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Multiple natural killer (NK) cell-based anticancer therapies are currently under development. Here, we compare the
efficiency of genetically modified NK-92 cells expressing chimeric antigen receptors (CARs) at killing NK cell-resistant
B-lymphoid leukemia cells to the antibody-dependent cell-mediated cytotoxicity (ADCC) of NK-92 cells expressing a high
affinity variant of the IgG Fc receptor (FcγRIII). First, we compared in vitro the abilities of NK-92 cells expressing CD20-targeting CARs to kill primary chronic lymphocytic leukemia (CLL) cells derived from 9 patients with active, untreated disease
to the cytotoxicity of NK-92 cells expressing FcγRIII combined with either of the anti-CD20 monoclonal antibodies (mAbs)
rituximab or ofatumumab. We found that CAR-expressing NK-92 cells effectively kill NK cell-resistant primary CLL cells
and that such a cytotoxic response is significantly stronger than that resulting from ADCC. For studying CAR-expressing
NK cell-based immunotherapy in vivo, we established xenograft mouse models of residual leukemia using the human
BCR-ABL1+ cell lines SUP-B15 (CD19+CD20−) and TMD-5 (CD19+CD20+), two acute lymphoblastic leukemia (ALL) lines that
are resistant to parental NK-92 cells. Intravenous injection of NK-92 cells expressing CD19-targeting CARs eliminated SUPB15 cells, whereas they had no such effect on TMD-5 cells. However, the intrafemoral injection of NK-92 cells expressing
CD19-targeting CAR resulted in the depletion of TMD-5 cells from the bone marrow environment. Comparative studies in
which NK-92 cells expressing either CD19- or CD20-targeting CARs were directly injected into subcutaneous CD19+CD20+
Daudi lymphoma xenografts revealed that CD20-targeting CAR is superior to its CD19-specific counterpart in controlling
local tumor growth. In summary, we show here that CAR-expressing NK-92 cells can be functionally superior to ADCC
(as mediated by anti-CD20 mAbs) in the elimination of primary CLL cells. Moreover, we provide data demonstrating that
the systemic administration of CAR-expressing NK-92 cells can control lymphoblastic leukemia in immunocompromised
mice. Our results also suggest that the direct injection of CAR-expressing NK-92 cells to neoplastic lesions could be an
effective treatment modality against lymphoma.

Introduction
Anticancer treatments based on monoclonal antibodies (mAbs)
administered in combination with chemotherapy have significantly improved clinical outcome in patients with non-Hodgkin
lymphoma (NHL). Nevertheless, about 40% of all NHL patients
ultimately relapse1,2 and subsequent stem cell transplantation can

rescue only a small percentage of these individuals.3 Thus, cellbased approaches are being increasingly considered as a therapeutic strategy to overcome the resistance to chemotherapy of
leukemic cells and attack the malignant stem cell clone through
an alternative cytotoxic modality. Recent reports on the therapeutic use of chimeric antigen receptor (CAR)-expressing autologous T lymphocytes to treat chemotherapy-resistant lymphoid
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malignancies substantiate the potential clinical benefits of cellular therapy.4,5 As an alternative to T cells, natural killer (NK)
cells expressing CARs directed against CD19 or CD20 (2 markers of the B-cell lineage) can also be used as cytotoxic effector
cells for cell-based immunotherapy. However, current NK cellbased therapies are constrained by the necessity to isolate sufficient numbers of NK cells from donors as well as by the need
to achieve acceptable transfection efficiencies.6,7 The human NK
cell line NK-928,9 presents an attractive alternative to donor NK
cells, as it can be propagated and expanded in vitro.10 Phase I
clinical trials testing NK-92 cells have been successfully completed, confirming their clinical safety.11,12 Furthermore, NK-92
cells are amenable to transfection with vectors coding for proteins
of interest.7 Preclinical studies performed so far have explored the
genetic engineering of NK-92 cells with CARs targeting multiple
tumor-associated antigens, including v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2 (ERBB2, also known
as HER-2/neu),13 CD19,14 CD20,15 ganglioside GD2,16 epithelial cell adhesion molecule (EPCAM),17 and Epstein-Barr virus
(EBV) nuclear antigen 3C (EBNA3C).18 On average, a 50%
transduction has been achieved by using fresh NK-92 cells and
a lentiviral construct, and the percent purity of transduced cells
could be increased to 100% upon cell sorting.7 Therefore, NK-92
cells can provide an “off the shelf,” CAR-customized NK-cell
product for anticancer immunotherapy.
