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Abstract: Multiple myeloma (MM) is a malignancy characterized by abnormal proliferation of clonal plasma cells, and it is
the second most common hematologic malignancy in the world after non-Hodgkin lymphoma. In recent years, significant
progress has been made in the clinical treatment of MM. In particular, certain novel drugs, such as bortezomib, lenalidomide,
and carfilzomib, have greatly improved the survival rate of patients with MM. However, because of drug resistance, most MM
patients eventually suffer a relapse and die of the disease. In this study, the chimeric antigen receptor-modified T cell (CAR-T
cell) technology, which has achieved success in recent clinical trials for B-cell acute lymphoblastic leukemia (B-ALL), was
used. In view of the high CD138 expression in MM cells and the presence of the CD138—/CD19+ phenotype in a small subset
of MM cells, and based on preliminary findings of effective killing of MM cells by CD19-CAR-T cells in clinical studies,
CD138- and CD19-directed CAR-T cells were constructed. Through in vitro experiments and the use of a mouse model, we
proved that these two types of CAR-T cells possess strong biological activity in the specific killing of target cells, and that the
concomitant use of these cells significantly enhances the killing effect in an MM mouse model.
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worldwide. Conventional treatment methods include
autologous stem-cell transplantation; however, this treatment
method has severe drawbacks, as high dosages result in high
morbidity and mortality rates. In recent years,
immunomodulators, such as lenalidomide, and pomalidomide,
as well as proteasome inhibitors, such as bortezomib, have
yielded clinical successes. Clinical application of these novel
drugs has significantly improved the survival rate of patients
with MM. However, because of drug resistance, the vast

1. Introduction

Multiple myeloma (MM) is an extremely severe plasma
cell malignancy, in which the tumor cells originate from
plasma cells in the bone marrow. It is characterized by
abnormal proliferation of bone marrow plasma cells,
accompanied by excessive production of monoclonal
immunoglobulins or M-proteins. MM is usually accompanied
by multiple lytic bone lesions, hypercalcemia, anemia or

renal failure. MM affects 5 in every 100,000 people, accounts
for approximately 10% of hematologic malignancies, and is
the second most common hematologic malignancy

majority of MM patients eventually suffer a relapse and die
of the disease. Therefore, there is an urgent need for the
development and application of new treatment strategies.
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The chimeric antigen receptor (CAR) T cell technology
involves the modification of T cells to recognize
tumor-associated antigens (TAA) on the tumor surface.
Through the use of such modified T cells, tumor cells can be
effectively and specifically killed [1]. A CAR-T cell typically
consists of an extracellular antigen-recognition and -binding
domain (usually a single-chain variable fragment, scFv), a
costimulatory domain, and CD3( signaling molecules. The
scFv enables the selective recognition of tumor cells by T
cells [2], and the immunoreceptor tyrosine-based activation
motifs of CD3(, effectively activate T cells and enhance their
killing ability [3-4]. First-generation CAR-T cells harbored
only a CD3( domain; therefore, the cells had limited
persistence and killing ability [5], resulting in a lack of
clinical efficacy. The second-generation CAR expanded upon
the first-generation CAR with the incorporation of a
costimulatory domain, such as 0X40 (CD134), CD28, 4-1BB
(CD137), or CD27 [2, 6-8], which enhances the proliferation
and survival of CAR-T cells in the body. In a clinical study
on the treatment of B-cell acute lymphoblastic lymphoma,
success was achieved with CD19-directed second-generation
CARs, which yielded a complete response rate of 88% [9].
The third-generation CAR consists of two costimulatory
domains, typically CD28 and CD137, which are linked [10].
Third-generation CARs produced more beneficial cytokines
in vitro than second-generation CARs; therefore, an enhanced
effect may be achieved for certain target cells [11].

High expression of CD138 (syndecan-1) has been found in
MM cell lines and plasma samples of patients with MM
[12-15]. For example, in the study conducted by Lin et al. in
2004 on 306 MM patients, CD138 expression was observed
in 100% of case. However, CD138 is not expressed on T cells
and B cells [16]. In contrast, CD138 promotes the growth and
proliferation of myeloma cells, as well as tumor-associated
angiogenesis [17-19]. These findings have made CD138 an
extremely promising target for MM treatment, and the
activity of CD138-directed first-generation CARs has been
proven in vitor [20]. A clinical study on the use of
CD138-directed 4-1BB{ second-generation CARs in five
MM patients was conducted at the General Hospital of the
People’s Liberation Army [21]. Although their clinical
efficacy was limited, the treatment regimen was proven to be
safe.

Incurability, high relapse rate, and drug resistance in MM
are mainly attributed to the presence of a small amount of
MM cancer stem cells (MM-CSCs). Interestingly, many
studies reported CD138 negativity in stem cells of MM cell
lines and patient samples [22-24], and CD138 negativity in
MM is closely linked with the proliferation of and drug
resistance in MM [25]. CD19 expression is nearly absent in
myeloma plasma cells; however, poorly differentiated
populations of CDI19+ cells are associated with drug
tolerance and disease progression [36]. Matsui et al. [23]
recently reported a small subpopulation of MM-CSCs (<5%)
in MM cell lines and patient samples. Currently,
controversies regarding the MM-CSC phenotype still exist
owing to the lack of sensitive and feasible identification

methods [27]. Garfall et al. [28] recently reported the use of
CAR-T cells (CTLO019) derived from autologous T-cells in
the treatment of a patient with refractory MM. Although
CD19 expression was absent in 99.95% of the patient’s
neoplastic plasma cells, the patient showed a complete
response to the therapy. Although positive results have been
achieved in preliminary studies on the sole use of CD138- or
CD19-directed CAR-T cells for treatment, these treatment
methods still have major drawbacks. With CD138-CAR-T
cells, the small portion of CD138—cells that are capable of
differentiation cannot be killed, and there is a high likelihood
of relapse, and treatment success with CD19-CAR-T cells
was only achieved in a single case. Based on the facts that
MM cells are of the CD138+ phenotype and that a small
amount of MM-CSCs with a CDI38-/CDI19+
immunophenotype exist in MM patients, in the current study,
CD138- and CDI19-directed CAR-T cells were separately
constructed, and the in vivo effects of single or concomitant
administration of the CAR-T cells were teste.

2. Materials and Methods
2.1. Cell Lines and cell Culture

The human myeloma-derived cell lines RPMI8226 and
U266, the human erythroleukemic cell line K562, and the
mantle cell lymphoma cell lines MAVER-1 and JeKo-1 were
obtained from the American Type Culture Collection
(Manassas, VA). All cells were cultured in complete medium
consisting of RPMI 1640 (Hyclone,), 10% fetal bovine serum
(Biowest), 2 mM L-glutamine, 100 U ml ™" penicillin and 100
pg ml' streptomycin at 37°C in a humidified 5%
CO,-containing atmosphere. HEK293T cells were cultured in
DMEM (Hyclone) containing 10% fetal bovine serum.
Peripheral blood samples were obtained from several healthy
donors. Mononuclear cells were isolated by Ficoll-Paque
density gradient centrifugation (Ficoll-Paque, Piscataway, NJ)
and T cells were cultured in TexMACS™ GMP medium
(Miltenyi, Bergisch Gladbach, Germany).

