
Articles and Brief Reports                                                               Cell Therapy and Immunotherapy

1020 haematologica | 2012; 97(7)

Acknowledgments: the authors
would like to thank Dr. Suzanne
Trudel, Princess Margaret
Hospital, Toronto, ON, CAN for
providing the RPMI 8226 and
NCI-H929 MM cell lines and Dr.
Hans Klingemann for NK-92.

Funding: this work was supported
by an Ontario Regional
Biotherapeutics (ORBiT) Program
grant from the Ontario Institute
for Cancer Research to AK and
JM. BES was supported by the
Natural Sciences Engineering and
Research Council of Canada and
an Ontario Graduate Scholarship,
BAW was supported by a Terry
Fox Clinical Research Fellowship
from the National Cancer
Institute of Canada and a
Canadian Institute for Health
Research Clinician Scientist
Award, JM was supported by
Spanish Health Office Grant
BA09/90019 and CRIS
Foundation, AK holds the Gloria
and Seymour Epstein Chair in
Cell Therapy and Transplantation
at the University Health Network
and the University of Toronto.

Manuscript received on
Septemebr 5, 2011. Revised
version arrived on January 12,
2012. Manuscript accepted 
January 17, 2012.

Correspondence: 
Armand Keating MD, Cell Therapy
Program, Princess Margaret
Hospital, 610 University Ave,
Toronto, ON, Canada, M5G 2M9. 
Phone: international 
+ 416.9464595. 
Fax: international 
+ 416.9464530. 
E-mail:
armand.keating@uhn.on.ca

The online version of this artivle
has a Supplementary Appendix.

Background
Novel therapies capable of targeting drug resistant clonogenic MM cells are required for more
effective treatment of multiple myeloma. This study investigates the cytotoxicity of natural killer
cell lines against bulk and clonogenic multiple myeloma and evaluates the tumor burden after NK
cell therapy in a bioluminescent xenograft mouse model.

Design and Methods
The cytotoxicity of natural killer cell lines was evaluated against bulk multiple myeloma cell lines
using chromium release and flow cytometry cytotoxicity assays. Selected activating receptors on
natural killer cells were blocked to determine their role in multiple myeloma recognition. Growth
inhibition of clonogenic multiple myeloma cells was assessed in a methylcellulose clonogenic
assay in combination with secondary replating to evaluate the self-renewal of residual progenitors
after natural killer cell treatment. A bioluminescent mouse model was developed using the human
U266 cell line transduced to express green fluorescent protein and luciferase (U266eGFPluc) to
monitor disease progression in vivo and assess bone marrow engraftment after intravenous NK-92
cell therapy.   

Results
Three multiple myeloma cell lines were sensitive to NK-92 and KHYG-1 cytotoxicity mediated
by NKp30, NKp46, NKG2D and DNAM-1 activating receptors. NK-92 and KHYG-1 demonstrat-
ed 2- to 3-fold greater inhibition of clonogenic multiple myeloma growth, compared with killing
of the bulk tumor population. In addition, the residual colonies after treatment formed significant-
ly fewer colonies compared to the control in a secondary replating for a cumulative clonogenic
inhibition of 89-99% at the 20:1 effector to target ratio. Multiple myeloma tumor burden was
reduced by NK-92 in a xenograft mouse model as measured by bioluminescence imaging and
reduction in bone marrow engraftment of U266eGFPluc cells by flow cytometry.  

Conclusions
This study demonstrates that NK-92 and KHYG-1 are capable of killing clonogenic and bulk mul-
tiple myeloma cells. In addition, multiple myeloma tumor burden in a xenograft mouse model
was reduced by intravenous NK-92 cell therapy. Since multiple myeloma colony frequency cor-
relates with survival, our observations have important clinical implications and suggest that clin-
ical studies of NK cell lines to treat MM are warranted.

