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Reprogramming of NK cells with a chimeric antigen receptor (CAR) proved an effective
strategy to increase NK cell reactivity and recognition specificity toward tumor cells. To
enhance the cytotoxicity of NK cells against CD138-positive multiple myeloma (MM) cells,
we generated genetically modified NK-92MI cells carrying a CAR that consists of an anti-
CD138 single-chain variable fragment (scFv) fused to the CD3{ chain as a signaling moiety.
The genetic modification through a lentiviral vector did not affect the intrinsic cytolytic ac-
tivity of NK-92MI toward human erythroleukemic cell line K562 cells or CD138-negative tar-
gets. However, these retargeted NK-92MI (NK-92MI-scFv) displayed markedly enhanced
cytotoxicity against CD138-positive human MM cell lines (RPMI8226, U266 and NCI-H929)
and primary MM cells at various effector-to-target ratios (E:T) as compared to the empty
vector-transfected NK-92MI (NK-92MI-mock). In line with the enhanced cytotoxicity of
NK-92MI-scFv, significant elevations in the secretion of granzyme B, interferon-y and pro-
portion of CD107a expression were also found in NK-92MI-scFv in response to CD138-
positive targets compared with NK-92MI-mock. Most importantly, the enhancement in
the cytotoxicity of NK-92MI-scFv did not attenuate with 10Gy-irradiation that sufficiently
blocked cell proliferation. Moreover, the irradiated NK-92MI-scFv exerted definitely inten-
sified anti-tumor activity toward CD138-positive MM cells than NK-92MI-mock in the xeno-
graft NOD-SCID mouse model. This study provides the rationale and feasibility for adoptive
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RACE, rapid amplification of cDNA ends; scFv, single-chain variable fragment; SP, signal peptide; TCR, T-cell receptor.
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immunotherapy with CD138-specific CAR-modified NK cells in CD138-positive plasmacytic

malignancies, which potentially further improves remission quality and prolongs the
remission duration of patients with MM after upfront chemotherapy.

© 2013 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

Multiple myeloma (MM) remains an incurable malignant
plasma cell disorder. Despite the markedly improved outcome
in recent years, the vast majority of patients with MM could
not escape disease relapse or progression (Hart et al., 2012).
Thus, novel strategies are urgently needed to further increase
the response frequency and quality, and prolong the overall
survival and disease free survival of patients with MM.

Human natural killer (NK) cells play an essential role in
innate immune defense against malignant cells, potentiating
it to be a satisfying effector cells for adoptive immunotherapy
(Vivier et al., 2011). It has been demonstrated that NK cells
mediate graft-vs-myeloma effect (GvM) in MM patients under-
going allogenic hematopoietic cell transplantation (Reynolds
etal,, 2001). A recent study indicated that NK cells were capable
to kill clonogenic MM cells in vitro and in vivo (Swift et al., 2012).
The striking efficacy of the upfront immunomodulatory drugs
(IMiDs) in maintenance therapy of MM, have been identified to
be closely related to its positive influence on NK cell function
(McDaniel et al., 2012). All these results suggested that adoptive
immunotherapy with NK cells provides a promising treatment
modality for eradication or control of the residual MM cells,
potentially complementing the first-line therapies.

However, adoption of primary allogeneic or autologous NK
cells is largely limited by difficulties in ex vivo cell expansion as
well as the variation in NK cell activity from different patients
(Tonn et al., 2001), which made the established NK cell lines an
attractive option as effector cells for immunotherapy. NK-92 is
the only NK cell line to be tested in clinical trials for immuno-
therapy of malignancies, and its safety and expansion feasi-
bility have been validated in phase I trial in renal cell cancer
or melanoma (Arai et al., 2008). NK-92 cells lack almost all
inhibitory killer cell immunoglobulin-like receptors (KIRs)
except KIR2DL4, which inhibit NK cell activation by binding
to HLA molecule on target cells (Tonn et al., 2001). The lack
of KIRs on NK-92 cells may, at least in part, account for its
marked anti-tumor activity against a broad spectrum of tumor
targets (Morett et al., 2001). NK-92MI is an interleukin-2 (IL-2)
independent derivative cell line of NK-92 by transfection of
human IL-2 cDNA, with the same characteristics of activated
NK cells as its parental NK-92 cells (Favors et al., 2012). Reprog-
ramming of NK cells with a chimeric antigen receptor (CAR)
proved an effective strategy to enhance their reactivity against
the antigen-expressing tumor cells or overcome resistance
(Boissel et al., 2009, 2012; Tassev et al., 2012).

CD138 (syndecan-1) is an integral membrane protein
widely expressed on differentiated plasma cells, and has
been taken as a primary diagnostic marker of MM (Lutz and
Whiteman, 2009). It acts as a receptor for the extracellular ma-
trix through its extracellular domain, mediating MM develop-
ment and proliferation (Dhodapkar et al., 1998; Bataille et al.,

2006). The high expression of CD138 on MM cells potentiates
it to be a specific immunotherapeutic target for MM. To
enhance the cytotoxicity of NK-92MI to CD138 expressing
MM cells, we transfected NK-92MI cells with a lentiviral vector
encoding a recombinant CAR termed scFv (4B3)-CD3¢ that is
CD138-specific single-chain antibody fragments (scFv) geneti-
cally fused to the CD3{ chain of the T-cell receptor (TCR) com-
plex (another signaling molecule known to trigger cytotoxicity
of NK cells) (André et al., 2004; Imai et al., 2005), via a flexible
hinge region of CD8. Then we detected the expression of CAR
on the transfected NK cells, and examined their anti-MM po-
tential in vitro and in vivo.

2. Materials and methods
2.1. Cell culture

Human myeloma-derived cell line RPMI8226 secreting A light
chain, U266 secreting IgE A light chain, NCI-H929 secreting
IgA « light chain, plasma cell leukemia (PCL) cell line ARH-77
secreting 1gG « light chain, human erythroleukemic cell line
K562 and NK-92MI were introduced from the American Type
Culture Collection (Manassas, VA). NK-92MI and transduced
NK-92MI were incubated in alpha modification of Eagle’s min-
imum essential medium («-MEM; Invitrogen, Carlsbad, CA)
supplemented with 2 mM r-glutamine, 0.2 mM inositol,
0.02 mM folic acid, 0.01 mM 2-mercaptoethanol, 12.5% FBS
and 12.5% horse serum (Sigma—Aldrich Corporation, St Louis,
MO). All the other cell lines were cultured in RPMI-1640 me-
dium containing 10% FBS, 2 mM i-glutamine, penicillin (10
IU/ml) and streptomycin (100 pg/ml) (Invitrogen, Carlsbad,
CA) at 37 °C in a humidified atmosphere with 5% CO2. Cells
in the logarithmic growth phase were used for all experiments.