2.2. CD138-CAR and hCD19-CAR Construction

A second-generation CAR construct was used for
CD138-CAR construction, and a third-generation CAR
construct was used for hCD19-CAR construction. The
constructs were generated as previously described [29].

2.3. Lentivirus Production and T Cell Transduction

Lentiviruses were prepared as previously described [30].
To generate CAR-T cells, The mononuclear cells from
peripheral blood was collected and cultured in a 24-well
culture plate. Approximately 1 x 10° T cells were seeded in 1
mL of culture medium in each well. Next, 10 pL of
anti-CD3/CD28 beads (Miltenyi, Bergisch Gladbach,
Germany) was added. After 48 h of activation, the T cells
were transduced with viral supernatant (MOI=5). The cells
obtained after transduction were CD138-CAR-T cells and
hCD19-CAR-T  cells, respectively. The activation,
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transduction, and subsequent culturing of T cells were
performed in TexMACS™ GMP medium. supplemented with
40 TU mL "' IL-2. Transduction efficiency was determined
using by a flow cytometry (FACSCalibur; BD Biosciences).

2.4. Flow Cytometry and Western Blotting

RPMI8226, U266, JeKo-1, MAVER-1, and K562 cells
were collected and stained with the indicated antibodies.
RPMI8226 and U266 were stained with FITC-conjugated
CD138 antibody (BD Biosciences), while JeKo-1 and
MAVER-1 were stained with the PE/Cy5-conjugated CD19
antibody. T cells were stained with APC-conjugated Fc
antibody (BD Biosciences), and the positive rate was
determined. T cells were also respectively stained with
FITC-conjugated CD4 antibody (BD Biosciences) and
FITC-conjugated CDS8 antibody (BD Biosciences), and the
phenotypic profiles were determined. For K562 cells,
background expression levels of CD138 and CD19 were
determined. After construction, CDI138-expressing K562
cells (K562-CD138) and CDI19-expressing K562 cells
(K562-CD19) were stained with the CD138 antibody and
CD19 antibody, respectively. After staining, all cells were
incubated at 37°C for 20-25 min, washed thrice with PBS,
then analyzed on a FACSCalibur flow cytometer.

Total protein was extracted from appropriate quantities of
the transduced CAR-T cells and untreated T (UNT) cells for
western blotting. The primary antibody used was mouse
anti-CD3({ (BD Biosciences), and the secondary antibody
used was HRP-conjugated goat anti-mouse (Solarbio).

2.5. Construction of K562-CD138 and K562-CD19 cells

To validate the killing specificity of the constructed CAR-T
cells, CDI38 and CDI19 expression constructs were
transformed into K562 cells to be used as positive control cells
in subsequent experiments, as described previously [30].
CD138 (NM _002997) and CDI19 (AH005421.2) sequences
were retrieved from NCBI, processed using the SignalP 4.1
Server and  UniProt, respectively inserted  on
pCDH-CMV-MCS-EF1-CopGFP vectors, and packaged into
lentiviruses. K562 cells were then transduced for 6 h and
subsequently cultured. After staining with the corresponding
antibodies, sorting was performed using a FACSAria™ III cell
sorter (BD Biosciences) to obtain a positive rate of 100%.

2.6. In Vitro Killing Experiment

In the in vitro killing experiment, the target cells used for
testing CD138 CAR T cells were the MM cell lines
RPMI8226 and U226, as well as the constructed
K562-CD138 cells, while the target cells used for hCD19
CAR T cells were the mantle cell lymphoma cell lines
MAVER-1 and JeKo-1, as well as the constructed
K562-CD19 cells. Untransduced T cells (UNT) cells were
used as control effector T cells. Two methods were used to
assess the Kkilling of target cells, the first being the
carboxyfluorescein succinimidyl ester (CFSE)/
7-aminoactinomycin D (7-AAD) flow-cytometric assay [31],

as described previousely [30].

The second method used to assess the killing of target cells
was the measurement of lactate dehydrogenase (LDH)
release from tumor cells wusing the CytoTox 96®
Non-Radioactive Cytotoxicity Assay (Promega, USA) in
strict adherence to the manufacturer’s instructions [20]. Fifty
microliters of killer cell supernatant of each group was
placed in 96-well plates, and 50 pL of CytoTox 96® reagent
was added to each well. After reacting for 30 min, 50 uL of
stop solution was added to each well. Absorbance at 490 nm
for each group was recorded with a microplate reader after 1
h of reaction, and apoptotic target cell death, apoptotic
effector cell death, and total target cell death were measured.
The killing rates for the respective groups were calculated
based on the following formula:

Killing rate (%) = (experimental group cell number-apoptotic
effector cell death-apoptotic target cell death)/(total target
cell death-apoptotic target cell death) x 100%

2.7. Measurement of IFN-y and Granzyme B release

To prove the effective activation and target cell killing
activity of T cells, IFN-y and granzyme B release by UNT
cells and CD138-CAR-T cells were measured. Two groups
with effector: target (E:T) ratios of 0.25:1 and 0.5:1 were
established. For each group, 4 x 10° target cells in a 1.5 mL
culture system were incubated for 18 h, and then analyzed by
the cytometric bead array (CBA) method for IFN-y and
granzyme B release using an IFN-y Kit (Human IFN-y Flex
Set; BD) and a granzyme B Kit (Human granzyme B Flex Set;
BD), respectively. Specifically, for each group, 50 pL of
supernatant was obtained, cell factor capture beads were
added, and the cells were incubated at room temperature for
1 h. Next, the corresponding cell factor antibody was added,
cells were incubated at room temperature for 2 h, washed
twice with PBS, and analyzed with a benchtop flow
cytometer (NovoCyte; ACEA). Data were processed using
FCAP Array v3, and three parallel experiments were carried
out for each group.

2.8. In Vivo Experiments

To determine the effect of treatment with the CAR-T cells
in vivo, a mouse model was used in this study. Twenty-four
NODPrkdc™ %% 112rg™““2Nju  mice (NCG, Model
Animal Research Center of Nanjing University) between 5-6
weeks of age were procured. RPMI8226 cells were cultured
in a 100-pL culture system consisting of 70 pL of PBS and 30
puL  of matrigel (BD Biosciences). The mice were
subcutaneously injected with 5 x 10® RPMI8226 cells into the
right shoulder. Treatment was commenced when tumor sizes
reached 50 mm’. The mice were randomly allocated to four
groups, with six mice in each group: (i) injection with 100 pL
of PBS during each treatment; (ii) injection with 1 x 10’ UNT
cells (100 pL) during each treatment; (iii) injection with 1 x
10" CD138-CAR-T cells during each treatment (100 pL); (iv)
injection with 1 x 10’ CD138-CAR-T cells (100 uL) and 2 x
10° hCD19-CAR-T cells (50 uL) during each treatment. The
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CAR-T cells were administered via tail vein injections, and
three treatments were respectively provided on the 7%, 9™,
and 13" day after tumor cell injection. Body weight and
tumor size of each mouse were measured 2—3 times per week.
The following formula was used to calculate tumor size:
4m/3%(tumor length/2)x(tumor width/2)* [20].

