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Multiple myeloma is a life-threatening hematological malignancy, which is rarely curable
by conventional therapies. Immunotherapy, using tumor antigen-specific, cytotoxic
T-lymphocytes, may represent an alternative or additional treatment for multiple
myeloma. In this study, we used hybrid cell lines, generated by fusion of an EBV
B-lymphoblastoid cell line (B-LCL) and myeloma cells, to stimulate in vitro peripheral
blood lymphocytes (PBLs) from patients with multiple myeloma. We investigated
induction of antigen-specific, cytotoxic T-lymphocytes to the well-defined tumor
associated antigens (TAAs) hTERT, MUC1, MAGE-C1 and CS1, which have been shown
to be expressed in a high proportion of cases of multiple myeloma. HLA-A2-peptide
pentamer staining, interferon-y and perforin ELISpot assays, as well as cytotoxicity
assays were used. Following several rounds of in vitro stimulation, the hybrid cell
lines induced antigen-specific, cytotoxic T-lymphocytes to four candidate TAAs in PBLs
from HLA-A2T multiple myeloma patients, using known HLA-A2 restricted peptide
epitopes of the TAAs. In contrast, the HLA-A2+ myeloma cell line U266 failed to induce
antigen-specific, cytotoxic T-lymphocytes in vitro. Our data indicate that B-LCL/ myeloma
hybrid cell lines induce antigen-specific, cytotoxic T-lymphocytes in PBLs isolated from
multiple myeloma patients in vitro and may represent a novel strategy for use in adoptive
immunotherapy of multiple myeloma.
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INTRODUCTION

Using conventional therapies, multiple myeloma (MM) is an incurable condition. Adoptive T cell
therapy, drawing on allogeneic or autologous tumor-specific cytotoxic T-lymphocytes (CTL), may
represent a potential additional treatment for MM. Hybrid cell lines, generated by fusion of
professional antigen presenting cells (APC) with tumor cells, make for a promising strategy for
tumor immunotherapy (1, 2). Such cell lines express a range of tumor associated antigen (TAAs)
and present these in the context of both HLA class I and HLA class II molecules, with appropriate
costimulatory signals (1, 2). The use of allogeneic APCs in hybrid cell formation may lead to the
expression of allogeneic MHC class I aside from MHC class II by the generated hybrid cells, which
exerts a desirable adjuvant effect on the stimulation of antigen-specific T lymphocytes (3).
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The EBV B-lymphoblastoid cell line, HMy2, represents an
appropriate APC partner for the generation of hybrid cell lines
for use in tumor immunotherapy, in that it expresses HLA class
Iand class II, and the T cell co-stimulatory molecules, CD80 and
CD86 (4, 5). We have shown that HMy?2 cells grow continuously
in cell culture, are sensitive to hypoxanthine-aminopterin-
thymidine (HAT) and resistant to ouabain, allowing for double
chemical selection of the hybrid cells after fusion (6-8). HMy2
can therefore be used as a substitute for dendritic cells (DC) as
APC partner in hybrid cell formation (1, 9). The use of DC hybrid
cells in treatment of various hematological and solid tumors has
been successful but their clinical use is hampered, as we have
outlined (10, 11): DC hybrids show low ability for replication,
are short lived, the number of DCs in blood is low, and protocols
to generate DC for immunotherapy are labor-intensive. A major
concern of self-peptide(s) pulsed DCs is the presence of tolerance
against the self-peptide(s), as they have already been presented
to the immune system during disease progression. The hybrid
cell lines we have generated by fusion of HMy2 and both solid
and hematological tumor cells multiplied continuously in tissue
culture, expressed high levels of surface molecules typical of
APCs, and expressed a range of immunogenic TAAs (6-8, 10, 11).
They induced T cell proliferation in mixed lymphocyte reactions
in vitro, which we showed was dependent on the expression of
the costimulatory molecules CD80 and CD86. The effector T cells
induced by the hybrid cell lines recognized and killed the parent
tumor cells in ! Cr release cytotoxicity assays (6-8). Importantly,
peripheral blood lymphocytes (PBLs) isolated from healthy HLA-
A27" individuals and stimulated in vitro using the hybrid cell
lines, generated CTLs with antigen specificity for several TAAs,
including NY-ESO-1, survivin, MAGE-A1, and WT-1 (10, 11).

The present study aimed to progress our previous work (1, 6-
8, 10, 11) and investigate the ability of hybrid cell lines, produced
by fusion of HMy2 cells and myeloma cells, to induce HLA-A2-
restricted tumor antigen-specific cytotoxic T cells (ASCTL) in
vitro, in PBLs from patients with multiple myeloma.

MATERIALS AND METHODS

The Cell Lines

HMy2 (an EBV-transformed B-LCL (8); a gift from Professor
Alan Rickinson, University of Birmingham, UK) were used as
APC fusion partner. The hybrid cell lines HRC and HU266
were generated by fusion of HMy2 with myeloma cells derived
from patient RC, and the myeloma cell line U266, respectively.
The generation of myeloma hybrid cells lines by fusion with
HMy2 has been described previously (7). Briefly, HMy2 and
myeloma cells were mixed 1:1, spun, and the cell pellet was
treated with 1 ml 50% (w/v) polyethylene glycol / dimethyl
sulphoxide (Sigma-Aldrich, UK) at 37°C for 1 min to induce cell
fusion. The cells were then washed, resuspended in RPMI 1640
with 20% (v/v) fetal calf serum and cultured in a humidified

Abbreviations: APC, antigen presenting cells; ASCTL, antigen-specific, cytotoxic
T-lymphocytes; B-LCL, B-lymphoblastoid cell line; CTL, cytotoxic T-lymphocytes;
EBV, Epstein Barr virus; GMP, good manufacturing practice; MM, multiple
myeloma; PBLs, peripheral blood lymphocytes; TAA, tumor associated antigen.

atmosphere at 37°C, 5% CO,. After 24 h incubation, selection
medium containing HAT and ouabain was added to select for
hybrid formation and growth. Fusion efficiency was not formally
assessed; however, the protocol has reproducibly resulted in the
generation of selection resistant cell lines, and the emerging
cell lines were subjected to phenotypic and genetic analysis to
confirm their hybrid nature as described (7). HMy2, the hybrid
cell lines HRC and HU266, and U266 (myeloma cell line; ECACC
cat no 85051003) were used as stimulators of T cell responses in
vitro. T2 cells (12) (a gift from Professor Robert Rees, University
of Nottingham, UK) were used as target cells, after pulsing with
the cognate TAA-derived peptides, in antigen specific IFNy and
perforin release assays, and cytotoxicity assays. K562 (a gift from
Professor Sir Andrew McMichael, University of Oxford, UK), due
to their lack of MHC class I expression, were used as target for
assessment of NK cell activity in the cultures (13).