Key words: multiple myeloma, natural killer cell lines, cytotoxicity, immunotherapy, clonogenic,
bioluminescent xenograft
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Introduction

Multiple myeloma (MM) is an incurable plasma cell
malignancy.1 Although clinical outcomes have improved
considerably with combination therapy, including
immunomodulatory agents, proteasome inhibitors, steroids
and hematopoietic cell transplantation, 10-year survival
remains around 20%.2-4 Clonogenic cells were first grown in
soft agar from MM patient samples in 1977,5 demonstrating
that colony formation is a property limited to a small pop-
ulation of cells. More recently, evidence for an MM stem
cell has been reported, with subsets of MM cells identified
that possess properties of normal stem cells, including
Hoechst side population enrichment, G0 cell cycle and high
aldehyde dehydrogenase activity.6-8 In addition, self-renew-
al of clonogenic MM cells was shown in vitro by serial
replating of MM colonies and in vivo by primary and sec-
ondary engraftment in NOD/SCID mice.6,9,10
Furthermore, clonogenic MM cells have demonstrated

drug resistance to conventional treatment, including dex-
amethasone, lenalidomide and bortezomib, suggesting that
these therapies may target MM plasma cells to reduce
tumor burden, but are ineffective in eradicating the disease.6
In addition, in vitro clonogenic growth from patient-derived
bone marrow or peripheral blood samples correlated with
significantly shorter survival of patients (n=14, mean sur-
vival 38 months from diagnosis) compared to those whose
bone marrow samples could not form colonies (n=44, mean
survival 66 months from diagnosis, P=0.009).10 Novel
approaches are, therefore, needed to eliminate the clono-
genic MM cells responsible for the maintenance and pro-
gression of MM.  
Allogeneic and autologous primary NK cells demonstrate

cytotoxicity against MM in vitro.11-15 Allogeneic hematopoi-
etic cell transplantation is controversial in MM and often
associated with high mortality, due in part to increased
rates and severity of graft-versus-host disease (GvHD).16
However, increased survival was shown for MM patients
undergoing HLA-matched sibling hematopoietic cell  trans-
plantation after initial autologous transplantation compared
to patients receiving tandem autologous transplants.17
Taken together, these results suggest that NK cells may be
potential mediators of a graft-versus-myeloma effect (GvM). 
Adoptive immunotherapy with primary NK cells is limit-

ed by difficulties in cell expansion as well as variable activ-
ity from different patients.18 These limitations make estab-
lished NK cell lines an appealing option for immunothera-
py. NK-92 has demonstrated antitumor activity in a variety
of malignancies, including MM in vitro and in human
leukemia in SCID mice.19-21 NK-92 is the only NK cell line to
have undergone clinical trials and has shown safety and
expansion feasibility in a phase I trial of patients with
advanced renal cell cancer and melanoma.22 Another NK cell
line, KHYG-1, has broad cytotoxicity against leukemia cell
lines and kills by a novel granzyme M dependent path-
way.23 We, therefore, investigated the cytotoxicity of NK-92
and KHYG-1 against bulk and clonogenic MM cells to
determine their therapeutic potential in MM.

Design and Methods

Cell growth conditions are described in the Online
Supplementary Appendix.

Bulk tumor cytotoxicity assays
The chromium release assay was performed as previously

described.24 In the flow cytometry cytotoxicity assay, effector and
target cells were co-incubated under comparable conditions to the
chromium release assay. After the 4-hour incubation at 37°C and
5% CO2, samples were labeled with CD7-biotin Streptavidin-
PECy7 (eBioscience) to distinguish effector from target cells. Cell
death was detected with Annexin V-FITC (Southern Biotech) and
7-AAD (eBioscience) and analyzed on a Beckman Coulter FC500
flow cytometer. A minimum of 10,000 target events were collected
per sample and the results were analyzed using Flowjo v7.6 (Tree
Star). Data presented are the mean ± SD of three separate experi-
ments. The percentage of cytotoxicity was calculated as previously
described.25

Cytotoxicity mechanism
Blocking experiments were performed using the following puri-

fied monoclonal blocking antibodies:  DNAM-1 (clone DX11),
NKp30 (clone P30-15), NKp44 (clone P44-8), NKp46 (clone 9E2),
and NKG2D (clone 1D11) (BioLegend). After blocking specific
receptors for 30 min at room temperature, the cytotoxicity detect-
ed by the flow cytometry cytotoxicity assay was compared to the
cytotoxicty after blocking with a total mouse IgG isotype control
at a 1:1 E:T ratio (Sigma-Aldrich). Blocking with a non-specific IgG
antibody had minimal impact on the cytotoxicity compared to the
cytotoxicity in the absence of blocking antibodies. All blocking
antibodies were initially titrated to determine saturating concen-
trations between 10-30 mg/mL. Further information on the cyto-
toxicity mechanism is available in the Online Supplementary
Appendix.