The animal experiment was performed in strict adherence to
the experimental animal management regulations of the
Institutional Animal Care and Use Committee of Soochow
University. The mice were euthanized in a humane manner
when death was imminent or when tumor size reached 15 mm.
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Figure 1. Design of CAR and characterization of CAR-T (4) The structure of
CD138-CAR and hCD19-CAR and lentiviral vector. A CDI138-CAR was
generated by a tandem sequence contained a signal peptide (SP),
CD138-scFv consisting of Vy-linker-V,, Fc extracellular domain, CD28
transmembrane domain (TM), co-stimulatory domain CD28 and CD3{ chain,
that defined the second generation CAR. And hCDI19-CAR consisting two
co-stimulatory domains (CD28 and 4-1BB) is a third generation CAR. (B) The
detection of positive of CD138-T and hCD19-T. Transfected CAR-T cells were
harvested respectively, stained with anti-Fc Ab, and analyzed using flow
cytometry. The transfection efficiency and mean fluorescence intensity (MFI)
were presented respectively in (B) and (C). Data are presented as the
mean+SD of the three separate experiments. (D) Immunoblot analysis of
CD3( fusion protein expression in CD138-T and hCD19-T cells. After lysates
CAR-T cells, protein was harvested and separated by SDS-PAGE under
reducing conditions. Immunoblot analysis was performed with a mouse
anti-CD3{ chain-specific mAb followed by exposure to an HRP-conjugated
goat anti-mouse antibody and chemiluminescent detection. (E) The detection
of CD8 and CD4 to CAR-T cells. The transfected T cells was stained with
anti-Fec mAb and anti-CD8 or anti-CD4 mAb respectively, and analyzed using
flow cytometry.

2.9. Immunohistochemistry Tests

Immunohistochemistry was assessed in tumors removed
from the mice, using the following procedure. After receiving
three CAR-T treatments, the mice were fed for four days and
then euthanized. Subcutaneous tumor tissues were removed
and immediately fixed in formalin overnight. Fixed tissues
were dehydrated, embedded in paraffin, and sectioned, and
the sections were dewaxed. Sections subjected to antigen
retrieval were sealed in TBST buffer with 10% serum at
room temperature for 1 h, stained with purified mouse
anti-human CD19 antibody (NB100-65672, Novus) and
rabbit anti-human CD138 antibody (DF6367, Affinity) at 4°C
for 10 h, and then with HRP-conjugated goat anti-mouse
secondary antibody and HRP-conjugated goat anti-rabbit
secondary antibody at room temperature for 1 h.
Subsequently, the  sections were stained  with
diaminobenzidine. Alternatively, dewaxed sections were
directly subjected to H&E staining and observed under an
upright fluorescence microscope.

2.10. Data Analysis

For the in vitro experiments, data were processed using
GraphPad Prism 5. The experiments were repeated at least
three times for each group, and statistical analysis was
performed using Student’s #-test, with p-values < 0.05
indicating significance. For the in vivo experiments, survival
curves of mice were processed using the Kaplan—Meier
method, and survival data were analyzed using the log-rank
(Mantel-Cox) test, with p-values < 0.05 indicating
significance.

3. Results

3.1. Detection of CD138 on the Cell Surface of MM Cell
Lines and CD19 on the Cell Surface of Lymphoma Cell
Lines

CD138 and CD19 expression on the surfaces of MM and
lymphoma cells, respectively, was first investigated. Both
MM cell lines RPMI8226 and U266 highly expressed CD138
on their surfaces, with the positive CD138 expression rates
for RPMI8226 and U266 being 98.0% and 99.1%
respectively (Figure 7A). For the CD19+ tumor cells, the
high CD19-expressing MAVER-1 and JeKo-1 cell lines were
selected; the CD19 expression rates were 92.9% and 75.0%
respectively (Figure 7B).

3.2. Construction and Expression on CD138- and
hCD19-specific CAR-T Cells

A second- and third-generation CAR construct was used in
the construction of CDI38-CAR and hCDI19-CAR,
respectively (Figure 1A). The cDNAs of CD138 and hCD19
consisted of heavy and light chains, with a signal peptide
sequence (MLLLVTSLLLCELPHPAFLLIP) followed by the
sequences of the Fc domain, CD28 costimulatory domain,
and CD3( region. The sequences were inserted in a
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pCDH-CMV-MCS-EF1-CopPuro  vector containing a
puromycin resistance gene (Figure 1A). Activated T cells
from healthy human donors were transduced with the
CDI138-CAR and hCD19-CAR constructs. The antigen
expression rates on CD138-CAR-T and hCD19-CAR-T cells
were 65-85% and 70-85%, respectively (Figure 1B).
Furthermore, the mean fluorescence intensities for
CD138-CAR-T cells and hCD19-CAR-T cells staining with
the APC-conjugated Fc antibody were extremely high (Figure
1C). The CD4+- and CDS8+-positive rates of transduced T
cells are shown in Figure 1E.
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Figure 2. Enhanced cytotoxicity of CD138-T cells against CD138 positive
MM cells. The Killing detection of transfected CD138-T against MM cell lines
RPMI8226 (A) and U266 (B) was performed. Effector and target (4x10°)
were co-culture for a period of 18 hours in the presence of CSFE/7-AAD at
E:T ratios of 0.25:1, 0.5:1, 1:1 and 2:1. Meanwhile, we analyze the
cytotoxicity of CD138-T to RPMI8226 (C) and U266 (D) by LDH release
assay. Data presented are the mean=SD of the three separate experiments.
*<0.05, **p<0.01, ***p<0.001 compared with UNT at the same E:T ratio.

To confirm the insertion and expression of CARs in the T
cells, western blotting was performed to detect the expression
of the CD3( fusion protein (Figure 1D). The molecular mass
of the { chain was approximately 15 kDa, and the molecular
mass of the dimer was 30 kDa. The CDI138-CAR-T and
hCD19-CAR-T CD3{ fusion proteins were clearly detected
on the blots, indicating they were effectively expressed by
the T cells.

3.3. CD138-CAR-T Cells Show Enhanced Ability to Kill
MM Cells

The ability of CD138-CAR-T cells to kill MM cells was
compared to that of UNT cells, first by using the
CFSE/7-AAD staining method. E:T ratios of 0.25:1, 0.5:1,
1:1, and 2:1 were used, and the assay time was 18 h.

CD138-CAR-T cells had a significantly enhanced killing
ability towards RPMI8226 cells as compared to UNT cells
(e.g., 13.9£2.3% vs. 51.5+4.1%, p=0.0001 for E:T=1:1;
26.3£2.0% vs. 54.5+6.1%, p=0.001 for E:T=2:1) (Figure 2A).
Similarly, CD138-CAR-T cells had a significantly stronger

killing ability towards U266 cells than did UNT cells (e.g.,
12.3+1.5% vs. 43.7+£3.2%, p=0.0007 for E:T=1:1; 28.0+1.5%
vs. 57.9+£7.5%, p=0.002 for E:T=2:1) (Figure 2B). UNT cells
showed nearly no killing activity towards U266 cells when
an E:T ratio of 0.25:1 was used, and the killing rate was only
28% for an E:T ratio of 2:1.