Patient-Derived Primary T Cells

Samples of peripheral blood were obtained from 9 patients with
MM (Supplementary Table 1). Five of the patients were HLA-
A2%, and four were HLA-A2". Peripheral blood mononuclear
cells (PBMCs) were separated from the blood samples using
Ficoll Paque Plus (GE Healthcare, UK).

Phenotypic Characterization

Phenotypic characterization of the hybrid cell lines, HMy2
and U266 was carried out at least twice using direct
immunofluorescent staining with FITC or PE labeled anti-
HLA class I, CD80, CD138 (Beckman Coulter, UK), HLA-A2,
CD86, CD19 (BD Pharmingen, UK) and HLA class II (DAKO,
UK) monoclonal antibodies. Fluorescently conjugated isotype
control antibodies were used as negative controls. The analysis
was done using FACS Canto flow cytometer (Becton Dickinson,
UK), and data were analyzed using FACS Diva software (Becton
Dickinson, UK).

Detection of TAA Proteins

Detection of CS1, MUC1, and h TERT Proteins by
Flow Cytometric Analysis

CS1 surface expression was determined by flow cytometric
analysis after staining cells, adjusted to 1 x 10° cells/ ml, with 10
!l of PE-labeled anti-CS1 monoclonal antibody (mAb) or isotype
control mAb (Abcam, UK).

MUCI protein expression was assessed by indirect staining
with 10 pl of anti-MUCI mouse monoclonal antibody
(anti-CD227; Insight Biotechnology Ltd; or isotype control
mAb), followed by 10 pl of the PE-labeled anti-mouse IgG
secondary antibody (Sigma Aldrich, UK) at the recommended
dilution (1:500).

To detect intracellular human telomerase reverse transcriptase
antigen (h TERT), cells were permeabilized using Fix and Perm
kit (Life Technology, UK), then stained with 10 pl of FITC-
labeled anti-h TERT antibody (Bioss, UK; bs-1411R) or its IgG
isotype control (Bioss bs-0295P).
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Western Blotting for Detection of MAGE-C1

Total cell proteins were extracted by lysis of 1 x 10° cells in
200 pl 2X lysis buffer (Sigma Aldrich, UK). Protein lysates
were separated on 8% polyacrylamide gels (SDS-PAGE)
and electro-transferred to polyvinylidene difluoride (PVDEF)
membranes (Sigma Aldrich, UK). The membrane was blocked
and incubated overnight at 4°C with rabbit anti-MAGE-C1
polyclonal antibody (Fisher Scientific, UK) at a dilution of
1: 1,000. After washing, the membrane was incubated with
swine anti-rabbit immunoglobulin-HRP (DAKO, Denmark)
for 1h at room temperature. Finally, the membrane was
washed and developed using an enhanced chemiluminescence
(ECL)  detection  system, then  visualized  using
autoradiography films.

In vitro Induction of Long-Term Activated
Tumor Antigen-Specific Cytotoxic T Cell
Cultures by the Hybrid Cell Lines

Long-term activated T cell cultures were produced by co-
culturing PBMCs isolated from patients with MM together
with stimulator cell lines for several successive, weekly rounds
of stimulation. The stimulator cell lines were treated with
50 pg/ml Mitomycin-C (Sigma, UK). Cells were maintained
in the presence of 1ng/ml rhIL-7 (BD Bioscience, UK), 300
U/ml rhIL-2 (Prospec, Protein-Specialists) and 10 ng/ml rhIL-
15 (Prospec, Protein-Specialists) in 6-well plates, and all cultures
were stimulated weekly for 4-10 weeks, at a ratio of 2 responder
cells: 1 stimulator cell.

A representative example of one experiment of numbers of
PBMCs that were plated, and in the Ist, 2nd, 3", and 4th
stimulation is shown in Supplementary Table 2. We examined
the presence of antigen specific response in the culture in the
third week according to the previously published protocol (11),
and then again in the 4th week. Because we observed an increase
in percentage of the antigen specific response in the fourth
week rather than the 3rd week, and a reasonable number of
stimulated CTLs was needed for further peptide-specificity and
functional activity evaluation for four different peptides, a 4-week
stimulation protocol was used for this work.

MHC Class | Pentamer Staining

Recognition and estimation of tumor antigen-specific CTLs were
carried out by flow cytometric analysis of long-term activated
T cells stained with FITC-labeled anti-CD8 and R-PE-labeled
Pro5 MHC class I pentamers incorporating different HLA-A2
binding peptides derived from the TAAs of interest (Proimmune
Limited, UK). The relevant peptide sequences were: MUCI1 (12—
20; LLLLTVLTV), hTERT (540-548; ILAKFLHWL), MAGE-C1
(959-968; ILFGISLREV), CS1 (239-247; SLFVLGLFL), and a
negative control peptide derived from West Nile Fever virus
(WNF, 294-302; LGMSNRDEFL).

Tumor Antigen-Specific Perforin and IFNy ELISpot
Assays

To determine the antigen specific activity of the ASCTL produced
in the long-term stimulated cultures, HLA-A2 restricted TAA
peptide-pulsed T2 cells were used as stimulator cells in IFNy

and perforin ELISpot assays. Plates were coated with the primary
antibody 18 h prior to incubation of cells, and the percentage of
peptide-specific cytotoxic T cells in the cultures was determined
using IFNy and perforin ELISpot kits (Mabtech AB, Sweden).
The length of culture for this study was optimized to 3 and 5 days,
respectively. Peptides used to pulse T2 cells were the same as were
incorporated in the MHC class I pentamers.

DELFIA EuTDA Cytotoxicity Assays

Antigen-specific cytotoxic activity of the produced CTL
was determined using (non-radioactive) DELFIA® EuTDA
Cytotoxicity Reagents (PerkinElmer Inc., UK), according to
the manufacturer’s instructions, using peptide pulsed T2 cells
as target cells, and over a range of effector cell: target cell
ratios. Peptides used to pulse T2 cells were the same as were
incorporated in the MHC class I pentamers. After incubation for
2h, the released fluorescence was measured in a time-resolved
fluorimeter (Horiba, UK), and the percentage specific release
was calculated.

Statistical Analysis

The statistical significance of differences of pentamer staining
data was analyzed by one-way ANOVA, and the ELISpot and
cytotoxicity data were analyzed by two-way ANOVA, using
GraphPad Prism 7 software (GraphPad Software, San Diego, CA,
USA). A statistically significant difference between parameters
was considered when p-value was <0.05.