Methylcellulose clonogenic assays
In the methylcellulose clonogenic assay, effector and target cells

were co-incubated for 4 h in comparable conditions to the chromi-
um release assay then injected into MethoCult methylcellulose for-
mation (Stemcell Technologies) as previously described and
explained in more detail in the Online Supplementary Appendix.26

Secondary replating of methylcellulose colonies
Secondary replating was used to compare the self-renewal of

residual MM colonies after treatment with NK-92 or KHYG-1 to
the low density control. Colonies were enumerated after one week
and the self-renewal of primary colonies was evaluated by replat-
ing pooled and individual colonies. Experimental controls and
equations for calculating the percentage of primary clonogenic
inhibition, percentage of secondary clonogenic inhibition and
cumulative clonogenic inhibition are explained in more detail in
the Online Supplementary Appendix.

Mice
This study was approved by the institutional Animal Care

Committee (Protocol Number: 1991.4) and performed in accor-
dance with the Canadian Council on Animal Care Guidelines.
NOD.Cg-Prkdcscid IL2rgtm1Wjl/SzJ (NSG) mice (Jackson
Laboratories) were cared for in the Ontario Cancer Institute animal
facility. Mice were monitored frequently for MM disease progres-
sion and sacrificed when they showed symptoms of hind limb
paralysis, lethargy, weight loss or in the absence of symptoms at
ten weeks. 

NK-92 cell line therapy in vivo
Six to 10-week old male mice were injected intravenously with

2¥106 U266eGFPluc MM cells in 200 mL of Plasma-Lyte (Baxter) on
Day 0 to establish a MM xenograft model. Beginning on Day 7,
treatment mice were injected intravenously with 10¥106 NK-92

NK cell line cytotoxicity in MM
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cells in 200 mL of Plasma-Lyte. A total of five doses were adminis-
tered to each treatment mouse, each five days apart. NK-92 cell
treatment mice and MM only control mice were imaged weekly
starting at four weeks after MM injection and sacrificed at ten
weeks after MM injection to compare bone marrow engraftment
of MM cells by flow cytometry.

In vivo bioluminescence imaging
Information on in vivo bioluminescence imaging is described in

more detail in the Online Supplementary Appendix.

Bone marrow engraftment by flow cytometry
At the time of sacrifice, bone marrow was harvested from the

femur and tibia by flushing the bones with media. Red blood cells
were lysed by adding ACK buffer (0.155 M NH4Cl, 10 mM
KHCO3, 0.1 mM Na2EDTA in distilled H2O) to the cell suspension
for 15 min at room temperature and vortexing regularly. Cells were
centrifuged at 600 g for 4 min then resuspended in PBS with 2%
FBS and 1% EDTA. All cells were filtered and 7-AAD was added
to samples to discriminate live and dead cells prior to analysis on
an FC500 flow cytometer (Beckman Coulter). Bone marrow
engraftment was quantified by the percentage of GFP positive
cells. Analysis of MM bone marrow engraftment (GFP positive)
was performed with Flowjo v7.6 software (Tree Star).

Statistics
In vitro data presented are the mean ± SD of three replicates rep-

resentative of at least 2 separate experiments, unless stated other-
wise. P values were calculated using a two-tailed Student’s t-test in
Prism software to compare the mean of each group. In vivo biolu-
minescence data are presented as the mean ± SEM of one experi-
ment and P values were calculated using the Mann-Whitney test in
Prism software to compare the median of each group.

Results

Cytotoxicity of bulk multiple myeloma cells
In the chromium release assay, NK-92 effectively killed