To confirm the high killing ability of CD138-CAR-T cells
towards MM cells, and LDH release assay was used, with the
same assay time and E:T ratios as for the CFSE/7-AAD test. The
results confirmed that the killing ability towards RPMI8226 and
U266 cells was greatly enhanced in CD138-CAR-T cells.
(Figure 2C and Figure 2D). The target-cell death rates for the
experimental group obtained using the LDH release assay were
approximately 20% higher than those obtained by flow
cytometry, while differences in target-cell death rates for the
control group were insignificant. This may be due to differences
in accuracy between two detection methods.

Taken together, these results indicated that the insertion of
the CD138-CAR construct in T cells significantly enhances
their cytotoxicity towards MM cells.

3.4. hCD19-CAR-T Cells Show Enhanced Ability to Kill
CD19-expressing Cells

As MM cells have extremely low CD19 expression, MM
cells could not be used as target cells to directly determine
the killing ability of the constructed hCD19-CAR-T cells
towards MM cells; therefore, we used the mantle cell
lymphoma cell lines MAVER-1 and JeKo-1. Again, we first
used the CFSE/7-AAD staining method to assess the killing
ability during an assay time of 18 h and with E:T ratios of
0.25:1, 0.5:1, 1:1 and 2:1.
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Figure 3. Enhanced cytotoxicity of hCD19-T cells against CD19 positive cells.
The Killing detection of transfected hCD19-T against mantle cell lymphoma
MAVER-1 (4) and JeKo-1 (B) was performed. Effector and target (4x10°)
were co-culture for 18 hours in the presence of CSFE/7-AAD at E:T ratios of
0.25:1,0.5:1, 1:1 and 2:1. Meanwhile, we analyze the cytotoxicity of CD19-T
to MAVER-1 (C) and JeKo-1 (D) by LDH release assay. Data presented are
the meantSD of the three separate experiments. *p<0.05, **p<0.01,
***p<0.001 compared with UNT at the same E:T ratio.
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The killing rates towards both types of target cells by
hCD19-CAR-T cells were much higher than those by UNT
cells. For MAVER-1 target cells, the killing rate by
hCD19-CAR-T cells was 70-85%. Even at the lowest E:T
ratio, a 70% killing rate was achieved in the experimental
group. In contrast, the killing rate by UNT cells was less than
10% (e.g., 16.24+3.8% vs. 81.6+3.2%, p=0.0001 for E:T=1:1;
35.246.4% vs. 82.5+1.5%, p=0.0002 for E:T=2:1) (Figure
3A). For JeKo-1 target cells, the killing effect by
hCD19-CAR-T cells significantly stronger than that of UNT
cells as well (e.g., 19.8+1.3% vs. 76.9£1.2%, p=0.0001 for
E:T=1:1; 31.843.4% vs. 76.0+3.1%, p=0.0001 for E:T=2:1)
(Figure 3B).

An LDH release assay with the same assay time and E:T
ratios confirmed the findings of the flow cytometric assay
(Figure 3C and Figure 3D). Thus, both assay methods
provided strong proof of the high killing ability of
hCD19-CAR-T cells towards CD19-expressing cells.

3.5. CD138-CAR and hCD19-CAR Confer High Specificity
Towards CD138+ and CD19+ Cells, Respectively

To assay the specificity of the killing activities of
CD138-CAR-T and hCD19-CAR-T cells towards CD138+
and CD19+ cells respectively, K562 cells, which are CD138-
and CD19- (Figure 8B) were transformed to stably express
CD138  (K562-CD138) or CDI19 (K562-CD19).
CD138-CAR-T and hCD19-CAR-T cells were then evaluated
for their killing activity towards these two types of
constructed cells and unmodified K562 cells. Effector and
target cells were co-cultured at E:T ratios of 0.25:1, 0.5:1, 1:1,
and 2:1 for 18 h. The LDH release assay method was used for
detection, and the positive rate for both the constructed
K562-CD138 cells and K562-CD19 cells was 96% (Figure
8A).

The results indicated that the killing ability of
CD138-CAR-T cells towards K562-CDI138 cells was
substantially higher than that of UNT cells. For an E:T ratio
of 0.25:1, the killing effect of CD138-CAR-T cells was 5
times that of UNT cells, and for an E:T ratio of 2:1, the
killing effect of CD138-CAR-T cells was 40% higher than
that of UNT cells (Figure 4A). The killing effects of
CD138-CAR-T and UNT cells towards the parent K562 cells
were comparable at all four E:T ratios used. (Figure 4C). As
for K562-CD19 cells, the killing ability of hCD19-CAR-T
cells was substantially higher than that of the control group.
For the lowest E:T ratio, the killing rate of K562-CD19 cells
by hCD19-CAR-T cells was more than 4 times that of the
killing rate by UNT cells. (Figure 4B). For K562 parent cells,
hCD19-CAR-T and UNT showed no differential effect at all
E:T ratios (Figure 4D).

From the above results, it can be concluded that the
constructed CD138-CAR-T cells are highly specific towards
their respective target cells.
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Figure 4. Sensational specificity of CD138-T and hCD19-T cells to CDI138
and CDI19 antigen respectively. The K562 cell expressing CDI138
(K562-CD138) (4) and K562 cell expressing CD19 (K562-CD19) (B) stayed
with CD138-T and hCD19-T respectively for 18 hours followed with analysis
by LDH release assay. The cytolytic activity of CD138-T (C) and hCD19-T (D)
against untreated K562 cell was also detected by LDH release assay. Data

presented are the mean+SD of the three separate experiments. *p<0.05,

**p<0.01, ***p<0.001 compared with UNT at the same E:T ratio.

3.6. High levels of Granzyme B and IFN-y Are Released
After Reaction of CAR-T Cells with Target Cells

T cells confer cytotoxicity towards tumors through two
ways: (1) release of perforin and granzymes, and (2)
activation of death receptors through the Fas/FasL or
TNF/TNFL signaling pathway. For CAR-T cells, besides the
killing effect through TAA recognition, the interaction of
IFN-y released by CAR-T cells and IFN-yR on tumor
surfaces causes a cytotoxic effect towards tumor cells as well
[32]. In addition, CAR-T cells show higher IFN-y release
than do T cells [33]. This indicates that granzyme B and
IFN-y are cytotoxic towards tumor cells and also provides
convincing proof of the activity of CAR-T cells. The
experiment was conducted using different E:T ratios, and for
each ratio, CAR-T and tumor cells were co-cultured for 18 h,
and the supernatant was collected for testing.

The amounts of granzyme B released after CD138-CAR-T
cells were respectively co-cultured with target cells RPMI8226
and U266 were significantly higher than those in the UNT cell
control group (e.g., 6097.8+212.6 pg mL ™" vs. 95.6+6.4 pg mL"
! p=0.008 for E:T=0.5:1 towards RPMI8226; 3284.6+325.8 pg
mL ™" vs. 22.9+13.6 pg mL ™', p=0.0001 for E:T=0.5:1 towards
U266) (Figure 5A). Similarly, the amounts of IFN-y released
were substantially higher for the CD138-CAR-T than for UNT
cells (e.g., 1633.9+67.5 pg mL" vs. 15.8+9.0 pg mL™,
p=0.0001 for E:T=0.5:1 towards RPMI8226; 1104.8+69.7 pg
mL™" vs. 8.69+5.5 pg mL™, p=0.0001 for E:T=0.5:1 towards
U266) (Figure 5B).