RESULTS

Phenotypic Characterization of the Hybrid
Cell Lines, HMy2, and U266

Flow cytometric analysis of the expression the costimulatory
molecules CD80 and CD86, lineage-specific markers CD19 and
CD138, and HLA class I, class II, and HLA-A2 by the hybrid cell
lines HRC and HU266, HMy2, and U266 are shown in Figure 1A.
All cell lines reproducibly expressed HLA class I and HLA-A2,
although at different levels. Both the APC parent (HMy2) and
the hybrid cell lines expressed CD80, CD86, and HLA class 1I,
though they were consistently absent in the myeloma cell line
U266. In addition, both the hybrid cell lines and HMy2 expressed
all candidate cell surface markers at a higher level than the
myeloma cell line U266, with the exception of the plasma cell
marker CD138 (Figure 1A). Representative histograms showing
expression of CD86 by HMy2, HU266, and U266 cells are shown
in Figure 1B.

The potential use of the hybrid cell lines as immunogens
for induction of antigen specific immune response in tumor
immunotherapy is determined not only by the APC-derived
phenotype, but also by the expression and effective presentation
of the TAAs in the context of MHC molecules. We therefore
investigated the protein expression of the TAAs MUCI1, hTERT,
CS1, and MAGE-CI for the hybrid cell lines, HMy2 and U266.
Both hybrid cell lines expressed MUCI1, hTERT, CS1, and MAGE-
C1 at significantly higher levels than was seen in normal PBMCs
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expression of HLA class |, HLA-A2, HLA class Il, CD80, CD86, CD19, and CD138. (B) A representative example of flow cytometry histograms showing expression of

co-stimulatory marker CD86 on HU266, the APC cell line HMY2 and the myeloma cell U266. The analyses were conducted at least twice.
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(used as a negative control) (Figure 2). HMy2 and U266 also
expressed the TAAs at higher levels than PBMCs.

These results indicated that the hybrid cell lines preserved the
phenotypic characteristics of their parent APC and expressed all
four candidate TAAs at the protein level.

Induction of Antigen-Specific CTL in

PBMCs of MM Patients

HLA-A2-Peptide Pentamer Analysis

The specificities of the induced antigen specific CTL were
investigated by staining with FITC-labeled anti-CD8 and PE-
labeled HLA-A2-peptide pentamers specific for hTERT, MUCI,
MAGE-C1, and CS1, followed by flow cytometric analysis. Three
sets of negative controls were used in the experiments to exclude
the occurrence of non-specific recognition due to the remaining
T cell population: The first one was an irrelevant peptide antigen,
West Nile Fever virus peptide (WNF), to ensure the antigen-
specific nature of the induced T cell responses. The second
negative control was using stimulated PBMCs from HLA-A2~
MM patients, as a negative control for the HLA-A2" restricted
responses. The third negative control was unstimulated PBMCs
from the HLA-A2T MM patients, in parallel with the stimulated

T lymphocytes from the same individuals. These PBMCs were
also used as a baseline, to indicate successful induction of the
antigen specific T lymphocyte in the stimulated cultures.

As shown in Figure 3, both hybrid cell lines (HU266 and
HRC) induced significantly higher levels of MUCI, hTERT, CS1,
and MAGE Cl specific CD8" T cells, compared with both U266
and the unstimulated PBMCs. HRC hybrid cell line produced the
highest responses (significantly higher than HMy?2 for each of the
antigens investigated), whilst HU266 induced significantly higher
pentamer-positive CS1-specific cells than HMy2 cells. HMy2
induced a greater response to each of the antigens compared
with unstimulated PBMCs, but only induced a higher response
than U266 for CS1. U266 failed to induce a significant increase
in any of the candidate antigen specific CD8" T cells, compared
with unstimulated PBMCs. There was no significant elevation
for any of the negative control parameters compared with the
unstimulated PBMCs (Figure 3 and Supplementary Figure 1).
The small percentage of pentamer positivity in PBMCs isolated
from HLA-A2 negative patients may be due to mismatched HLA.
However, there was no significant elevation of HLA-A2 restricted
antigen specific CD8™ T cell percentages compared with that of
the background of the unstimulated PBMCs for those patients.
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Detection of Antigen Specific CTLs Using IFNy and
Perforin ELISPOT Assays and Cytotoxicity Assays
Following the detection of antigen specific CD8" T lymphocytes
in the long-term stimulated cultures, we wanted to estimate
their functional activity using IFNy and perforin ELIspot, and
cytotoxicity assays. IFNy and perforin releasing responses of
the stimulated T lymphocytes in ELIspot assays are shown in
Figures 4, 5. T2 cells, pulsed with the same TAA-derived peptides
as were used in the HLA-A2-peptide pentamers, were used as
stimulators in the ELIspot assays. An irrelevant peptide (WNF
peptide) was used as a negative control. Additional negative
controls were K562 (to examine NK cells activation) stimulated
T cells without further stimulation during the ELISpot assay
(to assess the background response), and cultured, stimulated
PBMCs from HLA-A2™ MM patients. The hybrid cell lines
(HU266 and HRC) stimulated significant elevation of IFNy
and perforin releasing cells in response to restimulation with
MUCI, CS1, hTERT, and MAGE C1 derived peptide-pulsed
T2 cell line, compared with cultured PBMCs without further
re-stimulation, the parent myeloma cell line U266, and their
parent APC cell line, HMY2 (except for MAGE Cl1 specific
IFNy releasing response). There was no statistically significant
difference in this response between HMy2 and U266 simulated
cultures at most of the ratios used. HRC induced cultures showed
the highest IFNy and perforin releasing response, followed by
HU266 and HMY2. The parent myeloma cell line, U266, showed
the lowest IFNy and perforin releasing responses in stimulated
cultures. No significant activity was seen against the irrelevant
antigen (WNF peptide) or K562 cells (Figures 4, 5) or using
stimulated cultures of PBMC from HLA-A2~™ MM patients
(Supplementary Figure 2). In one HLA-A2™ patient sample,
some IFNY releasing response was observed in the IFNy ELISpot
assays, in response to the tumor antigenic peptides, but not
to WNF peptide. Absence of this response to WNF pulsed T2
cells suggested a lack of allogeneic (mismatched HLA) response
to T2 cells. In addition, absence of HLA-A2 expression in this
patient suggested that the response observed was an allogeneic
response to HLA-A2, rather than an antigen-specific HLA-
A2 restricted response (Supplementary Figure 3). One possible
explanation for the IFNy ELISpot results was that the presence
of some antigenic peptides stabilized the HLA-A2 molecule on
the surface of T2 cells more effectively than others, which may
lead to upregulation of HLA-A2 expression at the cell surface,
and induction of an HLA-A2- specific allogeneic response. To
pursue this further, we examined the actual stability of HLA-A2
expression of the T2 cell line after pulsing with all the candidate
peptides, using the flowcytometric analysis. Unpulsed T2 cells
were used as a negative control. The results showed that MUC1
and h TERT derived peptides caused the highest level of HLA-
A2 stabilization, followed by CS1 and MAGECI, whilst WNF
virus derived peptide caused lowest HLA-A?2 stabilization level.
Moreover, Syfpeithi score software (www.syfpeithi.de) was used
to estimate the binding avidity of each HLA-A?2 loaded peptide
of the used MM antigen derived peptides and WNF derived
peptide. The results indicated that the TAA have a relatively high
binding avidity for HLA-A2, compared with WNF virus peptide
by both level of HLA-A2 expression and Syfpeithi score. The