three MM cell lines at a 10:1 E:T ratio: U266 (80%), NCI-
H929 (30%) and RPMI 8226 (25%) (Figure 1A).
Interestingly, one of the MM cell lines, U266 was killed bet-
ter by NK-92 than the positive control K562 at E:T ratios up
to 20:1. KHYG-1 also showed cytotoxicity against the same
panel of MM cell lines with lysis percentage at a 10:1 E:T
ratio as follows: RPMI 8226 (50%), U266 (40%), NCI-H929
(30%) (Figure 1B). A dose response was observed for NK-92
and KHYG-1 cytotoxicity against MM cell lines in the
chromium release assay. Similarly, in the flow cytometry
cytotoxicity assay a dose response was observed with
increasing E:T ratio (Figure 1C). The percentage of cytotox-
icity of NK-92 against MM cell lines by flow cytometry at a
10:1 E:T ratio was: U266 (90%), RPMI 8226 (50%) and
NCI-H929 (50%) (Figure 1D). The percentage of cytotoxic-
ity of KHYG-1 against all three MM cell lines was 60-70%
at the 10:1 E:T ratio (Figure 1E). These results reinforce our
observations that NK-92 kills U266 better than H929 and
RPMI 8226, whereas KHYG-1 had similar killing of all three
MM cell lines. In addition, NK-92 killed U266 better than
KHYG-1, whereas, KHYG-1 killed RPMI 8226 and NCI-
H929 more effectively than NK-92. 

Mechanism of cytotoxicity
To understand the mechanism of recognition of MM cells

by NK-92 and KHYG-1, expression of activating receptors

was evaluated on NK-92 and KHYG-1 (Online
Supplementary Figure S1A). NK receptors were blocked with
monoclonal antibodies prior to co-incubation of NK and
MM cells in the flow cytometry cytotoxicity assay.
Blocking NKp30 demonstrated a significant reduction in
killing of RPMI 8226 (P=0.0001; P=0.0003), NCI-H929
(P=0.0012; 0.0009) and U266 (P=0.0004; P=0.0016) cells by
NK-92 and KHYG-1, respectively (Figure 2A and Online
Supplementary Figure S1A). This demonstrates NKp30 has an
important role in MM recognition by NK cell lines. Blocking
DNAM-1 caused a signficant reduction in the cytotoxicity
of RPMI 8226 (P=0.0001) and NCI-H929 (P=0.0039) by NK-
92 (Figure 2A), corresponding with the higher expression of
CD112 by RPMI 8226 and NCI-H929 (Online Supplementary
Figure S1B). In addition, blocking NKG2D caused a signifi-
cant reduction in killing of U266 (P=0.0099) by NK-92
(Figure 2B), also corresponding to the highest expression of
MICA/MICB by U266 compared to the other MM cell lines
(Online Supplementary Figure S1B). Conversely, NKp46 was
not important in NK-92 killing, but was involved with
KHYG-1 killing of NCI-H929 (P=0.040) (Figure 2B).

Cytotoxicity of NK cell lines against clonogenic multiple
myeloma cells
After co-incubating NK and MM cells in comparable con-

ditions to the chromium release assay (treatment), clono-
genic capacity was compared with MM cells and NK cells
incubated separately then co-injected into the same tube of
methylcellulose (low density control). Representative pic-
tures of RPMI 8226 colony formation showed fewer
colonies after treatment with KHYG-1 (Figure 3A) com-
pared to the number of colonies in the low density control
(Figure 3B). The controls for this sample showed that NK
cell lines did not form colonies in methylcellulose and RPMI
8226 cells alone formed a similar number of colonies to the
low density control (data not shown). Similar results were
obtained for RPMI 8226 treated with NK-92 and NCI-H929
treated with NK-92 and KHYG-1. 
Inhibition of clonogenic growth was compared with the

cytotoxicity detected in the bulk population by the chromi-
um release assay performed on the same day. At a 10:1 E:T
ratio, there was a 70% and 90% inhibition of  RPMI 8226
colony growth, in comparison to a chromium release assay
cytotoxicity percentage of only 25% and 50% for NK-92
and KHYG-1, respectively (Figure 3C and 3D). Similarly,
NK-92 and KHYG-1 mediated inhibition of 85% of NCI-
H929 colony growth, whereas the percentage of cytotoxic-
ity of bulk tumor cells was only 30% and 25%, respectively
(Online Supplementary Figure S2A and B). These results indi-
cate that NK-92 and KHYG-1 substantially inhibit clono-
genic growth of RPMI 8226 and NCI-H929 MM cells.