NK cells, by virtue of expressing the IgG Fc receptor FcγRIII
are also major effectors of antibody-dependent cell-mediated
cytotoxicity (ADCC).19,20 Although not all monoclonal antibodies kill target cells through ADCC, in some instances this is their
primary killing mechanism.19 In support of this notion, it has
previously been shown that patients whose lymphocytes express
a high affinity FcγRIII polymorphic variant achieve a better
outcome in response to mAbs.21 Unfortunately, only about 10%
of the population actually harbors the allele coding for the high
affinity FcγRIII variant (V/V), with the majority of individuals
expressing the intermediate (F/V) or low affinity (F/F) variants
of the receptor.22
Hence, the cytotoxic effects of some mAbs may be augmented
by simultaneously infusing NK cells selected for expression of
high FcγRIII, as previously demonstrated by in vitro studies.23
The objective of the study presented herein was to compare the
cytotoxicity of NK-92 cells expressing CD20-targeting CARs
to that of ADCC, as mediated by the anti-CD20 mAbs drugs
rituximab and ofatumumab, against a panel of primary NK cellresistant chronic lymphocytic leukemia (CLL) cells. We further
examined whether NK-92 cells expressing CD19- or CD20targeting CARs exert antitumor effects in xenograft models of
human B-lymphoblastic leukemia and lymphoma.

Results
The cytotoxic activity of NK-92 cells expressing CD20targeting CAR against primary CLL cells is superior to ADCC
induced by anti-CD20 monoclonal antibodies
A number of mAbs rely on NK cells as cytotoxic effectors
to mediate ADCC.19,20 Here, we compared the abilities of two
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FDA-approved anti-CD20 mAbs, namely, rituximab and ofatumumab, to elicit ADCC with the cytotoxicity of NK-92 cells
transduced with a lentiviral construct for the expression of CD20targeting CAR. Primary CLL cells from a total of 9 patients
with active, untreated disease were tested as targets (Fig. 1). The
mean cytotoxicity of NK-92 cells expressing CD20-targeting
CAR (αCD20-CAR) was significantly greater than ADCC
as mediated by either rituximab or ofatumumab (40.2% ± 2.6
for αCD20-CAR NK-92 cells as compared with 25.1% ± 2.1
and 30.5% ± 3.0 for rituximab and ofatumumab, respectively;
p = 0.001 and p = 0.044, respectively).
Systemic administration of NK-92 cells expressing CD19targeting CAR controls the growth of metastatic SUP-B15 ALL
cells transplanted in immunocompromised mice
Having shown that CAR-expressing NK-92 cells can effectively kill NK cell-resistant primary CLL cells in vitro, we developed a xenograft mouse model to test whether the intravenous
infusion of NK-92 cells engineered to express CD19-specific
CAR (αCD19-CAR) can eliminate human leukemia in immunocompromised NOD scid gamma (NSG) mice. SUP-B15 is an
aggressive Philadelphia chromosome positive (Ph+) CD19 + CD20−
B-cell acute lymphoblastic leukemia (ALL) line that has been
previously shown to be resistant to killing by parental NK-92
cells, yet sensitive to killing by NK-92 cells expressing αCD19CAR in vitro.7 When injected intravenously with luciferase(Luc-) tagged SUP-B15 cells, NSG mice succumbed within 20 to
40 d, depending on the size of the inoculum. The distribution of
leukemic cells in these mice faithfully recapitulated the distribution of ALL cells observed in humans, including infiltrations into
the bone marrow and the central nervous system (cranium and
spine; Figure 2A–C). Mice developed signs of illness (hunched
posture, scruffiness) and a reduction in mobility that eventually turned into a complete paralysis of the lower body and hind
limbs. Cytofluorometric analyses at the time of sacrifice showed
extensive infiltration of CD19 + CD45 + SUP-B15 blast cells in the
bone marrow (femur) and spleen (86.7% ± 3.8 and 50.7% ± 19.5,
respectively), as well as in the peripheral blood (14.7% ± 7.7).