predicted HLA-A2 binding avidity of MUC1 was the highest
followed by h TERT, CS1, MAGECI, and WNF in descending
order. Accordingly, these data suggest that the increase of HLA-
A2 stability caused by the TAA peptide could lead to some HLA-
A2 specific allogeneic response in these particular cultures, using
PBMCs from the HLA-A2™ myeloma patients.

Regarding the T cell-mediated cytotoxicity assays, HRC and
HU266 induced cultures showed the highest cytotoxic responses
against the candidate antigens (peptide-pulsed T2 cells compared
with unpulsed T2 cells) (Figure 6). HMy?2 also induced antigen-
specific cytotoxicity in most of the assays, but to a lesser
extent than the hybrid cell lines. In contrast, U266 failed to
induce specific cytotoxic responses to any of the antigens,
compared with unstimulated PBMCs from the same individuals.
No significant activity was seen against the irrelevant antigen
(WNF peptide) or K562 cells in any of the cultures (Figure 6) or
using stimulated cultures of PBMC from HLA-A2~ MM patients
(Supplementary Figure 4).

DISCUSSION

In this paper, we have shown that in vitro co-culture of
PBMC:s (isolated from patients with myeloma) with hybrid cell
lines (generated by fusion of the APC cell line HMy2 with
myeloma tumor cells) resulted in the induction and expansion
of tumor antigen-specific T cells with cytotoxic and IFN-y-
releasing activity against a range of relevant TAAs expressed
by myeloma cells (MUCI, hTERT, CS1, MAGE Cl1). Such
antigen-specific T cells, if produced to GMP standards, could
have potential for use in adoptive cellular immunotherapy of
multiple myeloma. The use of T cells in tumor immunotherapy
has long been of interest, based on their high degree of
tumor specificity, ability to expand clonally to high numbers,
potential for memory, and trafficking properties (14). The
potential use of immunotherapy for multiple myeloma, however,
must be considered in the context of an immunosuppressive
bone marrow microenvironment that promotes myeloma cell
survival and progressive immune dysregulation (15). Some
authors have reported unresponsiveness of T cells isolated from
MM patients to tumor cells (16, 17). Our data indicate that
this unresponsiveness can be overcome, and support other
reports, which have shown enhanced cytotoxic responses of
T cells to myeloma tumor cells in vivo following tumor
antigen vaccination, or ex vivo activation of myeloma-specific T
lymphocytes (18-20).

Adoptive cellular immunotherapy, using autologous or
allogeneic antigen specific CTL, has been shown to be of clinical
benefit in the treatment of patients with various hematological
malignancies, including multiple myeloma (21-24). MM is an
ideal target disease for trials of treatment using adoptive T cell
immunotherapy, for several reasons. MM has been considered
incurable by conventional chemotherapies, so lends itself to
the introduction of novel therapies. The use of allogeneic stem
cell transplant in MM has induced long-lasting remission in at
least a subset of patients, due to the graft-vs.-myeloma effect of
antigen-specific donor-derived T cells (25). However, toxicity,
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FIGURE 4 | IFN-y release ELISpot assays. Allogeneic PBMCs, isolated from five different HLA-A2+ MM patients were stimulated with HMY2, HU266, HRC, or U266.
The resulting responder cells were mixed with T2 stimulator cells (after pulsing with MUC1, hTERT, CS1, MAGE-C1, and WNF derived peptides) in IFN-y ELISpot
assays. K662 were used as controls to assess NK activity. The number of emerged spots (Y axis) is presented as mean value of the patients’ responses + SEM. The
stimulator: responder ratios are presented on the X axis. PBMCS stimulated with the used cell lines without further stimulation in the ELISPOT assay were used as
negative controls. Levels of significance difference between the level of IFN-y release of antigen specific T cells induced by the hybrid cell lines (HRC and HU266) and
the parent myeloma cell line U266 are indicated as asterisks (**p < 0.001 and ****p < 0.0001).

due mainly to graft-vs.-host disease, has limited its utility (25).
Allogeneic T cell infusions have been used in patients with
myeloma in cases of relapse after allogeneic stem cell transplant,
or in partial remission, which resulted in complete remissions in
a number of patients (26-28). The use of antigen-specific T cells
in adoptive immunotherapy may reduce graft-vs.-host disease
and enhance anti-tumor effects, although issues with toxicity still
need to be overcome (29). The feasibility of generating antigen

specific CTL to GMP standards in vitro and using them in
treatment of myeloma patients has been shown (23).
APC/myeloma cell hybrids have been reported previously to
induce tumor specific CTLs. Hybrid cells, prepared by fusion
of autologous myeloma cells and dendritic cells, induced MHC
restricted myeloma-specific cytolytic T cells, which could not
be obtained by using the patients’ tumor cells alone or DC
alone (21). Furthermore, Rosenblatt et al. (20), using dendritic
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FIGURE 5 | Perforin release ELISpot assays. Long-term stimulated responder cells (PBMCs, isolated from three different HLA-A2+ MM patients and stimulated with
HMY?2, HU266, HRC, or U266) were co-cultured with T2 stimulator cells (after pulsing with MUC1, TERT, CS1, MAGE-C1, and WNF derived peptides). K562 were
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used as negative controls. Levels of significance difference between the level of perforin release of antigen specific T cells induced by the hybrid cell lines (HRC and
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cel/MM cell fusion vaccine following autologous stem cell
transplantation, showed that vaccination resulted in expansion
of MM-specific CD8+ T cells, and cytoreduction of minimal
residual disease.