Peripheral blood samples collected from three healthy vol-
unteers were processed by Ficoll-Paque density gradient
centrifugation to obtain PBMNC. Primary myeloma cells
were isolated from bone marrow aspirates of five newly diag-
nosed MM patients approved by the Institutional Ethics Com-
mittee (Shanghai Changzheng Hospital Institutional Ethics
Committee). All participants provided their written informed
consent. The patients with MM were hospitalized in Shanghai
Changzheng Hospital from October 2009 to December 2012,
including three males and two females with a median age of
53 years (ranging from 40 to 69 years) (Table 1). The mononu-
clear cells from the bone marrow aspirates were isolated using
CD138 MACS MicroBeads and an automatic MACS magnetic
cell sorter machine (Miltenyi, Bergisch Gladbach, Germany)
according to the manufacturer’s instructions and as described
by Baumann et al. (2012). The primary myeloma cells were
grown in the same medium as that for MM cell lines.
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Table 1 — Clinical features of patients.

Case Sex Age M- D-S ISS” Percentage of

number protein stage® stage plasma cells
in BM€ at
diagnosis

1 Female 50 IgAA IIA I 31%

2 Male 40 A A I 55%

3 Female 69 IgG2a IIIB II 59.5%

4 Male 63 « A I 40.5%

5 Male 53 IgG A 1IIB 1II 28.5%

a D-S stage, Durie—Salmon stage.
b ISS, International Staging System.
c BM, bone marrow.

2.2. Flow cytometry

For CD138 staining, tumor cells were harvested, stained with
anti-CD138-PE (Miltenyi, Bergisch Gladbach, Germany), and
analyzed using a Navios flow cytometer (Beckman Coulter).

2.3. Generation of CD138 specific-CAR modified NK cells

2.3.1. Construction of the CAR-scFv (4B3)-CD3¢
cDNA of variable domains of heavy-chain (Vy) and light-chain
(V) of CD138-specific monoclonal antibody 4B3 were derived
by RT-PCR of mRNA from hybridoma cells generating 4B3
(Sun et al., 2007). The universal primers for amplification of
Vy and Vi domain were as follows: Vy: forward 5-AGGTG/
CA/CAG/ACTGCAGG/CAGTCT/AGG-3/; reverse 5-
TCTTGTCCACCTTGGTGCTGCTG-3'. Vy: forward 5-CAA/CAT
TG/CT/AGATGACCCAGTCTCCA-3'; reverse 5'-GTTAGATCTC-
CAGCTTGGTCC C-3'. The PCR condition was 94° C for 10 min
followed by 35 cycles at 94° C for 30 s, 67° C for 30 s and 72°
C for 3 min plus a final extension period at 72° C for 7 min.
The PCR products were confirmed and subcloned into
pMD18-T vector (Takara, Dalian, China). Positive clones were
sequenced by ABI 3730xl sequencer. Then, the full length
cDNA sequences of Vy and V; were obtained by the 5'- rapid
amplification of c¢DNA ends (RACE) PCR as previously
described (Maruyama et al., 1995). For the RACE PCR of Vy
and Vi, the first and second round of PCR amplifications
were carried out using primers (Vy 1st forward 5'- CTACAGA-
CAGTGTGGCCTTGCCCTTG -3/, reverse 5-CAGCCTACGTG-
GATCTCAGCAGCCTTA-3; Vy 2nd forward 5-GGTGTAG
CCAGAAGTCTTACAGGACAG-3, reverse 5-CCAAGGCAC-
CACTCTCACAGTCTCC-3'; Vi 1st forward 5- AAGCGGTTG-
GAAACTCTGTAGATCAGGAGT -3, reverse 5'-
AGGTTCAGTGGC AGTGGATCAGGGAC -3'; Vi, 2nd forward 5'-
TGATCTCCAAGACTG ACAGGTAGGGAG -3, reverse 5'-
GGAGGCTGAGGATCTGGGAGTTTATT -3'). The 1st and 2nd
round PCR were carried out for 30 cycles with the following
conditions: 94 °C for 30 s denaturation, 55 °C for 30s annealing
and 72 °C for 1 min extension reaction. The PCR products were
purified and sequenced by ABI 3730x] sequencer.

The putative signal peptide sequence of heavy chain was
identified by SignalP 3.0 Server. Subsequently, the integrated
cDNA of the fusion protein was artificially synthesized,

comprising the sequence encoding the SP of heavy chain,
VH and VL linked by a (G4S)s-linker (scFv (4B3)), in conjunction
with human CD3¢ chain (QSFGLLDPKLCYLLDGILFIYGVIL-
TALFLRVKFSRSADAPAYQQGQNQLYNELNLGRREEYDVLDKRR
GRDPEMGGKPQRRKNPQEGLYNELQKDKMAEAYSEIGMKGERRR
GKGHDGLYQGLSTATKDTYDALHMQALPPR) by human CD8a
hinge region (LSNSIMYFSHFVPVFLPAKPTTTPAPRPPTPAP-
TIASQPLSLRPEACRPAAGGAVHTRGLDFA). The construct was
then cloned into pCDNA3.1 (+)/myc plasmid (invitrogen) and
sequenced for identification.

2.3.2.  Transduction of NK-92MI cells and establishment of a
stable transfected NK-92MI cell line

The complete CAR sequence was cloned into the Sall, BamHI
restriction sites of pLenO-GTP lentiviral Vector (Invabio,
Shanghai, China), yielding pL-scFv (4B3)- CD3{. Lentiviruses
were generated by transfection of 80% confluent HEK293T
cells with pL-scFv (4B3)-CD3¢ or control plasmid, together
with pRsv-REV, pMDIg-pRRE and pMD2G (Tronolab) using
2.5 mol/L CaCl,. Lentivirus was harvested at 72 h post trans-
fection, centrifuged to remove cell debris, and then filtered
through a 0.45 pm cellulose acetate filter followed by ultracen-
trifugation at 50,000 x g 16 °C for 120 min. Then, the pellet was
resuspended with 1 x PBS. The Lentiviral titer was then deter-
mined by detecting the EGFP using flow cytometry-based
method (Savan et al., 2010). In brief, 293T cells were plated
at 1 x 10%/well with DMEM-10 in a 6-well plate and incubated
overnight. The next day, the medium was removed and the
cells were transduced with a 10-fold dilution series of virus
in the DMEM-10 with 8 pg/ml polybrene, generating 1 ml,
1071, 1072, 1073, 107%, 107> ml of virus/well. After incubation
overnight at 37 °C, replace the media with fresh DMEM-10.
Forty-eight hours after infection, cells were detached by add-
ing trypsin/EDTA and resuspended in 1 x PBS, and analyzed
for EGFP expression using FACS. Use a well that has between
0.1% and 10% of cells expressing EGFP to determine titer.
The titer of virus was calculated as follows.