Parental NK-92 cells or NK-92 cells engineered to express
αCD19-CAR were injected intravenously (1 × 107 cells/dose)
through the tail vein on 5 consecutive days, starting 24 h after
the intravenous inoculation of 2 × 105 Luc-expressing SUP-B15
cells. Seventeen days after tumor cell injection, bioluminescence
assessments showed that parental NK-92 cells had no effect
on tumor burden, in sharp contrast to NK-92 cells expressing
αCD19-CAR, which significantly reduced, but did not completely eliminate, tumor burden (3.12 × 108 ± 0.33 photons/sec
vs. 5.46 × 108 ± 1.16 photons/sec in PBS-treated control mice,
p = 0.02; Figure 2D-E). Since cellular therapy is surmised to be
more efficacious in biological settings with reduced tumor burden, we titrated the limiting number of tumor-initiating cells by
injecting decreasing numbers of Luc-expressing SUP-B15 cells
(1 × 104, 1 × 103 and 1 × 102 cells) into mice, determining that
1 × 103 cells was the lowest dose sufficient to induce systemic
leukemia. Mice injected with 1 × 103 Luc-expressing SUP-B15
cells were subsequently given intravenous injections of 1 × 107
NK-92 cells on days 4, 5, and 6. As shown in Figure 2F and G,
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after 6 weeks (42 d), the tumor burden in mice treated
with NK-92 cells expressing αCD19-CAR had almost
completely disappeared and no malignant cells were
detected by flow cytometry in the femur, spleen, or peripheral blood when mice were sacrificed at 4 mo (data not
shown). On the contrary, mice injected with 1 × 103 Lucexpressing SUP-B15 cells and treated with parental NK-92
cells exhibited progressive leukemia similar to control mice
(Fig. 2F and G).
Therapeutic efficacy of CAR-expressing NK-92 cells
against slow-growing TMD-5 ALL xenografts in immunocompromised mice
In addition to rapidly-growing SUP-B15 leukemia cells,
we tested a less aggressive, slow-growing Ph+ CD19 + CD20 +
B-cell ALL cell line, namely TMD-5 cells. Similar to SUPB15 cells, TMD-5 cells are resistant to parental NK-92
Figure 1. Cytotoxic potential of ADCC vs. CAR-expressing NK-92. Antibodycells in cytotoxicity assays in vitro.7 When administered
dependent cell-mediated cytotoxicity (ADCC) against primary chronic lymphocytic leukemia (CLL) cells (n = 9) as triggered by the anti-CD20 antibodies
intravenously into sub-lethally irradiated NSG mice, Lucrituximab
(gray, full), and ofatumumab (white, full) as compared with CLL cell
expressing TMD-5 cells distributed in a manner similar
killing mediated by NK-92 cells engineered to express a CD20-specific chimeric
to SUP-B15 cells, exhibiting a robust accumulation in the
antigen receptor (αCD20-CAR) (black, full). The cytotoxic response to parenbone marrow and central nervous system (Fig. 3A). The
tal NK-92 cells alone (checkered, control for CAR-dependent cytotoxicity) and
relatively slow progression of the disease caused by TMD-5
parental NK-92 cells with mAbs (stripes, control for ADCC) is presented for each
sample. In all experiments, the effector to target cell ratio was 10:1.
cells and their distribution to the bone marrow, spleen and
liver closely resembled a setting of residual leukemia.