The hybrid cell lines used in this study were generated
using an EBV B-LCL, HMy?2, as APC, in fusion with myeloma
cells. The resulting hybrid cell lines showed several phenotypic
differences to the myeloma cell line, U266. Importantly for
stimulation of T cell responses, levels of expression of MHC

class T and class II were significantly higher, and the T cell
costimulatory molecules CD80 and CD86, which were not
expressed by the myeloma cell line U266, were expressed on
the hybrid cell lines. In addition, the hybrid cells expressed
CD19, characteristic of the parent B-lymphoblastoid cells,
but did not express the myeloma marker CD138. We have
observed previously the dominance of lymphoblastoid cell
markers in immunostimulatory hybrid cells generated with
HMy?2 (7).
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FIGURE 6 | Europium release cytotoxicity assays. Individual plots show the percentages of specific lysis (Y axis) of peptide pulsed T2 cells, by T cells from cultures
stimulated by the hybrid cell lines (HRC and HU266), HMy2 cells, and the parent myeloma cell line U266, from five different HLA-A2+ MM patients. The stimulator to
responder ratios are presented on the X axis. The peptides used to pulse T2 cells are the same as those used in ELISPOT assays shown in Figures 3, 4. K562 were
used as controls to assess NK activity. Data are presented as mean + SEM of % specific lysis induced, and statistically significant differences are indicated as
asterisks (***p < 0.0001).

The generation of EBV-specific T cells upon several
stimulations was ruled out in a previous experiment (6).
Using similar hybrid cell lines, we have used HMy2-tumor cell
hybrid for induction of PBMC from both EBV-seropositive and
EBV-seronegative donors. Comparable response of lymphocyte
proliferation was seen, showing that the observed stimulation was
not due to presentation of EBV antigens by the hybrid cells.

For our study we selected TAAs with high prevalence in
multiple myeloma, CS1, MUCI, hTERT, and MAGE Cl, to
assess induction of tumor-specific immune responses. These
antigens are tumor specific, highly immunogenic, and potent
targets for tumor immunotherapy, especially for antigen specific

CD8*' T cells (29-39). Our data clearly indicate that HMy2-
derived hybrid cell lines had the ability to induce antigen-specific
CTLs in MM patient PBMCs, using HLA-A2-peptide pentamer
staining, antigen-specific ELIspot and cytotoxicity assays. In
contrast with the hybrid cell lines, U266 myeloma cells failed to
induce antigen specific CTL populations to any of the candidate
antigens, despite expressing these antigens (in some cases, at
higher levels than in the hybrid cell lines). This may be due to
the absence of the expression of the co-stimulatory molecules,
as stimulation of T lymphocytes in absence of the secondary
stimulation signals, could lead to tolerance (40), or to lack of
MHC class II expression for antigen presentation to CD4+
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(helper) T cells. The parent APC cell line, HMy?2, also expressed
the tumor antigens investigated in this study, but generally at
lower levels than the hybrid cell lines or U266. We did not
identify any TAAs relevant to myeloma that were not expressed
by HMy2 cells. This may be due to the related nature of HMy2
(as immortalized B-lymphoblastoid cells) and myeloma (as fully
differentiated tumor plasma cells). It is, however, possible that
expression of some tumor antigens unique to myeloma cells was
lost during the process of hybrid formation. Interestingly, non-
fused HMy?2 induced weaker T cell responses than the hybrid cell
lines derived from fusion of HMy2 and myeloma cells, in spite
of expressing the relevant TAAs. The use of K562, as a control,
indicated absence of NK cell activity in the stimulated cultures.
Furthermore, the absence of responses to an irrelevant (West Nile
Fever virus) peptide confirmed that the observed responses were
obtained from antigen specific T-lymphocytes. Finally, the MHC-
restricted nature of the responses was demonstrated by the lack of
induction of CTL in PBMC from HLA-A2~ MM patients for the
antigen responses used in this study. These results suggest that
the hybrid cell lines could be used to induce antigen-specific T
cells for use in adoptive T cell immunotherapy, after production
under GMP protocols.

We have shown that B-LCL/myeloma hybrid cell lines can
be used to generate allogeneic, HLA A2 restricted, tumor
antigen-specific CTL responses in vitro. We have demonstrated
previously that hybrid cell lines like those used in this study
can also generate tumor antigen-specific CTLs in vitro in the
autologous setting (11). To date, no in vivo studies have been
carried out using this approach. In vivo clinical studies are
necessary as a next stage to prove hybrid cell competence
in cancer immunotherapy. This could be carried out in an
animal model, by adoptive transfer of CTL generated in vitro
to immunodeficient mice previously challenged with (human)
myeloma cells (41). For use in humans, the hybrid cell lines
and the T cell cultures would have to be carried out to GMP
standards. One significant limitation of the current method is
the need for prolonged T cell cultures for the generation of
the antigen-specific T cells. Preliminary experiments have been
undertaken to optimize culture conditions, and to isolate (using
FACSorting of HLA-peptide-pentamer stained cells) and expand
antigen-specific CTLs in vitro, to try to reduce this time period.

CONCLUSION

Our study demonstrates the ability of hybrid cell lines, formed
by fusion of HMy2 cells and myeloma cells, to induce antigen
specific cytotoxic T cells in vitro among PBLs obtained from
HLA A27 patients with multiple myeloma. The tumor antigen-
specific T cells expanded, were cytotoxic and showed IFN-y-
releasing activity against TAAs expressed by myeloma cells.
Interestingly, some of the TAAs used, such as hTERT and
MUCI, are widely expressed in various tumors, suggesting that
antigen-specific CTLs stimulated by the hybrid cell lines may
not be exclusive to MM. It is noteworthy that HLA-A2 is of
critical importance for restriction of antigen specific cytotoxic
T lymphocytes recognition in tumor immunity (42). The loss of

expression of this allele from tumor cells may be explained by the
escape mechanism from recognition by T cells, which suggests
its significant role in tumor immunosurveillance (43). Moreover,
the frequency of HLA-A2 gene expression is high among
different ethnic groups (44). Consequently, HLA-A2-restricted
CTL epitopes might be valuable for the immunotherapy of many
diseases all over the world.
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Supplementary Table 1 | Patient characteristics from whom the starting material

for CTL culture was obtained (time of study: 2015-2016; NBD, no paraprotein
band detected in serum).
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Supplementary Table 2 | Numbers of PBMCs after each stimulation in a
representative example of one stimulation experiment.

Supplementary Figure 1 | Percentages of positive MUC1, h TERT, CS1,
MAGE-C1 and WNF HLA-A%201 restricted, PE peptide pentamer-stained CTL
clones. PBMCs isolated from four HLA A2- patients with MM were stimulated in
vitro for 4 weeks using the hybrid cell lines HRC and HU266, or the parent cell
lines HMY2 and U266 as stimulators. The cultures were stained with
HLA-A2-peptide pentamers incorporating cognate peptide antigen form MUC 1,
hTERT, CS1, MAGE-C1, or the irrelevant WNF peptide, followed by flowcytometric
analysis. Responses of individual cell lines are shown on the X-axis. Percent of
pentamer-positive cells is shown on the Y-axis. Results are presented as

mean + SEM.