Titer (293T — transducing units/ml)
= 100,000 (target cells) x (% of EGFP
— positive cells/100)/volume of vectors(in ml)

For lentivirus infection, NK-92MI cells in logarithmic growth
phase were adjusted to 1 x 10° cells/ml using NK cell medium,
followed by addition of lentivirus supernatant at the MOI of
50—100 in the presence of 8 ug/ml polybrene overnight at
37 °C. Then the cells were grown for 40 h in fresh NK-92MI me-
dium before puromycin (Calbiochem, Bad Soden, Germany)
was added to a final concentration of 5 ug/ml for selection of
transgene-positive cells.

Transfected NK-92MI cells were repeatedly selected by
addition of 5 pg/ml puromycin to the culture medium. After
2—3 week selection, the dead NK-92MI cells were removed
by density gradient centrifugation using Lymphoprep TM
(1.077 g/ml, Axis-Shield PoC AS, Oslo, Norway). Mock (empty
vector with EGFP) transfected NK-92MI were transfected
with the plasmid pLenO-GTP and selected with puromycin.
The transfection efficiency of NK-92MI by lentiviral vector
was determined by flow cytometry. Single-cell suspensions
(5 x 10°) of scFv (4B3)-CD3¢-transfected NK-92MI (NK-92MI-
scFv), empty vector-transfected NK-92MI (NK-92MI-mock) or


http://dx.doi.org/10.1016/j.molonc.2013.12.001
http://dx.doi.org/10.1016/j.molonc.2013.12.001
http://dx.doi.org/10.1016/j.molonc.2013.12.001

300 MOLECULAR ONCOLOGY 8 (2014) 297-310

parental NK-92MI were washed twice in PBS, and the expres-
sion proportion and mean fluorescence intensity (MFI) of EGFP
were detected by a Beckman Coulter Navios flow cytometer.

2.3.3. Identification of CAR expression in NK-92MI-scFu

2.3.3.1. RNA Extraction and RT-PCR. Total RNA was extracted
from NK-92MI-scFv, NK-92MI-mock or parental NK-92MI cells

Specific lysis (%) =

Experimental — Effector Spontaneous — Target Spontaneous "

BB4, Immunotech, Beckman Coulter, Inc.) or an isotype-matched
control antibody (mouse anti-human IgG1) for 30 min, followed
by co-culture with various effector cells for 4 h. The supernatants
were collected, and the LDH release in the supernatants was
evaluated by a colorimetric reaction (absorbance at 490 nm).
The spontaneous release of effector and target cells and
maximum release of target cells were also measured. The per-
centage specific lysis was calculated as follows:

100

using the TRI Reagent (Sigma) according to the manufacturer’s
protocol. RNA was then treated with DNasel (Roche Diagnos-
tics), purified through a RNeasy column (Qiagen) and electro-
phoresed to determine the integrity of the extracted RNA.
Complementary DNA (cDNA) was synthesized from 2 pg of to-
tal RNA using random hexamers (Proligo) and SuperScript III
Reverse Transcriptase (Invitrogen). RT-PCR was performed us-
ing primers specific for scFv (4B3) sequence: forward 5'-
AGCCTGACAAGCGAGGATAGC-3/, reverse 5'- GTCTGGGTCAT-
CACCACATCG-3. The primers for GAPDH: forward 5'-
GGAGTCCACTGGCGTCTTC-3, reverse 5- GCTGATGATCTT-
GAGGCTGTTG-3'. The RT-PCR conditions were as follows:
10 min at 94 °C, denaturation at 94 °C for 20 s, annealing at
59 °C for 30 s, and extension at 72 °C for 60 s.

2.3.3.2. Immunofluorescence assay. To identify the membrane
surface expression of the constructed CAR on NK-92MI-scFv
cells, the cells were labeled with 200 nM CFSE (Sigma) in a vol-
ume of 1 ml 1 x PBS for 1 x 10° cells for 8 min at 37 °C as
described previously (Olson et al., 2009). After washed twice
in PBS, the cells were resuspended in 1 x PBS (4 x 10°/ml)
and cytospinned, followed by direct immunofluorescence
staining as described previously (Heinz et al., 2010). In sum-
mary, the transfected NK-92MI cells on slides were incubated
in 0.05% Tween 20 in 1 x PBS (PBST) for 25 min at room tem-
perature. After removal of Tween 20, the cells were incubated
with blocking solution (2% bovine serum albumin in 1 x PBS)
for 10 min at room temperature. Then, blocking solution
was replaced with 1:64 dilution of tetramethylrhodamine iso-
thiocyanate (Tritc)-labeled goat anti-mouse IgG (Fab specific)
(t7782, Sigma). After incubation for 1 h in the dark at room
temperature, cells were washed three times with 1 x PBST
and stained with DAPI (Invitrogen). The slices were analyzed
by fluorescence microscopy (Olympus BX51).

2.4. Cytotoxicity assays

The LDH release assay was performed by using CytoTox 96°
Non-Radioactive Cytotoxicity Assay (Promega Corporation,
USA) according to the manufacturer’s instructions. Briefly,
transfected or parental NK-92MI (effector cells) were co-
cultured for 4 h with a constant number of target cells (2 x 10%
at effector-to-target (E:T) ratio of 10:1, 5:1, 1:1 in a total volume
of 150 pl. In the competition binding assay, the target cell (U266
and RPMI8226) were pretreated with 30 ng/ml CD138 mAb (clone

Target Maximum — Target Spontaneous

In the apoptotic assay, effector cell NK-92MI-scFv, NK-
92MI-mock or paretal NK-92MI were labeled with CFSE and
immediately co-cultured with a constant number of target
cells (5 x 10%), at E:T ratios of 10:1, 5:1 and 1:1. Cells were incu-
bated in 48-well microplates in a total volume of 150 ul
RPMI1640 complete medium for 4 h in a 5% CO, atmosphere
at 37 °C. Cell mixtures were then washed twice in PBS, and
apoptotic cells were detected with Annexin V—APC (BD Biosci-
ences) and propidium iodide (PI) (Beckman Coulter), and
analyzed on a Beckman Coulter Navios flow cytometer. The
CFSE fluorescence distinguished the effector cells from the
target cells, and the apoptotic target cells, including the
annexin V*/PI" and annexin V*/PI” cells in CFSE-negative
gated target cells were detected. The cytotoxicity was calcu-
lated as the proportion of annexin V* target cells to the total
target cells. Analysis was performed using Navios software.
Data presented are the mean =+ SD of three separate
experiments.