16 Songbo Zhao et al.:

Concomitant Use of CD138- and CD19-directed Chimeric Antigen Receptor-modified

T Cells Enhances Cytotoxicity Towards Multiple Myeloma

RPMI8226 u2ee

10000 EaT - 4000 EaT o,

= CD138-T g CD138-T
3 S 3000
- &
o
e < 2000
5 5
s § 1000
I3 S
0
> N
Q'l"’ o
EIT
RPMIB226 U266
2000 BT 1500 ET
CD138-T CD138-T
£ E
El ]
= =
x> T
= =z
& ™
MAVER-1 JeKo-1
50007 g 1 60007 g T
= 000 hCD19.T 3 hCD19-T —_—
g £ 4000
o 3000 Y
® ®
£ £
;:. 200, E‘ 2000
3 1000 S R
, . N
A~ N rad g
“'.\'.’ o® Q'f’ o¥
EIT EIT
D MAVER-1 JeKo-1
40007 g 15007 g T
hCD19-T . hCD19-T
= 3000 =3
5 £ 1000
o @
£ 2000 &
T z e
=z Z 500 —_—
= 1000 e N
N -
& &

EIT

Figure 5. Enhanced release of Granzyme B and IFN-y as CAR-T cells in
response to tumors. The effector cell CDI138-T was co-cultured with a
constant of target cells (4x10°) for 18 hours at a various E:T ratios in 24-well
microplates within a final volume of 1.5 ml RPM11640 complete medium. A
part of supernatant was collected and used for detection of Granzyme B (4)
and IFN-y(B) using Cytometric Bead Array (CBA) by flow cytometry. In
addition, the assay that Granzyme B (C) and IFN-y(D) released by hCD19-T
cells co-culturing with MAVER-1 and JeKo-1 was performed. Data presented
are the meantSD of the three separate experiments. *p<0.05, **p<0.01,
**4p<0.001 compared with UNT at the same E:T ratio.

This was in accordance with the higher killing ability of
hCD19-CAR-T cells than that of UNT cells. Results of
granzyme B detection indicated that the amount released by
hCD19-CAR-T cells was much higher than that released by
UNT cells (e.g., 4202.5+403.3 pg mL ™" vs. 41.7+3.4 pgmL ™",
p=0.0001 for E:T=0.5:1 towards MAVER-1; 4578.4+309.1 pg
mL" vs. 33.2+3.8 pg mL™', p=0.0001 for E:T=0.5:1 towards
JeKo-1) (Figure 5C). The killing of target cells by
hCD19-CAR-T cells also promoted IFN-y release (e.g.,
562.8+120.6 pg mL™' vs. 5.1+4.4 pg mL”, p=0.025 for

E:T=0.25:1 towards MAVER-1; 419.3£17.9 pg mL™" vs.
5.27+0.8 pg mL™', p=0.0001 for E:T=0.25:1 towards JeKo-1)
(Figure 5D). These results sufficiently showed that the
co-culture of CAR-T and tumor cells resulted in the release
of high levels of granzyme B and IFN-y, which likely
contributed to the death observed in tumor cells after
treatment with the CAR-T cells.

A
PBS
UNT
CD138-T
RPMIS226 CD138-T+hCD19-T v
5%10¢ (sc)
T e N
NCG mice (pucke _— ) i;;) ——> Observation
Day 1 Day 7. 9. 13 individually
B C .
. PBS -~ PBS
> = UNT %0 =1
3 -- CD138T - 0013&1 weotor
2 - CDIT+CDIOT 2 %@ = CDI3BTHCD1-
H 3
I > 100
H 2
g s
Iy '5 50
)
® 0 2 @ [}
Days after lumor injection
D E
L]
- PBS
-+ UNT
- (D1 T

-+ CD133-T+hCD19-T

Body weight (g)

T T T T 71T
0 ] 0 ] € 8
Days posttumor implant

Figure 6. Combination treatment with CDI38-T and hCDI19-T against
CD138-positive MM cell can work in xenograft mouse model. (4) 5 to
6-week-old female NCG mouse were injected subcutaneously in the right
dorsa with RPMI8226 (5x10°), and after one week, mice were randomly
divided into four groups (6 per group) receiving treatment intravenously on
day 7, 9 and 13: group 1 received PBS, group 2 received UNT cells, group 3
received CDI138-T cells and group 4 received CDI38-T combined with
hCD19-T cells. (B) Mice were humanely sacrificed when tumors reached 15
mm in diameter. Survival was evaluated from the first day of tumor injection
until death. Statistical analysis was performed using the log-rank
(Mantel-Cox) text. *p<0.05, **p<0.01, ***<0.001 compared with UNT. (C)
Tumor volume of the mice was measured every 2-3 times one week using the
Sollowing formula: 4m/3%(tumor length/2) x(tumor width/2)’. (D) Body
weights of the mice were measured every 2-3 times one week. The values are
presented as the meantstandard error of the mean.(E) Immunohistochemistry
slides of subcutaneous xenograft sections from UNT group and double-CAR
group were presented. The CDI138 and CDI9 antigen were detected
respectively. And the sections were stained with hematoxylin and eosin to
present its structure. Magnification: x400. (Scale bar 50um).
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3.7. Treatment of MM in the Mouse Model

To determine whether CD138-CAR-T and hCD19-CAR-T
cells exert effects in vivo, the NCG mouse model was used.
RPMIB226 MM cells were subcutaneously injected in the
mice, and 1 week later, the control groups received tail vein
injections of PBS or UNT cells, while the experimental
groups received injections of CAR-T cells. Three treatments
on the 7", 9™ and 13™ day after tumor cell injection were
administered, after which the survival times of the mice were
observed (Figure 6A). The CAR-positive rates of
CD138-CAR-T cells administered during the three treatments
were 30.6%, 35.5%, and 46.1% respectively, and the
CAR-positive rates of hCD19-CAR-T cells were 35.9%,
44.2%, and 63.4% (Figure 9). The results indicated that the
treatment effect was significantly pronounced in the
experimental groups as compared to the PBS and UNT cell
control groups. Survival times for the CD138-CAR-T cell
group (single-CAR group) and the CDI138-CAR-T plus
hCD19-CAR-T  group  (double-CAR  group) were
significantly higher than those in the PBS and UNT cell
groups. Complete remission and ultimate tumor
disappearance was achieved in one particular mouse of the
double-CAR group, which indicates that the treatment effect
of the double-CAR group was significantly superior to that of
the single-CAR group. Data analysis using the log-rank
(Mantel-Cox) test indicated that the treatment effect of
single-CAR vs. UNT cells was significantly different
(p=0.0102). When the double-CAR group was compared
with the UNT cell group, the p-value was less than 0.0006,
which indicates that the differences were extremely
significant. The median survival times of mice in the PBS,
UNT cell, and single-CAR groups were 24.6, 26.2, and 35.4
days, respectively, and they were even longer for the
double-CAR group (Figure 6B).