Supplementary Figure 2 | IFNy ELISpot assays. Responder cells (PBMCs,
isolated from three different HLA-A2- MM patients and stimulated with HMY2,
HU266, HRC or U266) were mixed with T2 stimulator cells after pulsing with
MUCT, h TERT, CS1, MAGE-C1 or WNF derived peptides) in IFNy ELISpot
assays. Responder:stimulator cell ratios are shown on the X-axis. Number of
elicited spots is shown on the Y-axis. Data are presented as mean value of the
patients’ responses + SEM. Stimulated PBMCS in the long-term culture of the
used cell lines without further stimulation were used as a negative control in each
corresponding ELISpot assay of the same cell lines. (There were insufficient cells in
the cultures to perform perforin Elispot assays).

REFERENCES

1. Browning M]J. Antigen presenting cell/ tumor cell fusion vaccines for
cancer immunotherapy. Hum Vaccin Immunother. (2013) 9:1545-8.
doi: 10.4161/hv.24235

2. Koido S. Dendritic-tumor fusion cell-based cancer vaccines. Int ] Mol Sci.
(2016) 17:1-16. doi: 10.3390/ijms17060828

3. Chouaib S, Bensussan A, Termijtelen A-M, Andreeft M, Marchiol-Fournigault
C, Fradelizi D, et al. Allogeneic T cell activation triggering by MHC class I
antigens. J Immunol. (1988) 141:423-9.

. Thorley-Lawson DA, Mann KP. Early events in Epstein-Barr virus infection
provide a model for B cell activation. ] Exp Med. (1985) 162:45-59.
doi: 10.1084/jem.162.1.45

5. Gregory CD, Murray RJ, Edwards C, Rickinson A. Downregulation of
cell adhesion molecules LFA-3 and ICAM-1 in Epstein-Barr virus-positive
Burkitt’s lymphoma underlies tumor cell escape from virus-specific T cell
surveillance. ] Exp Med. (1988) 167:1811-24. doi: 10.1084/jem.167.6.1811

6. Dunnion D, Cywinski A, Tucker V, Murray A, Rickinson A,
Coulie P, et al. Human antigen-presenting cell-tumour cell hybrids
stimulate strong allogeneic responses and present tumour-associated
antigens to cytotoxic T cells in vitro. Immunology. (1999) 98:541-50.
doi: 10.1046/j.1365-2567.1999.00912.x

7. Cywinski AL, Dunnion DJ, Teobald I, Tucker VC, Browning MJ. Hybrid
cells formed by fusion of Epstein-Barr virus-associated B-lymphoblastoid
cells and either marrow-derived or solid tumour-derived cell lines
display different co-stimulatory phenotypes and abilities to activate
allogeneic T-cell responses in vitro. Tissue Antigens. (2006) 68:115-26.
doi: 10.1111/j.1399-0039.2006.00623 .x

8. Walewska R, Teobald I, Dunnion D, Abdulmajed H, Aldred M, Sadler J, et al.
Preclinical development of hybrid cell vaccines for multiple myeloma. Euro J
Haematol. (2007) 78:11-20. doi: 10.1111/j.1600-0609.2006.00769.x

9. Edwards PA, Smith CM, Neville AM, O’Hare M]J. (1982). A human-human

hybridoma system based on a fast-growing mutant of the ARH-77 plasma

cell leukemia-derived line. Euro J Immunol. 12:641-8. doi: 10.1002/eji.18301

20804

Mohamed YS, Dunnion D, Teobald I, Walewska R, Browning M]J. In vitro

evaluation of human hybrid cell lines generated by fusion of B-lymphoblastoid

cells and ex vivo tumour cells as candidate vaccines for haematological
malignancies. Vaccine. (2012) 30:6578-87. doi: 10.1016/j.vaccine.2012.

08.032

Mohamed YS, Dunnion D, Teobald I, Walewska R, Browning M]J. Long-

lived fusions of human haematological tumour cells and B-lymphoblastoid

10.

11.

Supplementary Figure 3 | IFNy releasing ELISpot assay in one of HLA-A2
negative patient. There are observed increases of IFNy releasing responses in the
case of MUC1 (in all of the used ratios), h TERT (in 1:100 and 1:50), and CS1 only
in 1:100 ratio (A). Flowcytometric histograms of HLA-A2 expression by the
HLA-A2 negative patient (in the upper row), and one of the HLA-A2 positive
patients in the lower row. The left hand histogram of each line represents the
isotype control staining of this patient, and the right hand histogram represents
cells stained with the HLA-A2 specific mAb BB7.2 (B). Flow cytometric analysis of
the stability of HLA-A2 molecule of T2 cell line pulsed with the examined MM
antigens, irrelevant WNF peptide antigen, or unpulsed T2 cell line (C). Stability of
HLA-A2 pulsed with WNF, MUC1, h TERT, CS1 and MAGE-C1 using flow
cytometric analysis (MFI of HLA-A2 expression on T2 pulsed peptide) and
Syfpeithi score (D).

Supplementary Figure 4 | The cytotoxic activity of the long-term stimulated
antigen specific T lymphocytes. PBMCs isolated from three different HLA-A2- MM
patients, were stimulated in vitro as above, and directed against T2 cell line pulsed
with the relevant HLA-A2 restricted TAA-derived peptides of MUC1, h TERT, CS1
and MAGE-C1, or an irrelevant antigen peptide (WNF virus). K562 cells were used
as NK activity controls. Responder:stimulator cell ratios are shown on the X-axis.
Percent specific cytolysis is shown on the Y-axis. Data are presented as mean +
SEM of % specific lysis. No statistically significant responses were seen in any of
the assays compared with negative controls.

cells induce tumour antigen-specific cytotoxic T-cell responses in vitro.
Immunobiology. (2012) 217:719-29. doi: 10.1016/j.imbi0.2011.12.001
Hosken NA, Bevan MJ. Defective presentation of endogenous antigen
by a cell line expressing class I molecules. Science. (1990) 248:367-70.
doi: 10.1126/science.2326647

Nishimura M, Mitsunaga S, Akaza T, Mitomi Y, Tadokoro K, Juji T. Protection
against natural killer cells by interferon-gamma treatment of K562 cells
cannot be explained by augmented major histocompatibility complex class I
expression. Immunology. (1994) 83:75-80.