2.5. ELISA for secreted IFN-y and granzyme B by NK
cells

The ability of NK-92MI-scFv and NK-92MI-mock to produce
IFN-y and granzyme B in response to CD138-positive target
cells were analyzed by ELISA as previously described (Hoover
etal., 2009). The effector cells were co-cultured with a constant
number of target cells (1 x 10°) at various E:T ratios in 48-well
microplates within a final volume of 150 ul RPMI1640 complete
medium. After incubation for 4 h, the supernatant were
collected and used for ELISA assays. Human IFN-y ELISA kit
(catalog: VAL104) and granzyme B ELISA kit (catalog:
BMS2027) were respectively obtained from R&D Systems, Inc.
(MN, USA) and eBioscience (San Diego, CA, USA). The results
represented the mean =+ SD of three separate experiments.

2.6. CD107a and Fas-L assays

The scFv (4B3)-CD3¢- or mock-transfected NK-92MI cells were
co-cultured with different target cells (1 x 10° at the E:T ratio
of 1:1 and anti-CD107a-PECy5 (BD Bioscience, San Jose, CA) or
an isotype-matched control was added to the tubes at 20 pl/ml
at the beginning of the cultures. Cells were incubated for 1 h at
37 °C in 5% CO2 after which monensin (Golgi-Stop, BD Biosci-
ences) was added to a final concentration of 6 ug/ml and incu-
bated for an additional 3 h at 37 °C in 5% CO2. Cells were then
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stained with Alex fluor 647-conjugated anti-CD178 (Fas-
ligand, Fas-L) mADb or Alex fluor 647-conjugated mouse IgG1
isotype control (AbD Serotec). The CD107a and Fas-L expres-
sion were measured in EGFP-gated NK cells using Beckman
Coulter Navios flow cytometer, and data analysis was per-
formed using Navios software.

2.7. Murine models

Five to 7-week old male nonobese diabetic (NOD)/severe com-
bined immunodeficient (SCID) mice (Shanghai SLAC Labora-
tory Animal CO. LTD) were subcutaneously injected into the
right flank with 5 x 10° RPMI8226 or ARH-77 cells in a mixture
of 100 ul PBS and 100 pl matrigel (BD Biosciences). One to 2-
week later when palpable tumors (>5 mm in diameter) devel-
oped, mice inoculated with RPMI8226 or ARH-77 were
assigned into three treatment groups (6 per group) receiving
intravenously injection of 4 x 10”7 10Gy-irradiated NK-92MI-
scFv or NK-92MI-mock or the vehicle alone (PBS) via tail vein
every other day for a total of three injections. Then, the tu-
mors were measured with a caliper at their greatest length
and width every alternate day to estimate the tumor volume,
using the following formula: 47/3 x (tumor width/2)? x (tumor
length/2) (Frost et al., 2004). Mice were humanely sacrificed
when subcutaneous tumors reached 15 mm in diameter or
when moribund. Survival was evaluated from the first day of
treatment until death. Mice studies were approved by the
Institutional Animal Care and Use Committees of the second
military medical University.

2.8.  Immunohistochemistry

Immunohistochemical studies were performed using
routinely fixed and processed, paraffin-embedded sections of
the xenograft subcutaneous tumors, and heat-induced epitope
retrieval was performed as described previously (Khouryetal.,
2003). In brief, the tissue sections were placed in plastic Coplin
jars containing preheated target retrieval solution (DAKO)
heated in a household vegetable steamer (Sunbeam-Oster,
Model Sunbeam 4713/5710, 900 W) for 35 min, and allowed to
cool at room temperature for at least 15 min. We used the pri-
mary antibody specific for CD20 (clone L26, Abcam), CD138
(clone B-A38, Abcam), « (clone EPR5367-8, Epitomics), A (clone
EPR5367, Epitomics), CD2 (clone L26, Abcam), at a dilution of
1:250. The primary antibody was incubated at 4 °C for 6—8 h.
Detection of primary antibody was achieved using the
LSAB + kit (DAKO, Carpinteria, CA, USA), which contains sec-
ondary biotinylated antibody and streptavidin/horseradish
peroxidase complex, according to the manufacturer’s recom-
mendations. Nuclei were counterstained with hematoxylin
and sections were evaluated by light microscopy using an
Olympus BH-2 microscope (Olympus, Melville, NY, USA).

2.9. Statistical analysis

Statistical analysis was performed using the GraphPad Prism
and Statistical Package for Social Sciences 15.0 (SPSS Inc.,
USA). In vitro data represent means of three replicates and re-
sults are representative of at least three independent experi-
ments. Significance levels were determined by two-tailed

Student’s t test analysis. A p value of 0.05 or less was consid-
ered statistically significant. For in vivo experiments, tumor
volumes were compared using One-Way Anova test for multi-
ple comparison. Student’s t test was used for comparison be-
tween two groups. Survival was assessed using Kaplan—Meier
curves and log-rank analysis.

3. Results

3.1. Expression of CD138 in myeloma and plasma cell
leukemia cell lines

We first evaluated the CD138 expression in MM cell line U266,
RPMI8226, NCI-H929, and plasma cell leukemia (PCL) cell line
ARH-77. Flow cytometric analyses demonstrated that CD138
is highly expressed on all MM cell lines tested except ARH-
77 (Supplementary Figure S1).

3.2. Generation of NK-92MI cells carrying a CD138-
specific CAR

A CD138-specific CAR was generated by synthesizing the
cDNA sequence encoding the N-terminal heavy-chain signal
peptide (SP) (MGWSSIILFLVATATGVHS), scFv (4B3) consisting
of Vy-linker-V;, human CD8a hinge region, and CD3¢ chain.
A schematic representation of the resulting CAR construct
was shown in Figure 1A.

Following repeated selection of transfected NK-92MI cells
with puromycin, the expression proportion of EGFP in both
NK-92MI-scFv and NK-92MI-mock exceeded 95%, as shown
in Figure 1B. The high-level transgene expression remained
unchanged during the present study, and was routinely
confirmed by FACS analysis.

3.3. Expression of CAR by NK-92MI-scFv

The mRNA expression of CD138-specific CAR-encoding gene
in NK-92MI-scFv was confirmed by reverse transcription-
polymerase chain reaction (RT-PCR) (Supplementary
Figure S2). Importantly, the CAR protein expression on the
cell surface of NK-92MI-scFv was demonstrated by immuno-
fluorescence staining using Tritc-labeled goat anti-mouse
IgG (Fab specific) antibody (Figure 1C). The specific recognition
of scFv sequence derived from mouse monoclonal IgG (4B3) on
the cell surface by this goat anti-mouse IgG antibody
confirmed the CAR membrane expression by NK-92MI-scFv.