Tumor growth was significantly suppressed in the single-
and double-CAR groups after the first treatment, while rapid
tumor growth was observed in the PBS and UNT cell groups.
Differences in tumor growth remained significant during
subsequent treatments, e.g. tumor volume in the single-CAR
group was lower than that in the UNT cell group on day 25
(306.8+84.7 mm® vs. 503.0497.8 mm’, p=0.0095), and tumor
size in the double-CAR group was significantly lower than that
in the UNT cell group on day 21 (111.4£59.0 mm® vs.
473.7+195.0 mm®, p=0.0014) (Figure 6C). In general, tumor
growth was slower in the double-CAR group than in
single-CAR group, which indicates that double-CAR treatment
has a stronger effect than single-CAR treatment. Changes in
body weight of the mice were also closely monitored during
the experiment, and the results indicated that there were no
major differences among the various groups (Figure 6D).
Immunohistochemistry tests on tumor tissues obtained from
the mice revealed that fewer CD138 and CD19 antigens were
present on tumor surfaces in the double-CAR group than on
those in the UNT cell group (Figure 6E).

4. Discussion

CAR-T cell therapy is a novel form of immunotherapy,
and its development is the most promising among the various
tumor treatment strategies. The TAA targeted by the scFv in a
CAR is major histocompatibility complex-independent, and
targets can be selected from a diverse range of molecules
[34-35]. In particular, the CAR-T cell therapeutic product
CTLO19, developed by Novartis, targets CD19 on the
surfaces of hematologic tumors. Significant results have been
obtained in clinical applications, and CTLO19 has been
approved as the first gene-modified cell therapy product
available in the market. In this preclinical study, the effects of
CAR-T technology in MM treatment were investigated, and
good results were achieved. The strategy adopted for this
study was the concomitant use of CD138- and CD19-directed
CAR-T cells. It is widely known that MM cell lines and bone
marrow plasma cells of patients highly express CDI138
[12-14, 16]. MM cells also express high levels of CD38,
another common target for MM treatment; however, CD38 is
also expressed by T and B cells, which poses difficulties for
CAR-T cell therapy in distinguishing MM cells from T and B
cells [36]. Successful applications of radioimmunotherapy
drugs, such as iodine-131-labeled anti-CD138 mAb, in
clinical trials have indicated to some extent that CD138 is a
high-potential target, especially in the treatment of refractory
and relapsed MM [37]. A phase II clinical trial by Jagannath
et al. using BT062, an antibody-drug conjugate directed
against CD138, also indicated the potential of CD138 as a
target in MM treatment [38].

Recent studies have identified the B cell maturation
antigen (BCMA) as another extremely promising target for
CAR-T cell therapy. Significant MM treatment effects of
BCMA-directed second-generation CAR constructs in mice
have been previously reported, with 100% of the mice being
cured of the disease [39]. MM cells express high levels of
BCMA, while plasma cells and mature B cells express low
levels or do not express BCMA [40]. In addition, BCMA is
not expressed in normal tissues and on the surface of
hematopoietic stem cells [39]. BCMA is a member of the
tumor necrosis factor receptor superfamily and provides
anti-apoptotic signals for MM cells [41]. To date, at least four
cases of clinical application of immunotherapy using
BCMA-directed CAR-T cells have been reported in the U.S.,
and fairly good results were obtained in all cases, which also
proves the safety of in vivo application of BCMA-directed
CAR-T cells [42-45]. As CDI138 is expressed on dermal
tissues, the use of anti-CD138 antibody drugs often leads to
skin and mucosal damage; therefore, toxicity issues may
arise with CD138-CAR-T cell therapy [46]. Currently,
BCMA is the most promising target for MM treatment [46];
however, this does not imply that CD138 is an unsuitable
target for MM treatment. For instance, in a clinical trial of
BCMA CAR-T cells, BCMA-positive MM cells in some
patients gradually decreased with repeated doses of
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BCMA-CAR-T cells, and the patients eventually suffered a
relapse [42]. In addition, BCMA is not expressed in all MM
patients. Ali et al. analyzed bone tumor sections of 85
patients and found that in 33 patients, MM cells did not
express BCMA. On the other hand, a study conducted by Lin
et al. (2004) on 306 MM patients indicated that abnormal
plasma cells of all patients expressed CD138, which shows
that CD138 has a wider application range as a target for MM
treatment than does BCMA. Thus, these two types of target
cells have their respective advantages and disadvantages.

Guo et al. [21] reported the construction of a
second-generation CD138-directed CAR with a 4-1BB
costimulatory domain for the treatment of
chemotherapy-tolerant patients with MM. Out of five patients
who received 3-6 infusions of CD138-CAR-T cells, four
patients developed fever and their condition remained stable for
3—7 months, while the other patient died because of disease
progression. The results achieved in the study were very limited,
and the data obtained lacked comprehensiveness. Although the
clinical efficacy of CD138-CAR-T cells in the aforementioned
study was limited, the study has offered substantial proof of the
safety of CDI38-CAR-T cells in clinical applications. In
contrast to the construct used in the aforementioned study, the
antibody sequence used in this study, a patented sequence
developed by our research team, harbored CD28 as a
costimulatory domain for the CAR constructs. Furthermore, the
methods of preparation of the CAR-T cells used in both studies
are fundamentally different. Therefore, a number of factors
could have caused the results of our in vitro experiment to be
significantly superior to those obtained by Guo et al.

With regard to the construction strategy, a
second-generation CAR construct with CD28 as the
costimulatory domain was selected for the construction of
CD138-CAR, while a third-generation CAR construct with
two costimulatory domains, CD28 and 4-1BB, was selected
for the construction of hCD19-CAR. The current literature on
CAR-T cell construction strategies have not shown sufficient
proof that the third-generation construct is significantly
superior to the second-generation construct. In some studies,
experiments in mice showed that the third-generation CAR
had no significant advantages over the second-generation
CAR, and was even found to be slightly less effective [47].
While the precise underlying reasons are still unclear, it has
been proposed that the dual stimulation increased
activation-induced cell death and decreased the antitumor
efficacy of the third-generation CAR [48]. In spite of these
findings, during the construction of CD19-CAR in this study,
it was found that the third-generation CDI19-CAR
constructed in our laboratory had a higher cytokine
production capacity than the second-generation CD19-CAR
(data not shown); therefore, the third-generation CAR
construct was used in this study.

In this study, CD19 was selected as a second target for the
dual treatment of MM. A major experimental hurdle in this
study was the inability to obtain sufficient primary CD138—
/CD19+ MM cells. The fraction of CD19+ in primary MM
cells is extremely low [24], and these cells are difficult to

detect by routine methods. Lin et al. [15] analyzed bone
marrow aspirates of several hundred MM patients by flow
cytometry, and the results indicated that CD19+ MM cells
were found in only 1% of cases. Gupta et al. [49] analyzed
bone marrow aspirates of 103 MM patients and found that
CD19+ MM cells were seen in only 3.7% of cases. Therefore,
to effectively validate the activity of the CD19-CAR-T cells
developed in this study, CD19+ tumor cells, specifically, the
mantle cell lymphoma cell lines MAVER-1 and JeKo-1, were
selected as the experimental model. For in vitro cytotoxicity
testing, two approaches were adopted: the CFSE/7-AAD
assay and the measurement of LDH released by dying target
cells. The results showed that high killing rates could be
achieved at low E:T ratios. The rate of tumor cell death was
not increased when the E:T ratio was increased to 2:1, which
might be explained by the methods of operation and
calculation for the LDH release assay. For instance, when the
E:T ratio was increased, the increase in OD value was greater
for groups with only effector cells than for those with both
effector and target cells, which led to calculation errors.
However, the presence of such errors does not affect the
proof of high toxicity of CAR-T cells towards tumor cells.
The results obtained by the LDH assay method and the
CFSE/7-AAD assay method were similar.