Cytofluorometric analyses of various murine tissues
confirmed that TMD-5 cells infiltrate the bone marrow and, after and leukemia cells were undetectable in the femur receiving
an initial period of slow growth, reach > 90% of the total bone NK-92 cells expressing αCD19-CAR in 48 h after treatment,
marrow cell number by week 20 (data not shown). Approximately whereas no marked effect could be documented in the contra15 weeks after the inoculation of TMD-5 cells, mice began to lateral femur (injected with PBS; Figure 3C). At sacrifice, i.e.
show signs of progressive disease including hunched posture, 12 weeks after the intrafemoral injection of NK-92 cells, leuscruffy fur, reduced mobility, and splenomegaly. Death typically kemia had recurred in the bone marrow (97% CD19 + CD45 +
occurred around 6 months after the injection of cancer cells. At the Luc-expressing TMD-5 cells), but no disease was detected in
time of sacrifice (6 mo), CD19+/CD45 + TMD-5 cells represented the blood or spleen. Furthermore, we documented an expan> 90% of the total cell number in the bone marrow and spleen sion of CD56 +/GFP+ NK-92 cells (CAR-expressing NK-92 cells)
(94.2% ± 1.7 and 92.0% ± 1.6, respectively), and 50.6% ± 5.1 of in vivo, especially in the peripheral blood (25% of cells) and in
the circulating cells. No hind limb paralysis was observed.
spleen (5%), whereas no NK-92 cells could be detected in the
Sub-lethally irradiated NSG mice were injected intrave- bone marrow (data not shown).
nously with 5 × 106 Luc-expressing TMD-5 cells and subseIntratumoral injection of CAR-expressing NK-92 cells conquently treated with intravenous injections of parental NK-92 trols the local growth of lymphoma
cells or NK-92 cells expressing either αCD19-CAR or αCD20To further investigate the local antitumor effects mediated
CAR (1 × 107 cells/dose) at days 7, 9, and 11 post-inoculation. by CAR-modified NK-92 cells, we induced the formation of a
Bioluminescence assessments showed that all immunotherapeutic solid lymphoma tumor by subcutaneously injecting 2.5 × 105
regimens failed to control disease burden (Fig. 3B). Considering Luc-expressing CD19 + CD20 + DaudiNKR cells into NOD/SCID
that TMD-5 cells are predominantly found in the bone marrow mice, followed by the intratumoral injection of parental NK-92
compartment early in the course of disease and, as such, repre- cells or NK-92 cells expressing either αCD19-CAR or αCD20sent a model of minimal residual leukemia, we sought to confirm CAR (5 × 106 per dose) on days 4, 5, and 6 after cancer cell
whether the lack of antileukemic effects observed after the intra- inoculation. As shown in Figure 4, NK-92 cells expressing
venous administration of NK-92 cells could be causally related αCD20-CAR reduced tumor growth as compared with the
to issues with the homing of NK-92 cells to disease sites in the PBS-treated control cohort, as demonstrated by an increase in
bone marrow. To test this hypothesis, we treated NSG mice that bioluminescence of 1.79 ± 0.77 fold vs. 7.58 ± 1.19 fold, respechad received 5 × 106 Luc-expressing TMD-5 cells with NK-92 tively (p = 0.001), between days 3 and 7 post-inoculation. In
cells expressing αCD19-CAR, applied as a single intrafemoral contrast, parental NK-92 did not affect tumor growth, nor did
injection 100 d after cancer-cell inoculation. Specifically, 3 × 106 NK-92 cells expressing αCD19-CAR. Furthermore, at sacrifice
NK-92 cells expressing αCD19-CAR were injected into the right (25 d), in the three mice of the cohort treated with NK-92 cells
femur, while the left femur was injected with PBS (as a control). expressing αCD19CAR where the increase in bioluminescence
CAR-expressing NK-92 cells mediated a robust antitumor effect was < 1.0 the size of lymphomas had remained stable over the
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Figure 2. Therapeutic efficacy of NK-92 cells expressing CD19-specific CAR
in a xenograft model of aggressive human B-cell acute lymphoblastic leukemia. (A–C) Immunocompromised NOD scid gamma (NSG) mice were inoculated i.v. with 1 × 106 luciferase (Luc)-expressing SUP-B15 acute lymphoblastic
leukemia (ALL) cells. (A) Bioluminescence imaging (dorsal view) of mice 17 d