3.4. Enhanced cytotoxicity of NK-92MI-scFv cells
against CD138-positive MM cells

To investigate whether genetic modification resulted in an
alteration of the intrinsic cytotoxic properties, the cytotoxicity
of transduced NK-92MI and parental NK-92MI toward CD138
positive myeloma cells were compared by LDH release assays
and flow cytometric analysis of cell apoptosis. Considering the
human erythroleukemic cell K562 has been taken as a stan-
dard target control for its high sensitivity to NK-92 mediated
killing (Uherek et al., 2002), the cytotoxicity of both NK-92MI-
scFv and NK-92MI-mock against K562 equaled that of parental
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Figure 1 — Transduction of NK-92MI cells with a lentiviral vector
carrying a CD138-specific CAR-encoding gene (A) Schematic
representation of the CD138-specific CAR construct and the
lentiviral vector. A CD138-specific CAR was generated by
synthesizing the cDNA sequence encoding the N-terminal heavy-
chain signal peptide (SP), scFv (4B3) consisting of Viy-linker-Vy,,
CD8a hinge region, and CD3¢ chain. (B) The CAR- or empty
vector-transfected NK-92MI cells were repeatedly selected by
puromycin, resulting in a stable transfected cell population with an
EGFP expression proportion exceeding 95%, as determined by flow
cytometry. (C) The membrane expression of CAR on NK-92MI-scFv
was identified by immunofluoresence assay using a Tritc-labeled goat
anti-mouse IgG (Fab specific) antibody. The whole cell was
counterstained with CFSE. Magnification: X 1000.

NK-92MI even at low E/T ratios in LDH release assay
(Figure 2A), indicating that the genetic modification did not
alter the intrinsic cytotoxicity of transfected NK-92MI cells
against NK-92MI-sensitive targets. Concurrently, no obvious
cytotoxicity of the transfected NK-92MI cells was observed
against PBMNC derived from three healthy donors (Figure 2A).

Toward RPMI8226, there was still no significant difference
in the cytotoxicity between NK-92MI-mock and parental NK-
92MI. In contrast, NK-92MI-scFv exerted markedly enhanced
anti-MM activity compared with NK-92MI-mock (19.6 + 3.3%
vs 30.3 £ 5.3% for EET = 1:1 p = 0.041, 243 + 5.8% vs

45.4 + 4.6% for E:T = 5:1 p = 0.008, 27.2 + 6.6% Vs 56.2 + 6.8%
for E:T = 10:1 p = 0.006) (Figure 2B). The significantly increased
cytotoxicity of NK-92MI-scFv toward U266 and NCI-H929 were
also found at all E:T ratios, compared with NK-92MI-mock or
NK-92MI (Figure 2C and D). For example, the cytotoxicity of
NK-92MI-mock and NK-92MI-scFv were 68.3 + 54% Vs
915 + 6.4% (p = 0.009) toward U266, 34.2 + 6.6% vs
63.0 + 4.6% (p = 0.003) toward NCI-H929 at the E:T = 10:1.
Whereas, no difference in the cytotoxicity between NK-92MI-
mock and NK-92MI-scFv against ARH-77 was detected at all
E:T ratios tested (e.g., 13.2 & 3.3% vs 15.4 + 4.2% for E:T = 5:1
p = 0.515, 12.5 + 2.8% vs 14.9 + 2.6% for E:T = 10:1 p = 0.338)
(Figure 2E). In the five primary MM cells, the cytotoxicities of
NK-92MI-scFv were also significantly higher than those of
NK-92MI-mock nearly at all E:T ratios, e.g., 32.4 £ 5.2% vs
70.7 + 6.3% (p = 0.001), 26.2 + 3.3% vs 48.8 + 6.5% ( p = 0.006),
22.1 + 5.5% vs 468 + 6.9% ( p = 0.008), 169 + 2.1% vs
55.4 + 6.1% (p < 0.001), 29.9 + 4.7% vs 63.8 + 6.1% (p = 0.002)
in Pt 1-5 at E:T of 10:1, respectively, except at the E:T of 1:1in
Pt 2 and Pt 5 (Supplementary Figure S3).

To confirm the results from LDH release assays, we per-
formed apoptotic assays with Annexin V-PI dual staining by
flow cytometry. Apoptotic analyses verified the markedly
enhanced anti-MM activity of NK-92MI-scFv in contrast to
NK-92MI-mock toward MM cell line U266, RPMI8226, NCI-
H929 (Figure 3A and B), together with five primary MM cells
(Pt 1-Pt 5) (Figure 3C). Meanwhile, the cytotoxicity of NK-
92MI-scFv toward CD138 negative PCL cell ARH-77 was com-
parable to that of NK-92MI-mock (Figure 3B), in line with the
results from LDH release assay.

These results strongly suggested that the improvement in
cytotoxicity of NK-92MlI-scFv toward MM cells was strictly
dependent on the CD138 expression on the target cells.

3.5. The mAb BB4 markedly attenuated the enhanced
anti-MM activities of NK-92MI-scFu

To ascertain whether the increase in cytotoxicity of NK-92MI-
scFv was directly related to the CD138 specific CAR stimula-
tion, we preincubated U266 and RPMI8226 with CD138 mAb
BB4 for 30 min, and then detected the cytotoxicity of NK-
92MI-scFv toward these pretreated targets at an E/T ratio of
10:1 by LDH release assay. As shown in Figure 4, NK-92MI-
scFv—mediated killing of MM cells was markedly attenuated
by the pretreatment of CD138 mAb BB4 as compared to the
group pretreated by irrelevant control mAb (79.6 + 4.4% vs
93.5 + 2.6% in U266 p = 0.009, 32.3 + 7.4% vs 65.8 + 4.9% in
RPMI8226 p = 0.003). These results confirmed the dependence
of enhanced cytotoxicity induced by NK-92MI-scFv toward
CD138 positive target cells on the expression of CD138 antigen.

3.6. Elevated secretion of IFN-y and granzyme B by NK-
92MI-scFv in response to CD138-positive target cells

To determine whether the scFv (4B3)-CD3¢{—mediated killing
resulted in an increased cytokine/chemokine secretion, we
incubated the effector cell NK-92MI-scFv or NK-92MI-mock
with MM cell line RPMI8226, U266, NCI-H929 and 3 primary
MM cells (Pt1, Pt4 and Pt5) at different E/T ratios for 4 h, and
the supernatants were collected for ELISA assays. The results
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Figure 2 — Cytolytic activity of NK-92MI-scFv against CD138-positive and negative targets determined by LDH release assay. The transfected or
parental NK-92MI cells were co-cultured for 4 h with a constant number of target cells (2 X 10*) at E:T ratio of 10:1, 5:1, 1:1 in a total volume of
150 pl, respectively. The supernatants were collected, and the LDH release in the supernatants was evaluated by a colorimetric reaction

(absorbance at 490 nm). The cytolytic activity of transfected or parental NK-92MI toward K562 and PBMNC derived from three healthy donors
(A), RPMI8226 (B), U266 (C), NCI-H929 (D) and ARH-77 (E). Data presented are the mean + SD of three separate experiments. *p < 0.05,

*p < 0.01 compared with NK-92MI-mock at the same E:T ratio.

showed that NK-92MI-scFv contributed to a markedly
increased production of both IFN-y (e.g., 308.33 + 35.32 pg/
ml vs 49.57 + 26.17 pg/ml, p < 0.001 at the E/T ratio of 1:1;
1160.15 + 136.45 pg/ml vs 316.02 + 28.66 pg/ml, p < 0.001 at
the E/T ratio of 10:1 toward U266) and granzyme B (e.g.,
1620.86 + 144.41 pg/ml vs 443.85 + 69.98 pg/ml, p < 0.001 at
the E/T ratio of 1:1; 531167 + 35254 pg/ml vs
2305.87 £ 358.26 pg/ml, p < 0.001 at the E/T ratio of 10:1 toward
U266) in response to CD138-positive target cells at all ratios
tested, compared to NK-92MI-mock. The representative data
at the E/T ratio of 10:1 were shown in Figure 5A, B.