CAR-T cell therapy has achieved remarkable results in
recent years, especially in B-ALL and B-NHL indications.
However, MM-directed CAR-T cell therapies are still in a
preliminary stage of development in terms of the number and
scale of clinical studies. The CDI138-CAR-T cells
constructed in this study demonstrated good activity in vitro,
and relatively good results were also obtained in the in vivo
killing experiments using a mouse model. In particular,
complete remission was achieved in one particular mouse of
the double-CAR group, and the median survival time of the
double-CAR group was significantly higher than that of the
single-CAR group, which indicates that the concomitant use
of CD138-CAR-T and hCD19-CAR-T cells resultes in a
significant enhancement of treatment efficacy, thereby
offering greater potential for clinical applications.

5. Conclusion

This preclinical study tested the applicability of the novel
CAR-T cell technology for the treatment multiple myeloma.
CD138- and CD19-directed CAR-T cells were developed and
their killing activities were assessed in vifro and in vivo. Both
cell types showed significant and specific killing activity in vitro,
and concomitant application resulted in enhanced effect. Further,
our dual approach showed substantially stronger treatment
efficacy than a previously reported CD138-directed CAR.

Conflicts of Interest

L. Yang is a co-founder of PsesonGen Biotherapeutics Co.,
Ltd. which focuses on R&D of CAR-T and CAR-NK
technologies and translating them to clinics. There is no
potential conflict of interest to disclose.



20 Songbo Zhao et al.:

Concomitant Use of CD138- and CD19-directed Chimeric Antigen Receptor-modified

T Cells Enhances Cytotoxicity Towards Multiple Myeloma

Authors’ Contributions

S. B. Z. performed the experiments, acquired and interpreted
the data, and wrote the manuscript. C. W. was involved in the
construction of plasmid and lentiviral vectors. J. L. L. and Z. X.
L. contributed to the animal studies. Y. F. L. performed the cell
killing assays. H. M. M. and G. L. A. cultured some cells. L. Y.
designed the experiments, analyzed and interpreted the data,
and gave an elaborate guidance for this project.

Acknowledgements

This work was supported by the Priority Academic Program
Development of Jiangsu Higher EducationInstitutions, the
National Natural Science Foundation of China (Grant No.
31471283 and 81201861), the Collaborative Innovation Major
Project (Grant No. XYXT2015304), The Six Talent Peaks
Project in Jiangsu Province (No. SWYY-CXTD-010), and
Shandong Provincial Natural Science Foundation (Grant No.
ZR2015PH029).

References

[1] Eshhar Z, Waks T, Bendavid A, et al. Functional expression
of chimeric receptor genes in human T-cells. J Immunol
Methods 2001; 248: 67-76.

[2] Hegde M, Corder A, Chow KK, et al. Combinational targeting
offsets antigen escape and enhances effector functions of
adoptively transferred T-cells in glioblastoma. Mol Ther 2013;
21:2087-2101.

[3] Irving BA, Weiss A. The cytoplasmic domain of the T cell
receptor zeta chain is sufficient to couple to receptor-associated
signal transduction pathways. Cell 1991; 64: 891-901.

[4] Sadelain M, Riviere I, Brentjens R. Targeting tumours with
genetically enhanced T lymphocytes. Nat Rev Cancer 2003; 3:
35-45.

[5] Brocker T, Karjalainen K. Signals through T cell receptor-zeta
chain alone are in sufficient to prime resting T lymphocytes. J
Exp Med 1995; 181: 1653-1659.

[6] Grada Z, Hegde M, Byrd T, et al. TanCAR: A Novel
Bispecific Chimeric  Antigen Receptor for Cancer
Immunotherapy. Mol Ther Nucleic Acids 2013; 2: e105.

[71 Tamada, K, Geng, D, Sakoda, Y, et al. Redirecting
gene-modified T-cells toward various cancer types using
tagged antibodies. Clin Cancer Res. 2013; 18: 6436-6445.

[8] Urbanska K, Lanitis E, Poussin M, et al. A universal strategy
for adoptive immunotherapy of cancer through use of a novel
T-cell antigen receptor. Cancer Res 2012; 72: 1844—1852.

[9] Davila ML, Riviere I, Wang X, Bartido S, Park J, Curran K, et
al. Efficacy and toxicity management of 19-28z CAR T cell
therapy in B cell acute lymphoblastic leukemia. Sci Transl
Med 2016; 6: 224ra25.

Lee DW, Barrett DM, Mackall C, Orentas R, Grupp SA. The
future is now: chimeric antigen receptors as new targeted
therapies for childhood cancer. Clin Cancer Res 2012; 18:

[11]

[12]

[13]

[14]

[15]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

2780-2790.

Han EQ, Li X, Wang C, Li T, Han S. Chimeric antigen
receptor-engineered T cells for cancer immunotherapy:
progress and challenges. J Hematol Oncol 2013; 6: 47.

Chilosi M, Adami F, Lestani M, et al. CD138/syndecan-1: a
useful immunohistochemical marker of normal and neoplastic
plasma cells on routine trephine bone marrow biopsies. Mod
Pathol 1999; 12: 1101-1106.

Lin P, Owens R, Tricot G, Wilson CS. Flow Cytometric
Immunophenotypic Analysis of 306 Cases of Multiple Myeloma.
American Journal of Clinical Pathology 2004; 121: 482-488.

Wei A, Juneja S. Bone marrow immunohistology of plasma
cell neoplasms. J Clin Pathol 2003, 406—411.

Wijdenes J, Vooijs WC, Clement C, et al. A plasmocyte
selective monoclonal antibody (B-B4) recognizes syndecan-1.
Br J Haematol 1996; 94: 318-323.

Wijdenes J, Clement C, Klein B, et al. Leukocyte Typing VI:
White Cell Differentiation Antigens. New York 1998.

Lamorte S, Ferrero S, Aschero S, Monitillo L, Bussolati B,
Omede P, et al. Syndecan-1 promotes the angiogenic
phenotype of multiple myeloma endothelial cells. Leukemia
2012; 26: 1081-1090.

Witzig TE, Kimlinger T, Stenson M, Therneau T. Syndecan-1
expression on malignant cells from the blood and marrow of
patients with plasma cell proliferative disorders and B-cell
chronic lymphocytic leukemia. Leukaemia & Lymphoma 1998;
31: 167-175.

Yang Y, Yaccoby S, Liu W, Langford JK, Pumphrey CY, et al.
Soluble syndecan-1 promotes growth of myeloma tumors in
vivo. Blood 2002; 100: 610-617.

Jiang H, Zhang WH, Shang P, Zhang H, et al. Transfection of
chimeric anti-CD138 gene enhances natural killer cell
activation and killing of multiple myeloma cells. Molecular
oncology 2014; 8: 297-310.