Self-renewal of clonogenic multiple myeloma cells
When pooled colonies were replated at 1000 cells/mL,

residual RPMI 8226 and NCI-H929 colonies previously
treated with NK-92 formed significantly fewer colonies
(RPMI 8226, P=0.0186; NCI-H929, P<0.0001) compared to
the number of colonies formed by replating the low density
control (Figure 4A and 4C). In addition, the residual RPMI
8226 colonies previously treated with KHYG-1 also formed
significantly fewer colonies than the low density control
(RPMI 8226, P=0.0007) (Figure 4E). However, the residual
NCI-H929 colonies previously treated with KHYG-1 and
the low density control colonies formed the same number
of colonies (NCI-H929 P=1.00) in a secondary replating
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experiment (Figure 4G). 
When individual colonies were replated, similar results to

those obtained with  pooled colonies were observed. The
number of secondary colonies formed from a given colony
was highly heterogenous and ranged between 0 and 84 sec-
ondary colonies. Ten residual RPMI 8226 and NCI-H929
colonies were replated and the sum of the secondary
colonies after initial NK cell treatment was less than the
sum of ten residual colonies from the low density control
samples in which NK and MM cells were not initially co-
incubated for 4 h in a 96-well plate (Figure 4B and D). This
demonstrates that the self-renewal of residual MM colonies
was reduced after treatment with NK-92. Similarly, the sum
of secondary colonies formed from ten residual RPMI 8226
colonies after treatment with KHYG-1 also formed fewer
colonies than low density control cells (Figure 4F).
However, the sum of secondary colonies formed from NCI-
H929 cells previously treated with KHYG-1 was the same
as the low density control (Figure 4H).  Therefore, KHYG-1
reduced the secondary clonogenic capacity of RPMI 8226
cells, but not NCI-H929 cells.

Cumulative inhibition of clonogenic growth
The cumulative clonogenic inhibition, which accounts for

the self-renewal of secondary colonies, can be calculated

from both methods of secondary replating at a 20:1 E:T
ratio. Regardless of whether individual or pooled colonies
were replated, similar results in the cumulative clonogenic
inhibition calculation were observed. The cumulative
clonogenic inhibition of RPMI 8226 was 96% and 98%,
respectively (Online Supplementary Figure S3A) and the
cumulative clonogenic inhibition of NCI-H929 was 99%
and 89% by NK-92 and KHYG-1, respectively (Online
Supplementary Figure S3B). The impact of including the self-
renewal of residual primary colonies in the cumulative
clonogenic inhibition calculation is shown in comparison to
the clonogenic growth inhibition calculated from primary
MM colony formation after NK cell treatment (Online
Supplementary Figure S3C). Including self renewal capacity in
this calculation increases the detected clonogenic inhibition
by 0-6%.

NK-92 cell therapy in vivo
Given that NK-92 has been tested in phase I clinical trials

with minimal toxicity, we further evaluated its efficacy in
an in vivo model.  We used a U266eGFPluc bioluminescent
NSG mouse model to evaluate efficacy of NK-92 cell thera-
py in vivo. We injected 10¥106 NK-92 cells every five days to
a total dose of 5.0¥107 cells seven days after MM injection.
Tumor burden was monitored weekly by bioluminescence

NK cell line cytotoxicity in MM
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Figure 1. Bulk killing of
RPMI 8226 (black), NCI-
H929 (dark gray), and
U266 (light gray) MM cell
lines and K562 positive
control (white) by NK-92
(A) and KHYG-1 (B). (C)
Flow cytometry cytotoxici-
ty gating strategy: CD7
negative target cells were
selected and cell death
was detected with 7-AAD
and Annexin V. (D) NK-92
flow cytometry cytotoxici-
ty. (E) KHYG-1 flow cytom-
etry cytotoxicity.
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imaging four weeks after MM inoculation using the IVIS®
Imaging System, and LivingImageTM Software was used to
acquire images and quantify bioluminescence (Figure 5A
and B). We showed that U266eGFPluc cells localized to BM

and spine, reflecting MM pathophysiology (Figure 5C and
D). Disease burden in the NK-92 treated group was consis-
tently lower than controls over time and significantly lower
at eight weeks (Dorsal and Ventral Mann-Whitney,
P=0.0381). In a separate experiment, clinical disease pro-
gression in MM control mice correlated with IVIS signal
intensity at week 11 (r2=0.4; F test P=0.0279; data not
shown). 
Engraftment was determined by sacrificing mice at ten