3.7. Increased CD107a expression and comparable Fas-
Ligand expression of NK-92MI-scFv compared with NK-
92MI-mock in response to CD138-positive target cells

CD107a has been shown to be a sensitive marker for NK cell
activation and correlates strongly with both cytokine secre-
tion and NK cell-mediated lysis of target cells (Alter et al.,
2004; De Santis et al., 2012). Fas-L/Fas interaction also plays
a significant role in NK cell-induced cytotoxicity (Lugini
et al,, 2012; Glassner et al., 2012). To investigate whether the

CD107a and Fas-L expression of NK-92MI-scFv also exceed
those of NK-92MI-mock upon stimulation, we incubated NK-
92MlI-scFv or NK-92MI-mock with RPMI8226, U266, NCI-H929
and three primary MM cells at the E/T ratio of 1:1 for 1 h or
4 h, and determined the CD107a and Fas-L expression on NK
cells by FACS analysis. A significant difference was observed
in the proportion of CD107a-expressing effector cells between
NK-92MI-scFv and NK-92MI-mock in response to all the
above-mentioned MM cells (e.g., 72.6 £ 5.5% vs 22.1 + 2.8%,
p < 0.001 in U266, 49.8 + 4.0% vs 11.7 £+ 3.3%, p < 0.001 in
RPMI8226, 45.2 + 3.2% vs 15.3 + 1.9%, p < 0.001 in NCI-H929
(Figure 5C, D). Whereas, the Fas-L expression on NK-92MI-
scFv was similar to that of NK-92MI-mock upon activation
by these MM cells (Figure 5E and F, p > 0.05), which suggested
that the Fas-L/Fas signaling may not be involved in the CAR-
mediated enhancement of anti-MM activity.

3.8.  Transfected NK-92MI cells retained their
cytotoxicities upon irradiation with 10Gy

To avoid the risk of NK cell line in vivo proliferation in adoptive
immunotherapy which may result in engraftment and
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Figure 3 — Cytotoxicity of NK-92MI-scFv against CD138 positive and negative MM cells determined by apoptotic analysis. CFSE-labeled
effector cells were cocultured with a constant number of target cells (5 X 10 at E:T ratios of 10:1, 5:1 and 1:1, and the apoptotic cells in CFSE-
negative gated target cells were detected by FACS analysis using Annexin V-APC and PI. (A) A representative density plots of discrimination of
effector and target cells by CFSE and the cytotoxicities of NK-92MI-scFv and NK-92MI-mock against RPMI8226 at various E:T ratios. (B, C)
Cytotoxicity of NK-92MI-scFv and NK-92MI-mock toward RPMI8226, U266, NCI-H929, ARH-77, K562 and five primary MM cells sorted by
CD138 magnetic microbeads (Pt1—Pt5). Data presented are the mean + SD of three separate experiments. *p < 0.05, ™p < 0.01, ™p < 0.001
compared with the cytotoxicity of NK-92MI-mock at the same E:T ratios.
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Figure 4 — Recognition specificity of NK-92MI-scFv toward target
cells expressing CD138. U266 and RPMI8226 cells were preincubated
with 30 pg/ml CD138 mAb (clone BB4) or an isotype-matched
control antibody for 30 min, followed by co-culture with NK-92MI-
scFv or NK-92MI-mock for 4 h. Then, the cytotoxicities of NK-
92MI-scFv and NK-92MI-mock toward these pretreated targets at an
E/T ratio of 10:1 were determined by LDH release assay. Data
presented are the mean + SD of three separate experiments.

*p < 0.05,*p < 0.01 compared with the isotype antibody-pretreated
group in NK-92MI-scFv.

secondary lymphoma in immunocompromised patients, we
irradiated the transfected NK-92MI cells with 10Gy and
compared their cytotoxicity with their non-irradiated coun-
terparts. We found that 10Gy irradiation completely blocked
the further proliferation of NK-92MI-mock and NK-92MI-
scFv by [*H] thymidine incorporation and cell viability assays
(data not shown). However, the cytotoxicity of irradiated
NK-92MI-mock or NK-92MI-scFv was comparable with their
non-irradiated counterparts toward U266, RPMI8226, ARH-77
and primary MM cells (Pt 5) at the E/T ratios of 5:1 and 10:1
by FACS apoptotic analysis (Supplementary Figure S4,
p > 0.05). Moreover, the viabilities of transfected NK-92MI-
mock and NK-92MI-scFv remained as high as 62—65% 72 h af-
ter irradiation with 10Gy assessed by trypanblue dye exclusion
test (data not shown).

3.9. Anti-MM efficacy of irradiated NK-92MI-scFv in
xenografts

To compare the anti-tumor activity of irradiated NK92MI cells
expressing scFv (4B3)-CD3¢ with that of the mock-transduced
cells in vivo, we established a CD138-positive (RPMI8226) or
CD138 negative (ARH-77) human plasma cell malignancy
xenograft model. The subcutaneous injection of RPMI8226 or
ARH-77 led to rapid tumor formation in one to two weeks after
inoculation, as determined by immunohistochemistry stain-
ing (Figure 6A). As shown in Figure 6B, the injection with
NK-92MI-scFv or NK-92MI-mock after irradiation with 10Gy
markedly inhibited the RPMI8226 tumor growth since 17
days after treatment compared with PBS control (p < 0.01,
One-Way Anova test). A significantly enhanced antitumor ef-
fects of irradiated NK-92MI-scFv on RPMI8226 tumor
growth was evident since 21days after treatment, compared

with irradiated NK-92MI-mock (i.e., tumor volume,

526.30 + 164.12 mm? vs 886.24 + 234.23 mm?, p = 0.015, on
day 21; 765.41 + 67.15 mm? vs 1126.03 + 179.39 mm?®,
p = 0.001, on day 28, Student’s t-test). Correspondingly, the
survival of mice treated with NK-92MI-scFv was significantly
prolonged compared with NK-92MI-mock-treated group
(p < 0.001, log-rank (Mantel Cox) Test, Figure 6D). Whereas,
NK-92MI-scFv only exerted similar in vivo anti-tumor efficacy
as NK-92MI-mock in inhibition of ARH-77 tumor (p = 0.093,
log-rank (Mantel Cox) Test, Figure 6C and E). We found that
the NK-92MlI-scFv cells were detectable in appreciable
numbers in the MM tumor bed more than 20 days after adop-
tive transfer, as shown in Figure 6F. Furthermore, there were
many apoptotic cells surrounding the labeled effector cells.

