant for presentation by HLA-A2. Vaccina-
tion with peptide-based vaccines elicited responses to
p1083 and p959 that were similar in magnitude to those
seen against cytomegalovirus and influenza peptides
known to be presented by HLA A2, and these studies also
confirmed the weakly immunogenic nature of p998, which
elicited a T-cell response that was only detectable after in
vitro peptide stimulation of T-cells from vaccinated mice.

This is the first report of the identification of immuno-
genic epitopes of CT-7 recognized by cytotoxic T-cells and
suggests that CT-7, which is the most commonly expressed
cancer-testis antigen in myeloma, should be further pur-
sued as a target for immunotherapy. These results have
implications for the majority of myeloma patients since
CT-7 is expressed in 70-86% of myeloma cases [32].
Others have shown that the level and frequency of CT-7
expression in myeloma cells increases with increasing
tumor burden, adverse prognostic features, and advanced
stage [21, 23, 31, 45, 46], and that CT-7 expression may be
important for myeloma cell survival [47]. Thus, targeting
CT-7 with immunotherapy might provide an option for
patients with even the worst prognosis. Furthermore, by
targeting the CT-7" subpopulation of myeloma cells even
in those patients with heterogenous expression, we may be
able to halt the aggressive phase of disease and convert the
myeloma back to a more indolent state, even if the T-cells
do not eradicate all myeloma cells.

Another recently published study described the detec-
tion of spontaneous CD4" T-cell responses to CT-7 in 3
out of 26 (11.5%) patients with melanoma (known to be
more immunogenic than myeloma) [48]. This has been the
only report of T-cell epitopes from CT-7, but they did not
identify CD8" T-cell responses, and their epitopes were
not overlapping with our currently described CD8 epitopes.

Studies to determine whether CT-7-specific T-cells can be
isolated and expanded from the blood of myeloma patients
for adoptive therapy are in progress. We have recently tested
limited numbers of peripheral blood CD8" T-cells
(2-5 x 10° per patient) from 3 untreated patients with
CT7THLA-A2" myeloma for recognition of p959, p998,
and p1083 after in vitro stimulation with autologous peptide-
pulsed dendritic cells. Although no responses were seen by
Elispot assay (data not shown), it is noted that a major lim-
itation of using frozen blood samples from myeloma patients
is that the numbers of both dendritic cells and T-cells
recovered for testing are extremely limiting with much fewer
cells to work with compared to our leukapheresis products
from healthy donors. Since the precursor frequency of CT-7-
reactive T-cells in healthy donors in our study was on the
order of only 1 in 3-15 x 10° CD8" T-cells (and myeloma
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patient dendritic cells are also known to be less functional
than healthy dendritic cells), these studies could have easily
missed a response even if the patient’s T-cell repertoire had a
low frequency of cells capable of responding to a CT-7
vaccine in vivo. Therefore, future studies will use leuka-
pheresis products from myeloma patients for better T-cell
sampling. It is also likely that it will be difficult to isolate
these cells from patients who have already received standard
treatment with cytotoxic or corticosteroid therapy, so pre-
treatment cells will be critical and will be compared with
post-treatment samples.

Even if CT-7-specific T-cells cannot be isolated from
myeloma patients, our data suggest two alternative strategies
for obtaining T-cells that target CT-7. First, the T-cell
receptor genes could be isolated from high avidity CT-7-
specific T-cells, such as the ones we have derived from
normal healthy donors or from HHD mice and introduced
into patient T-cells to confer specificity to myeloma [49].
Second, vaccination with CT-7 gene-modified T-APC
might be used as a “Trojan horse” for delivering the antigen
and eliciting a T-cell response. This strategy may be useful
for vaccinating patients since it involves the use of the
whole gene/protein without requiring knowledge of peptide
epitopes, and it does not restrict vaccination to patients with
particular HLA types. This strategy may also be useful for
the identification of immunogenic epitopes from other can-
didate myeloma antigens, which may be important to use as
targets in combination with CT-7 in order to limit outgrowth
of antigen loss variants that may occur if a single tumor-
associated antigen is targeted [50, 51].

In summary, we have identified 3 immunogenic HLA-
A2-restricted CT-7 peptides, and 2 of these appear to be
immunodominant and naturally presented by myeloma
cells, CT-7 gene-transduced tumor cells, and CT-7 gene-
transduced T-cells used as a vaccine in HLA-A2 transgenic
mice. These findings may be useful to help facilitate further
studies of CT-7 immunotherapy in myeloma patients,
where either vaccines or infusions of T-cells targeting
CT-7 may offer a way to improve the outcome of a disease
that is currently incurable.
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