weeks and analyzing BM for GFP+ cells by flow cytometry.
Engraftment of MM cells in the BM for control mice was
5±1.9% and for NK-92 treated mice was 0.24±0.19%
(mean±SEM). There was a trend toward a significant
decrease in mean engraftment for the NK-92 group versus
control (unpaired Student’s t-test P=0.055). One of 6 control
mice had low engraftment with U266eGFPluc at ten weeks
increasing the variance of the control mean and prompted
an analysis of median engrafment. Using the Mann-
Whitney test, there was a statistically significant decrease in
median BM engraftment in the NK-92 treated group
(Mann-Whitney P=0.019) (Figure 5E).  Furthermore, all mice
treated with NK-92 had less than 1% MM cells detected in
the BM, which is below the typical definition of tumor cell
engraftment.
In addition, GFP BM engraftment corresponded with bio-

luminescence detected in R and L BM by IVIS and represen-
tative samples of GFP BM engraftment detected by flow
cytometry are shown for MM only control mice and NK-92
treated mice (Figure 5F). 

Discussion

Our study demonstrates that both NK-92 and KHYG-1
are highly cytotoxic against MM cell lines with greater
killing of the clonogenic fraction. Autologous, allogeneic,
and KIR ligand-mismatched primary NK cell therapies and

B.e. swift et al.
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Figure 2. Functional relevance of blocking activating receptors on
NK-92 and KHYG-1 involved with killing RPMI 8226 (black), NCI-
H929 (dark gray) and U266 (light gray) MM cells compared to the
killing when NK cells are blocked with an isotype control. (A) NKp30,
DNAM-1 and NKG2D demonstrate a functional role in NK-92 killing
of MM cell lines. (B) NKp30 and NKp46 demonstrate a functional
role in KHYG-1 killing of MM cell lines. *Significant difference.

Figure 3. Representative methyl-
cellulose colony growth at two
weeks. (A) RPMI 8226 MM cell
lines treated with KHYG-1 at a
20:1 E:T ratio. (B) Low density
control: MM cells and NK cells
incubated separately then co-
injected into methylcellulose.
Preferential killing of the clono-
genic fraction of MM cells
detected in a methylcellulose
cytotoxicity assay (black) com-
pared to bulk killing detected in
a chromium release assay
(white) by NK cell lines. (C)
Preferential killing of clonogenic
RPMI 8226 cells by NK-92. (D)
Preferential killing of clonogenic
RPMI 8226 cells by KHYG-1.
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the NK cell line YT have been tested in MM, but the report-
ed cytotoxicity is generally lower than our results for NK-92
and KHYG-1.12-15,28 NK-92 has previously demonstrated
killing activity against a panel of MM cell lines using the
chromium release assay.19,21 The in vitro cytotoxicity of
KHYG-1 has been evaluated against leukemia, Burkitt’s
lymphoma, and neuroblastoma cell lines, but KHYG-1 has
not been tested against MM in vitro.23,29-31 Our present study
is the first to demonstrate the cytotoxicity of KHYG-1
against MM cells and has shown that KHYG-1 kills the
RPMI 8226 and NCI-H929 MM cell lines better than NK-92. 
We evaluated the functional relevance of several activat-

ing receptors involved in NK-92 and KHYG-1 killing of MM
cells. NK-92 killing of RPMI 8226 and NCI-H929 was
DNAM-1 dependent, whereas killing of U266 was NKG2D
dependent. A previous study also demonstrated a function-
al role for DNAM-1 or NKG2D in primary NK cell cytotox-
icity against MM.32 Similarly, we have shown higher
expression of Nectin-2, a ligand for DNAM-1, on RPMI
8226 and NCI-H929 compared to U266 and higher expres-
sion of MICA/MICB, a ligand of NKG2D, on U266 com-
pared to RPMI 8226 and NCI-H929 cells. The greatest cyto-
toxicity was observed with the NK-92 killing of U266, sug-
gesting an important role of NKG2D in this recognition.
NKG2D and DNAM-1 do not have a functional role in
KHYG-1 mediated killing.
The cytotoxicity of NK-92 and KHYG-1 against U266,