These results were in line with those from in vitro experi-
ments, confirming that the intensified in vivo anti-MM activity
of NK-92MI-scFv is dependent on the binding of scFv (4B3)-
CD3¢ to CD138 antigen expressed by MM cells.

4. Discussion

NK cells are important effectors of innate immunity, and
function as a first-line defense in the control of malignancies
(Longetal., 2013). However, many tumors escape this immune
surveillance, possibly due to either the dysfunction of NK
cells, or to inherent features of tumor cells that interfere their
recognition by NK cells and the subsequent NK cell activation
(Maki et al., 2008; Hasenkamp et al., 2006). NK cell activation is
regulated by the combined effect of suppressive and stimula-
tory signals delivered through surface receptors (Hudspeth
etal., 2013). Previous studies have showed that NK cell activity
is reduced in MM, and MM cells may develop mechanisms to
escape NK cell immunosurveillance by up-regulating classical
or nonclassical HLA class I molecule to inhibit NK cell function
upon ligation with certain KIRs on NK cell surface (Maki et al.,
2008). In addition, Costello et al. (2013) recently demonstrated
that three major activating NK receptors (NCR3/NKp30,
NKG2D and CD244/2B4/p38) were drastically down-regulated
at the site of tumor, i.e., BM in MM. Hence, enhancing the acti-
vating signaling of NK cells would be an optimal strategy to
overcome the inhibitory signaling, which is probably adap-
tively up-regulated in the setting of MM.

Transduction of NK cells with a CAR has been shown to
facilitate the generation of antigen-specific NK cells and
directly trigger the intrinsic cytolytic effector functions
through the signaling molecule CD3¢ linked to antigen recog-
nition region (Boissel et al., 2012; Chang et al., 2013; Shimasaki
and Campana, 2013). CD138 (syndecan-1) is highly expressed
on MM cells, making it an attractive immunotherapeutic
target for MM (Lutz and Whiteman, 2009). Herein, the geneti-
cally modified NK-92MI-scFv cells harbors the scFv sequence
specific for CD138 mAb 4B3 on membrane, which recognizes
epitopes similar to the commercialized CD138 mAb BB4 as
determined by competition assay (Sun et al., 2007). Western
blot assay also showed that 4B3 could recognize the same mo-
lecular weight protein band of U266 cell lysis as BB4 mAb (Sun
et al., 2007). It is clear that BB4 binds to a linear epitope of the
core protein of CD138, and preferentially binds to membrane-
bound vs soluble CD138; In addition, BB4 strongly reacts with
CD138 highly expressing MM cell line, but not with endothelial
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Figure 5 — Enhanced activation of NK-92MI-scFv in response to CD138-positive MM cells. The effector cell NK-92MI-scFv or NK-92MI-mock
were co-cultured with a constant number of target cells (1 X 10°) at various E:T ratios in 48-well microplates within a final volume of 150 pl
RPM1I1640 complete medium. After incubation for 4 h, the supernatant were collected and used for detection of IFN-y and granzyme B by ELISA
assays. The representative data of the secretion of IFN-v and granzyme B by NK-92MI-scFv or NK-92MI-mock in response to U266, RPMI18226,
NCI-H929 and three primary MM cells (Pt1, Pt4, Pt5) at the E:T ratio of 10:1 were shown in (A) and (B). (C, D) NK-92MI-scFv or NK-92MI-
mock were cocultured with the foresaid myeloma cells at the E:T ratio of 1:1 in the presence of anti-CD107a-PECy5 or an isotype-matched control
for 1 h, followed by addition of monensin and incubation for additional 3 h. The CD107a were measured in EGFP-gated NK cells by flow
cytometry. The representative dot plots (U266 and RPMI8226) and proportions of CD107a expression on NK-92MI-scFv and NK-92MI-mock in
the presence or absence of MM cells were shown. (E, F) NK-92MI-scFv or NK-92MI-mock were cocultured with MM cells at E:T ratio of 1:1 for
4 h, and then stained with Alex fluor 647-conjugated anti-CD178 (Fas-L) mAb or Alex fluor 647-conjugated mouse IgG1 isotype control (AbD
Serotec). The Fas-L expression was measured in EGFP-gated NK cells by flow cytometry. The representative dot plots (U266 and RPMI18226) and
proportions of Fas-L expression on NK-92MI-scFv and NK-92MI-mock in the presence or absence of MM cells were shown. Data presented are
the mean * SD of three separate experiments. *p < 0.05, **p < 0.01, **p < 0.001 compared with NK-92MI-mock at the same E/T ratio.

cells (Wijdenes et al., 2002). Considering the similarity in epi- After antibiotic selection, we established a stably trans-

topes recognized by BB4 and 4B3, all the above-mentioned
characteristics of BB4 probably endow the constructed scFv
(4B3) with binding sensitivity and specificity to membrane-
bound CD138 expressed by MM cells, while their off-target ef-
fects, e.g., on CD138-expressing endothelial cells, is likely
minimal.

fected NK-92MI cell population that displays homogenous
and high-level surface expression of the CAR, which has not
changed substantially during continuous propagation for
more than one year. Most importantly, transduction of NK-
92MI with the lentiviral vector does not alter its intrinsic fea-
tures, as indicated by the unchanged cytotoxocity of the
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Figure 6 — Improved anti-MM efficacy induced by irradiated NK-92MI-scFv against CD138-positive MM cell in xenograft model. Mice
challenged subcutaneously with RPM18226 or ARH-77 cells (5 x 10°%). When palpable tumors (25 mm in diameter) developed, mice inoculated
with RPMI8226 or ARH-77 were randomly assigned into three treatment groups (6 per group) receiving intravenously injection of 4 x 107 10Gy
—irradiated NK-92MI-scFv or NK-92MI-mock or the vehicle alone (PBS) via tail vein every other day for a total of three injections. (A)
Representative immunohistochemistry slides of subcutaneous xenograft sections for RPMI8226- and ARH-77-challenged mice.