K, Varela JC, Oelke M, Schneck J. Adoptive T
immunotherapy for cancer. Rambam Maimonides Med J. (2015) 6:20004.
doi: 10.5041/RMM]J.10179

Chung C. Role of immunotherapy in tergeting the bone marrow
microenvironment in multiple myeloma:an evolving therapeutic strategy.
Pharmacotherapy. (2017) 37:129-143. doi: 10.1002/phar.1871

Pratt G, Goodyear O, Moss P. Immunodeficiency and immunotherapy
in  multiple myeloma. Br ] (2007)  138:563-79.
doi: 10.1111/.1365-2141.2007.06705.x

Witzens-Harig M, Hose D, Jiinger S, Pfirschke C, Khandelwal N, Umansky
L, et al. Tumor cells in multiple myeloma patients inhibit myeloma-reactive
T cells through carcinoembryonic antigen-related cell adhesion molecule-6.
Blood. (2013) 121:4493-503. doi: 10.1182/blood-2012-05-429415

Dhodapkar MYV, Krasovsky J, Olson K. T cells from the tumor
microenvironment of patients with progressive myeloma can generate
strong, tumor-specific cytolytic responses to autologous, tumor-
loaded dendritic cells. Proc Natl Acad Sci USA. (2002) 99:13009-13.
doi: 10.1073/pnas.202491499

Hayashi T, Hideshima T, Akiyama M, Raje N, Richardson P, Chauhan D,
et al. Ex vivo induction of multiple myeloma-specific cytotoxic T lymphocytes.
Blood. (2003) 102:1435-42. doi: 10.1182/blood-2002-09-2828

Rosenblatt J, Avivi I, Vasir B, Uhl L, Munshi NC, Katz T, et al. Vaccination
with dendritic cell/tumor fusions following autologous stem cell transplant
induces immunologic and clinical responses in multiple myeloma patients.
Clin Cancer Res. (2013) 19:3640-8. doi: 10.1158/1078-0432.CCR-13-0282
Raje N, Hideshima T, Davies FE, Chauhan D, Treon SP, Young
G, et al. Tumour cell/dendritic cell fusions as a vaccination
strategy for multiple myeloma. Br ] Haematol. (2004) 125:343-52.
doi: 10.1111/j.1365-2141.2004.04929.x

Rapoport AP, Stadtmauer EA, Aqui N, Badros A, Cotte ], Chrisley L,
et al. Restoration of immunity in lymphopenic individuals with cancer
by vaccination and adoptive T-cell transfer. Nat Med. (2005) 11:1230-7.
doi: 10.1038/nm1310

Perica cell

Haematol.

20.

21.

22.

Frontiers in Immunology | www.frontiersin.org

12

August 2019 | Volume 10 | Article 1792


https://doi.org/10.4161/hv.24235
https://doi.org/10.3390/ijms17060828
https://doi.org/10.1084/jem.162.1.45
https://doi.org/10.1084/jem.167.6.1811
https://doi.org/10.1046/j.1365-2567.1999.00912.x
https://doi.org/10.1111/j.1399-0039.2006.00623.x
https://doi.org/10.1111/j.1600-0609.2006.00769.x
https://doi.org/10.1002/eji.1830120804
https://doi.org/10.1016/j.vaccine.2012.08.032
https://doi.org/10.1016/j.imbio.2011.12.001
https://doi.org/10.1126/science.2326647
https://doi.org/10.5041/RMMJ.10179
https://doi.org/10.1002/phar.1871
https://doi.org/10.1111/j.1365-2141.2007.06705.x
https://doi.org/10.1182/blood-2012-05-429415
https://doi.org/10.1073/pnas.202491499
https://doi.org/10.1182/blood-2002-09-2828
https://doi.org/10.1158/1078-0432.CCR-13-0282
https://doi.org/10.1111/j.1365-2141.2004.04929.x
https://doi.org/10.1038/nm1310
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Khalaf et al.

Antigen-Specific Cytotoxicity in Multiple Myeloma

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Rapoport AP, Aqui NA, Stadtmauer EA, Vogl DT, Fang H-B, Cai L, et al.
Combination immunotherapy using adoptive T-cell transfer and tumor
antigen vaccination on the basis of hTERT and survivin after ASCT for
myeloma. Blood. (2011) 117:788-97. doi: 10.1182/blood-2010-08-299396
Rosenblatt J, Wu Z, Vasir B, Zarwan C, Stone R, Mills H, et al.
Generation of tumor-specific T lymphocytes using dendritic cell/tumor
fusions and anti-CD3/CD28. ] Immunother. (2010) 33:155-66.
doi: 10.1097/CJ1.0b013e3181bed253

Bruno B, Giaccone L, Sorasio R, Boccadoro M. Role of allogeneic stem
cell transplantation in multiple myeloma. Semin Hematol. (2009) 46:158-65.
doi: 10.1053/j.seminhematol.2009.02.001

Van De Donk NW, Kroger N, Hegenbart U, Corradini P, San Miguel
JE Goldschmidt H, et al. Prognostic factors for donor lymphocyte
infusions following non-myeloablative allogeneic stem cell transplantation
in multiple myeloma. Bone Marrow Transplant. (2006) 37:1135-41.
doi: 10.1038/sj.bmt.1705393

Levenga H, Levison-Keating S, Schattenberg AV, Dolstra H, Schaap
N, Raymakers RA. Multiple myeloma patients receiving pre-emptive
donor lymphocyte infusion after partial T-cell-depleted allogeneic stem
cell transplantation show a long progression-free survival. Bone Marrow
Transplant. (2007) 40:355-9. doi: 10.1038/sj.bmt.1705742

Kroger N, Badbaran A, Lioznov M, Schwarz S, Zeschke S, Hildebrand Y,
et al. Post-transplant immunotherapy with donor-lymphocyte infusion and
novel agents to upgrade partial into complete and molecular remission in
allografted patients with multiple myeloma. Exp Hematol. (2009) 37:791-8.
doi: 10.1016/j.exphem.2009.03.008

Vallet S, Pecherstorfer M, Podar K. Adoptive cell therapy in multiple myeloma.
Exp Opin Biol Ther. (2017) 17:1511-22 doi: 10.1080/14712598.2017.1375095
Cloosen S, Gratama ], Van Leeuwen EB, Senden-Gijsbers BL, Oving
EB, Von Mensdorff-Pouilly S, et al. Cancer specific Mucin-1 glycoforms
are expressed on multiple myeloma. Br ] Haematol. (2006) 135:513-6.
doi: 10.1111/j.1365-2141.2006.06331.x

Meklat E Li Z, Wang Z, Zhang Y, Zhang J, Jewell A, et al. Cancer-testis
antigens in haematological malignancies. Br ] Haematol. (2007) 136:769-76.
doi: 10.1111/j.1365-2141.2006.06484.x