RMPI 8226 and NCI-H929 was NKp30 dependent for all
three MM cell line targets with a reduction in killing ranging
from 40-85% upon blocking NKp30. Others have shown an
important role of the NCRs in MM cytotoxicity by primary
NK cells.33 However, this study blocked all three NCRs
simultaneously, and this meant that the relative contribu-
tions of NKp30, NKp44 and NKp46 were unclear. In other
studies, NKp30 and NKp46 were shown to be involved in
recognition of MM cells by primary NK cells.32,34 Therefore,
our work is the first to demonstrate an important functional
role of NKp30 in MM recognition by NK cell lines. 
Upregulation of DNAM-1 and NKG2D ligands on MM

cell lines and an increase in NK-cell degranulation was
shown after treatment of MM cells with sub-therapeutic
doses of doxorubicin and melphalan.35 Another study
demonstrated that HSP-90 inhibitors increased
MICA/MICB expression on MM cells and that NK-cell
degranulation increased in an NKG2D-dependent mecha-
nism.36 Our study showed an important role of NKG2D and
DNAM-1 in NK-92 killing of MM, suggesting that the cyto-
toxicity may be enhanced by pre-treating MM cells with
doxorubicin, melphalan or HSP inhibitors.  
To evaluate the ability of NK cells to target clonogenic

cells, we had previously established an immune effector
methylcellulose clonogenic assay with KG1 leukemia cells
to compare with the standard chromium release and flow
cytometric cytotoxicity assays.26 Using a clonogenic readout
has the advantage of assessing the effect of a cytotoxic
agent against the subset of cells capable of greater prolifer-
ation and can be used, therefore, to assess novel therapies.
One limitation is that inhibition of clonogenic growth could
be either from death of clonogenic cells or from pushing
them into a cytostatic quiescent state. Rendering a cancer
stem cell dead or cytostatic would clinically be the same,
but a quiescent cancer stem cell could still recapitulate dis-
ease. To address this issue, we utilized a secondary replat-
ing assay to determine the residual colony forming capacity
after NK cell exposure. Both NK-92 and KHYG-1 demon-

strated clonogenic growth inhibition against the clonogenic
population in the RPMI 8226 and NCI-H929 MM cell lines.
Comparison of the chromium release assay and flow cyto-
metric cytotoxicity assay with the methylcellulose clono-
genic assays approximate the relative capacity of each NK
cell line to mediate cytotoxicity against bulk and clonogenic
cells. In some cases, the difference is 2-3 fold, providing
some evidence of greater toxicity against a population with
cancer stem cell properties, without requiring immunophe-
notypic markers. A previous study demonstrated in vitro
cytotoxicity of autologous activated marrow-infiltrating T-
lymphocytes (MILs) against CD138 positive plasma cells
and growth inhibition of clonogenic MM cells37 similar to
our findings with NK cell lines. 
Secondary replating has been used to characterize clono-

genic MM cells, but this method could also be useful for
evaluating novel cancer stem cell targeting therapeutics in
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Figure 4. NK cell lines reduce the self renewal of MM colonies in a
secondary replating experiment after treatment with NK cell lines at
20:1 E:T. Number of (A) pooled and (B) individual RPMI 8226
colonies formed from cells previously treated with NK-92 (black) or
low density control (white). Number of (C) pooled and (D) individual
NCI-H929 colonies formed from cells previously treated with NK-92
(black) or low density control (white). Number of (E) pooled and (F)
individual RPMI 8226 colonies formed from cells previously treated
with KHYG-1 (black) or low density control (white). Number of (G)
pooled and (H) individual NCI-H929 colonies formed from cells pre-
viously treated with KHYG-1 (black) or low density control (white). 
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MM, as we have demonstrated in this study. Self-renewal
of primary MM colonies has been evaluated by replating
individual colonies and demonstrating that single primary
MM colonies form between 0 to 65 secondary colonies,10
consistent with our findings. In addition, replating pooled
colonies enriched the colony forming unit (CFU) frequency
from 1% up to 20%.10 Most importantly, a therapy that can

target clonogenic MM cells is clinically relevant as patient
samples that form clonogenic cells in vitro are correlated
with significantly shorter patient survival.10
To better quantify the total growth inhibition of clono-