Magnification: X 400. (Scale bar: 20 pm); Caliper measurements of the greatest length and width were performed on alternate days to estimate the
tumor volume using the following formula: 47t/3 X (tumor width/2)*> X (tumor length/2). The tumor volume of mice challenged with RPMI8226
(B) or ARH-77 (C) was expressed as mean + SD. Mice were humanely sacrificed when subcutaneous tumors reached 15 mm in diameter. Survival
was evaluated from the first day of treatment until death. Survival were shown for mice challenged with RPMI8226 (D) or ARH-77 (E). (F)
Human NK cells were detectable in appreciable numbers in the MM tumor bed of sacrificed mice 29 days after adoptive transfer.
Immunohistochemical analysis of subcutaneous xenograft sections of RPMI8226- challenged mice 29 days after injection of NK-92MI-scFv or
NK-92MI-mock. The NK cells were stained brown with rabbit anti-human CD2 antibody using the LSAB + kit (DAKO, Carpinteria, CA, USA).
Nuclei are stained with hematoxylin. Magnification: X 400. (Scale bar: 20 pm) *p < 0.05, **p < 0.01 compared with mice treated with NK-92MI-
mock.
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resulting NK-92MI-scFv against K562 as compared to parental
NK-92MI.

The in vitro cytotoxicity of NK-92 against a panel of MM cell
lines has been demonstrated by chromium release assay or
apoptotic analysis by FACS in separated studies (Swift et al.,
2012; Maki et al., 2008). Despite the discrepancies in cytotoxic-
ities of NK-92 toward the same MM cell line between different
groups or methods, the MM cell lines were mostly insensitive
to the cytotoxic activity of NK-92 compared with K562. More-
over, the patient-derived primary MM cells were shown to be
consistently resistant to NK-92-mediated killing with less
than 15% cytotoxicity even at a high E:T ratio of 10:1 in a cal-
cein assay (Maki et al., 2008). NK-92MI has the same biologic
characteristics as NK-92. In our study, all the MM cell lines
and primary MM cells demonstrated much lower sensitivity
to NK-92MI-mediated cytotoxic activity, with a mean cytotox-
icity of not higher than 50% even at E:T ratio of 10:1 except for
U266, in contrast to the high sensitivity of K562 which exceeds
60% at a low E:T ratio of 1:1. In contrast, the transduced NK-
92MI-scFv exerted significantly increased cytotoxicity toward
all the CD138-positive MM cell lines and primary MM cells
tested so far, as compared to NK-92MI-mock. Even at a low
E/T ratio of 1:1, the anti-MM activity of NK-92MI-scFv was
also markedly elevated in the majority (4/5) of primary MM
cells. Whereas, the CD138-negative target ARH-77 remained
insensitive to NK-92MI-scFv. Furthermore, the enhanced cyto-
toxicity of NK-92MI-scFv was significantly inhibited if interac-
tion of the CAR with CD138 antigen was blocked by the
competitive mAb BB4, further confirming the specific recogni-
tion of NK-92MlI-scFv toward CD138 antigen expressed by MM
cells, and the increased cytotoxicity of NK-92MI-scFv was
dependent on the binding of CAR with CD138 antigen.

NK cell killing occurs predominantly via the perforin-
granzyme pathway and the Fas-L pathway, as well as secre-
tion of cytokines and chemokine, such as IFN-y (Finton and
Strong, 2012). In this study, in response to the same CD138-
positive target cell, NK-92MI-scFv produced much more IFN-
vy and granzyme B when compared with NK-92MI-mock.
Whereas, the Fas-L expression of NK-92MI-scFv was compara-
ble to that of NK-92MI-mock, which both elevated to a similar
extent in response to the same target cell. These results sug-
gested that the enhanced cytolytic activity of NK-92MI-scFv
was mainly mediated by perforin-granzyme pathway and
IFN-v, but not the Fas-L pathway.

CD107a is emerging as a sensitive marker of NK cell
degranulation, which correlates strongly with both cytokine
secretion and target cell lysis. Furthermore, CD107a proves
to represent a more comprehensive marker of NK activity as
it is expressed on a larger proportion of functionally active
cells that are not detected using simple assessment of cyto-
kine secretion (Schonberg et al., 2012). Herein, in accord with
the increased secretion of IFN-y and granzyme B by NK-
92MI-scFv, these CAR-expressing NK-92MI cells had a signifi-
cantly higher proportion of CD107a expression than NK-
92MI-mock upon activation by the same target cell even at a
low E:T ratio, strongly indicating that the CD138 specific CAR
upgraded NK cell activation in response to a CD138-
expressing target.

Finally, NK-92MI cells were originally established from
large granular lymphoma cells, and adoptive transfer of

irradiated NK-92MI cells would ensure the safety of such an
immunotherapeutic strategy in immunocompromised hosts.
Irradiation of NK-92 cells with 5-10 Gy has been shown to
block further cell division, but exerted negligible effects on
the NK cell cytotoxicity (Uherek et al., 2002). Our results
confirmed that transfected NK-92MI cells after irradiation
with 10 Gy could retain their substantial ex vivo cytotoxicity.
More importantly, the in vivo anti-MM activities of irradiated
NK-92MI-scFv were demonstrated in xenograft MM mouse
model in the present study. The specific anti-MM effects of
irradiated NK-92MI-scFv were observed when these cells
were intravenously administered following the formation of
subcutaneous xenograft, which markedly delayed tumor
growth and prolonged the survival in mice inoculated with
CD138 positive target cells compared with irradiated NK-
92MI-mock.

Nowadays, CD138 mAb-based therapies represent a prom-
ising strategy for the treatment of MM. For example, anti-
CD138 antibody-maytansinoid conjugates have been shown
to exert potent and selective cytotoxicity against CD138-
positive MM cells (Ikeda et al., 2009; Rousseau et al., 2012).
NK-92 is the first NK cell line to be tested in several clinical tri-
als, and its safety for clinical application has been validated.
There were at least two earlier studies demonstrating that
repeated adoptive transfer of NK-92 cells did neither result
in permanent engraftment in immunocompromised SCID or
NK cell-deficient pfp-Rag-2 mice, nor induce any organ
toxicity in spleen, kidney, lung, bone marrow or brain (Tam
etal., 1999a; Yan et al., 1998). Irradiation might also be adopted
to prevent in vivo proliferation of genetically modified NK-92-
MI cells. Irradiation of NK-92 cells with 5—10 Gy was shown to
efficiently block further cell division, but only exert trivial ef-
fect on cytotoxicity (Tam et al., 1999b). The tolerability of irra-
diated NK-92 cell transfusion was also confirmed by the
earlier phase I clinical trial. Herein, we redirected the NK-92
derivative NK-92MI to CD138-positive malignant cells by a
CD138-specific CAR fused to intrinsic signaling molecule,
thus upgrading the intrinsic cytotoxic potential of the effector
cells and their capacity to extravasate and home to tumor
sites. Our work provides the rationale and feasibility for adop-
tive immunotherapy with CD138-specific CAR-modified NK
cells in CD138-expressing plasma cell malignancies. It is
certain that this strategy could also be applied to modify the
expanded allogeneic or autologous NK cells by electroporation
to guarantee the safety of clinical application. Altogether, we
offer a new approach to enhance the anti-MM efficacy of NK
cell therapy and to widen its application.
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