Schmitt M, Schmitt A, Rojewski MT, Chen ], Giannopoulos K, Fei
E et al. RHAMM-R3 peptide vaccination in patients with acute
myeloid leukemia, myelodysplastic syndrome, and multiple myeloma
elicits immunologic and clinical responses. Blood. (2008) 111:1357-65.
doi: 10.1182/blood-2007-07-099366

De Carvalho F, Vettore AL, Calleoni GW. Cancer/testis antigen MAGE-
C1/CT7: new target for multiple myeloma therapy. Clin Dev Immunol. (2012)
2012:257695-7. doi: 10.1155/2012/257695

Tai Y-T, Dillon M, Song W, Leiba M, Li X-E Burger P, et al. Anti-CS1
humanized monoclonal antibody HuLuc63 inhibits myeloma cell adhesion
and induces antibody-dependent cellular cytotoxicity in the bone marrow
milieu. Blood. (2008) 112:1329-37. doi: 10.1182/blood-2007-08-107292

Yin L, Kosugi M, Kufe D. Inhibition of the MUCI-C oncoprotein

induces multiple myeloma celldeath by down-regulating TIGAR

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

expression and  depleting NADPH. Blood. 119:810-6.
doi: 10.1182/blood-2011-07-369686

Tai Y-T, Soydan E, Song W, Fulciniti M, Kim K, Hong F, et al. CS1 promotes
multiple myeloma cell adhesion, clonogenic growth, and tumorigenicity via
c-maf-mediated interactions with bone marrow stromal cells. Blood. (2009)
113:4309-18. doi: 10.1182/blood-2008-10-183772

Brossart P, Heinrich KS, Stuhler G, Behnke L, Reichardt VL, Stevanovic
S, et al. Identification of HLA-A2-restricted T-cell epitopes derived from
the MUCI tumor antigen for broadly applicable vaccine therapies. Blood.
(1999) 93:4309-17.

Minev B, Hipp J, Firat H, Schmidt JD, Langlade-Demoyen P, Zanetti M.
Cytotoxic T cell immunity against telomerase reverse transcriptase in humans.
Proc Natl Acad Sci USA. (2000) 97:4796-801. doi: 10.1073/pnas.070560797
Lendvai N, Gnjatic S, Ritter E, Mangone M, Austin W, Reyner K, et al. Cellular
immune responses against CT7 (MAGE-C1) and humoral responses against
other cancer-testis antigens in multiple myeloma patients. Cancer Immun.
(2010) 10:4.

Kim JR, Horton NC, Mathew SO, Mathew PA. CS1 (SLAMEFE7?)
inhibits ~ production of proinflammatory cytokines by activated
monocytes. Inflamm Res. (2013) 62:765-72. doi: 10.1007/s00011-013-
0632-1

Spaapen RM, Groen RW, Van Den Oudenalder K, Guichelaar T, Van
Elk M, Aarts-Riemens T, et al. Eradication of medullary multiple
myeloma by CD4+ cytotoxic human T lymphocytes directed at a single
minor histocompatibility antigen. Clin Cancer Res. (2010) 16:5481-8.
doi: 10.1158/1078-0432.CCR-10-1340

Mimura K, Ando T, Poschke I, Mougiakakos D, Johansson C.C, Ichikawa J,
et al. T cell recognition of HLA-A2 restricted tumor antigens is impaired by
the oncogene HER2. Int ] Cancer. (2011) 128:390-401. doi: 10.1002/ijc.25613
Komlos L, Hart J, Klein T, Livni E, Notmann J, Vardimon D, et al. Contribution
of class I HLA-A2 antigen in immune reactions. Med Hypotheses. (1995)
45:54-8. doi: 10.1016/0306-9877(95)90203-1

Browning M, Krausa P. Genetic diversity of HLA-A2: evolutionary
and functional = significance. Immunol Today. (1996) 17:165-70.
doi: 10.1016/0167-5699(96)80614-1

Khalaf WSS. In vitro Generation of cytotoxic T cells with potential for adoptive
tumour immunotherapy (Ph.D. thesis). University of Leicester, UK (2017).

(2012)

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Khalaf, Garg, Mohamed, Stover and Browning. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

13

August 2019 | Volume 10 | Article 1792


https://doi.org/10.1182/blood-2010-08-299396
https://doi.org/10.1097/CJI.0b013e3181bed253
https://doi.org/10.1053/j.seminhematol.2009.02.001
https://doi.org/10.1038/sj.bmt.1705393
https://doi.org/10.1038/sj.bmt.1705742
https://doi.org/10.1016/j.exphem.2009.03.008
https://doi.org/10.1080/14712598.2017.1375095
https://doi.org/10.1111/j.1365-2141.2006.06331.x
https://doi.org/10.1111/j.1365-2141.2006.06484.x
https://doi.org/10.1182/blood-2007-07-099366
https://doi.org/10.1155/2012/257695
https://doi.org/10.1182/blood-2007-08-107292
https://doi.org/10.1182/blood-2011-07-369686
https://doi.org/10.1182/blood-2008-10-183772
https://doi.org/10.1073/pnas.070560797
https://doi.org/10.1007/s00011-013-0632-1
https://doi.org/10.1158/1078-0432.CCR-10-1340
https://doi.org/10.1002/ijc.25613
https://doi.org/10.1016/0306-9877(95)90203-1
https://doi.org/10.1016/0167-5699(96)80614-1~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	In vitro Generation of Cytotoxic T Cells With Potential for Adoptive Tumor Immunotherapy of Multiple Myeloma
	Introduction
	Materials and Methods
	The Cell Lines
	Patient-Derived Primary T Cells
	Phenotypic Characterization
	Detection of TAA Proteins
	Detection of CS1, MUC1, and h TERT Proteins by Flow Cytometric Analysis
	Western Blotting for Detection of MAGE-C1

	In vitro Induction of Long-Term Activated Tumor Antigen-Specific Cytotoxic T Cell Cultures by the Hybrid Cell Lines
	MHC Class I Pentamer Staining
	Tumor Antigen-Specific Perforin and IFNγ ELISpot Assays
	DELFIA EuTDA Cytotoxicity Assays

	Statistical Analysis

	Results
	Phenotypic Characterization of the Hybrid Cell Lines, HMy2, and U266
	Induction of Antigen-Specific CTL in PBMCs of MM Patients
	HLA-A2-Peptide Pentamer Analysis
	Detection of Antigen Specific CTLs Using IFNγ and Perforin ELISPOT Assays and Cytotoxicity Assays


	Discussion
	Conclusion
	Ethics Statement
	Author's Note
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