genic MM cells by NK cells, we considered the secondary
MM clonogenic capacity in our cumulative clonogenic inhi-
bition calculation. Residual RPMI 8226 and NCI-H929
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Figure 5. In vivo cytotoxicity of NK-92 monitored over time by bioluminescence imaging from (A) dorsal and (B) ventral views with signifi-
cantly lower tumor burden in NK-92 treated mice at eight weeks (Dorsal and Ventral P=0.0381). Tumor distribution at week 8 from (C) dorsal
and (D) ventral views. BM engraftment of GFP+ MM cells at ten weeks for MM only control mice and NK-92 treated MM mice (E) (P=0.019)
Line represents median of each sample; each dot represents BM engraftment of one mouse. Sample Flowjo images of GFP+ cells in MM
only control mice and NK-92 treated mice (F). *Significant difference.
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colonies previously treated with NK-92 and RPMI 8226
cells previously treated with KHYG-1 formed significantly
fewer secondary colonies compared with the number of
secondary colonies in the low density control. These results
indicate that after initial treatment, residual colonies have a
reduced clonogenic capacity compared to the secondary
replating of the low density control. Importantly, we
observed similar results between secondary replating of
pooled and individual colonies, indicating that the cells
interspersed between colonies have no further clonogenic
potential. This implies that NK cell cytotoxicity can affect
long-term proliferative capacity of clonogenic cells
detectable only in a secondary replating assay.  This could
be from low grade DNA damage that is not overtly cytotox-
ic but allows for only a limited number of cell cycles, or
potentially from epigenetic changes that limit the prolifera-
tive capacity of clonogenic MM cells. 
Secondary replating has been used to evaluate KIR ligand-

mismatched NK cell cytotoxicity of leukemia stem cells in a
clonogenic assay.38 That study was the first to evaluate the
self-renewal of clonogenic cells after immune effector cell
treatment, but cumulative clonogenic inhibition to account
for self-renewal of residual colonies after NK cell treatment
was not calculated. We determined the clonogenic inhibi-
tion of NCI-H929 by NK-92 to be 93% at 20:1 (E:T) ratio,
and when the self renewal of residual NCI-H929 colonies
was included, the cumulative clonogenic inhibition was
99%. When the self renewal of MM colonies was consid-
ered in the cumulative clonogenic inhibition calculation, the
clonogenic inhibition increased by 0-6%.
Finally, a bioluminescent, xenograft MM mouse model

was established to evaluate the cytotoxicity of NK-92 in
vivo. The BM microenvironment is important for survival
and proliferation of MM cells, reinforcing the importance of
orthotopic mouse models for evaluating new therapies.
Intravenous injection of the U266eGFPluc cell line in non-
irradiated NSG mice facilitated engraftment in the bone
marrow of long bones and the axial skeleton, similar to the
engraftment of this cell line in previous studies with irradi-
ated RAG2-/-γc-/- mice and irradiated NOG mice.39,40
The biodistribution of MM was visualized using real-

time, non-invasive bioluminescence imaging (BLI) to quan-
tify disease progression. In an intravenous injection model,
BLI is valuable for quantifying the biodistribution of tumor

cells, especially in MM when tumors may localize to the
spine.39,41 In our study, NK-92 cell therapy reduced the
tumor burden compared with controls as measured by BLI
and by MM bone marrow engraftment at the study end
point. This demonstrates that NK-92 can distribute to sites
of MM involvement and affect myeloma progression.
NK-92 is the first NK cell line to be tested in clinical trials.

A phase I clinical trial demonstrated large-scale expansion
ability and safety of NK-92 in patients with advanced
melanoma and renal cancer.22 Other ongoing phase I clinical
trials are evaluating safety and the maximum tolerated dose
of NK-92 in patients with refractory or relapsed AML and
other advanced cancers, with preliminary observations sug-
gesting that the infusion of up to 3¥109 irradiated NK-92
cells is safe.18,42 We also are conducting a phase I trial of NK-
92 in patients with relapsed/refractory hematologic malig-
nancies at therapeutically relevant doses.43 However, given
its ability to target drug resistant clonogenic cells, NK cell
therapy is likely to be most useful in eradicating minimal
residual disease after chemotherapy.
In conclusion, NK-92 and KHYG-1 demonstrate growth

inhibition of clonogenic MM cells which are typically drug
resistant. Given that the MM CFU frequency from bone
marrow at diagnosis correlates with survival10 these find-
ings have important clinical implications. We have also
established a human MM cell line xenograft model in NSG
mice that mimics clinical disease. MM progression was
reduced by NK-92 as measured by BLI and by the reduction
of engrafted U266eGFPluc cells. While standard of care
therapies may prolong survival, relapse occurs in the major-
ity of cases, indicating that MM stem cells are not eliminat-
ed.6 Our work suggests that clinical investigation of NK cell
lines as therapeutic agents for the treatment of MM is war-
ranted. 
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