Guo B, Chen M, Han Q, Hui F, Dai H, Zhang W, et al.
CD138-directed adoptive immunotherapy of chimeric antigen
receptor (CAR)-modified T cells for multiple myeloma. J Cell
Immunother 2016; 2: 28-35.

Boucher K, Parquet N, Widen R, Shain K, Baz R, et al.
Stemness of B cell progenitors in multiple myeloma bone
marrow. Clin Cancer Res 2012; 18: 6155-6168.

Matsui W, Huff CA, Wang Q, et al. Characterization of
clonogenic multiple myeloma cells. Blood 2004; 103:
2332-2336.

Matsui W, Wang Q, Barber JP, Brennan S, Smith BD, et al.
Clonogenic multiple myeloma progenitors, stem cell properties,
and drug resistance. Cancer Res 2008; 68: 190—197.

Chaidos A, Barnes CP, Cowan G, May PC, Melo V, Hatjiharissi
E, et al. Clinical drug resistance linked to interconvertible
phenotypic and functional states of tumor-propagating cells in
multiple myeloma. Blood 2013; 121: 318-328.

Yaccoby S. The phenotypic plasticity of myeloma plasma cells
as expressed by dedifferentiation into an immature, resilient,
and apoptosis- resistant phenotype. Clin Cancer Res 2005; 11:
7599-7606.



[27]

[28]

[29]

[30]

[31]

[32]

[35]

[36]

[37]

[38]

Journal of Cancer Treatment and Research 2021; 9(1): 10-21 21

Masahiro A, Takeshi H, Toshio M. Concise review: Defining

and targeting myeloma stem cell-like cells. Stem cells 2014; 32:

1067-1073.

Garfall AL, Maus MV, Hwang WT, et al. Chimeric Antigen
Receptor T-cells against CD19 for Multiple Myeloma. N Engl J
Med 2015; 373: 1040-1047.

You FT, Jiang LC, et al. Phase 1 clinical trial demonstrated that
MUCI positive metastatic seminal vesicle cancer can be
effectively eradicated by modified Anti-MUC1 chimeric

antigen receptor transduced T cells. Sci China Life Sci 2016; 59:

386-397.

Chen Y, You FT, et al. Gene-modified NK-92MI cells
expressing a chimeric CD16-BB-{ or CD64-BB-{ receptor
exhibit enhanced cancer-killing ability in combination with
therapeutic antibody. Oncotarget 2017; 8: 37128-37139.

Lecoeur H, Fevrier M, Garcia S, Riviere Y, Gougeon ML. A
novel flow cytometric assay for quantitation and
multiparametric characterization of cell-mediated cytotoxicity.
J Immunol Methods 2001; 253: 177-187.

Textor A, Listopad JJ, Wuhrman LL, Perez C, Kruschinski A,
Chmielewski M, et al. Efficacy of CAR T-cell therapy in large
tumors relies upon stromal targeting by IFN gamma. Cancer
Res 2014; 74: 6796— 6805.

Long AH, Haso WM, et al. 4-1BB Costimulation Ameliorates
T Cell Exhaustion Induced by Tonic Signaling of Chimeric
Antigen Receptors. Nat Med 2015; 21: 581-590.

Chmielewski M, Hombach AA, Abken H. Of CARs and
TRUCKS: chimeric antigen receptor (CAR) T cells engineered
with an inducible cytokine to modulate the tumor stroma.
Immunol Rev 2014; 257: 83-90.

Fesnak AD, June CH, Levine BL. Engineered T cells: the
promise and challenges of cancer immunotherapy. Nat Rev
Cancer 2016; 16: 566-581.

Lima M, Teixeira MA, Fonseca S, et al. Immunophenotypic
aberrations, DNA content, and cell cycle analysis of plasma
cells in patients with myeloma and monoclonal gammopathies.
Blood Cells Mol Dis 2000; 26: 634-645.

Rousseau C, Ferrer L, Supiot S, Bardies M, Davodeau F, et al.
Dosimetry results suggest feasibility of radioimmunotherapy
using anti-CD138 (B-B4) antibody in multiple myeloma
patients. Tumour Biol 2012; 33: 679-688.

Jagannath S, Heffner T, Avigan D, Lutz R, Osterroth F, et al.
BT062, An Antibody-Drug Conjugate Directed Against
CD138, Shows Clinical Activity in Patients with Relapsed or

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Relapsed/Refractory Multiple Myeloma. Blood 2011; 118:
Abstract 305.

Robert O, Carpenter, et al. B-cell maturation antigen is a
promising target for adoptive T-cell therapy of multiple
myeloma. Clin Cancer Res 2013; 19: 2048-2060.

Novak AJ, Darce JR, Arendt BK, et al. Expression of BCMA,
TACI, and BAFF-R in multiple myeloma: a mechanism for
growth and survival. Blood 2004; 103: 689-694.

Ryan MC, Hering M, Peckham D, et al. Antibody targeting of
B-cell maturation antigen on malignant plasma cells. Mol
Cancer Ther 2007; 6: 3009-3018.

Ali SA, Shi V, Maric I, et al. T cells expressing an
anti-B-cell-maturation-antigen chimeric antigen re-ceptor cause
remissions of multiple myeloma. Blood 2016; 128: 1688-1700.

Berdeja JG, Lin Y, Raje N, Siegel D, et al. Clinical remissions
and limited toxicity in a first-in-human multicenter study of
bb2121, a novel anti-BCMA CAR T cell therapy for
relapsed/refractory multiple myeloma. Annual Meeting of the
EORTC/NCI/AACR. Munich, Germany 2016.

Cohen AD, Garfall AL, Stadtmauer EA, Lacey SF, Lancaster E,
et al. B-cell maturation antigen (BCMA)-specific chimeric
antigen receptor T cells (CART-BCMA) for multiple myeloma
(MM): initial safety and efficacy from a phase I study. Blood
2016; 128: 1147.

Garfall AL, Lancaster E, Stadtmauer EA, Lacey SF, Dengel K,
Ambrose DE, et al. Posterior reversible encephalopathy
syndrome (PRES) after infusion of anti-BCMA CAR T cells
(CART-BCMA) for multiple myeloma: successful treatment
with cyclophospha- mide. Blood 2016; 128: 5702.

Maria O, Felipe B, Matthew JF, Marcela VM. CARs in the lead
against multiple myeloma. Curr Hematol Malig Rep 2017; 12:
119-125.

Abate Daga D, Lagisetty K, Tran E, Zheng Z, Gattinoni L, Yu Z, et
al. A novel chimeric antigen receptor against prostate stem cell
antigen mediates tumor destruction in a humanized mouse model
of pancreatic cancer. Hum Gene Ther 2014; 25: 1003—1012.

Hombach A, Rappl G, Abken H. Arming cytokine-induced
killer cells with chimeric antigen receptors: CD28 outperforms
combined CD28-0OX40 "super-stimulation". Mol Ther 2013;
21:2268-2277.

Gupta R, Bhaskar A, Kumar L, Sharma A, Jain P. Flow
cytometric immunophenotyping and minimal residual disease
analysis in multiple myeloma. American Journal of Clinical
Pathology. 2009; 132: 728-732.