after the injection of ALL cells, showing localization to the spine and calvarium. (B) Infiltration of bone marrow by SUP-B15 leukemia cells (black arrow)
adjacent to area of normal hematopoiesis (red arrow). (C) Leptomeningeal
SUP-B15 leukemic infiltrate. (D–E) NSG mice (n = 3) were inoculated i.v. with
2 × 105 Luc-expressing SUP-B15 cells and subsequently with 1 × 107 parental
NK-92 cells (WT), 1 × 107 NK-92 cells expressing CD19-targeting chimeric
antigen receptors (αCD19-CAR) or PBS control (Con), on days 1 to 5 postinoculation. (D) Bioluminescence imaging of representative mice 17 d after
the inoculation of ALL cells. (E) Quantification of leukemic burden from the
experiment in (D) on day 17. The total bioluminescence (average of 4 sides
measurements) in mice receiving NK-92 cells expressing the CD19-targeting
CAR was significantly lower than in animals treated with parental NK-92
cells (*p = 0.02). (F–G) NSG mice (n = 3) were inoculated i.v. with 1 × 103
Luc-expressing SUP-B15 cells and then treated with 1 × 107 parental NK-92
cells (WT), 1 × 107 NK-92 cells expressing CD19-targeting CAR (αCD19-CAR)
or PBS control (Con), on days 4, 5, and 6. (F) Mean serial bioluminescence
of cohorts of leukemic mice. (G) Bioluminescence images of representative
mice from cohorts in (F) at day 42. Statistical analyses were performed by
unpaired Student t-tests.

2 weeks period between imaging and sacrifice (0.10 ± 0.06 g,
compared with 0.75 ± 0.10 g average tumor weight at sacrifice in
control mice).

Discussion
Despite recent advances in chemotherapy and stem cell
transplantation, a significant proportion of patients with lymphoid leukemia succumb to their disease. The elimination of
the clonogenic cancer stem cell requires a multi-modality treatment approach involving cooperative components that should
not counteract each other. Cellular therapy is considered one of
those treatments and the infusion of autologous T lymphocytes
expanded in culture and engineered to express CD19-targeting
CARs has recently been shown to control advanced B-lymphoid
malignancies.4,5
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Much of the focus of cellular immunotherapy so far has been
on bulk peripheral T cells, EBV-specific T cells, or lymphoid progenitor cells (reviewed in ref. 24). However, autologous cytotoxic
cells are frequently dysfunctional due to prior chemotherapy
and/or exposure to the immunosuppressive tumor microenvironment.25 Additionally, the absent or aberrant expression of MHC
molecules by malignant cells possibly precludes their recognition
by autologous MHC-restricted T cells. Furthermore, allogeneic
T lymphocytes can cause acute graft-vs.-host disease (GvHD), a
pathological condition that can be debilitating and, in extreme
cases, fatal.26 Conversely, NK cells do not induce GvHD and
necessitate only the presence of “foreign” epitopes, often mutated
MHC antigens, to become fully activated (reviewed in ref. 27).
NK cells have been found to be suitable effectors for CARdependent immunotherapy, with the caveat that their isolation
and expansion from the peripheral blood is labor intensive and
costly (reviewed in Refs. 6,28). There is also a significant donorto-donor variability with respect to NK cells yield and cytotoxic
activity.29
As an immortalized NK cell line that can be easily and predictably expanded in culture while maintaining a broad anticancer
activity, NK-92 cells provide a potential solution to these issues.8,9
Phase I clinical trials testing NK-92 cells have been completed
establishing an acceptable safety profile.11,12 Importantly, NK-92
cells are amenable to be genetically engineered by various methods.7 Six variants of NK-92 cells expressing unique CARs have
indeed been reported to date.13-18 Furthermore, since the parental NK-92 cell line does not express endogenous Fc receptors, a
NK-92 cell derivative expressing high affinity variant of FcγRIII
has been developed.30 This variant has also been employed for
quantifying the potential of individual mAbs to trigger ADCC.20
The principal aim of this project was to compare the ADCC
triggered by 2 FDA-approved anti-CD20 mAbs against primary
CLL cells to the anticancer cytotoxicity achieved by NK-92
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cells engineered to express a CD20-specific
CAR. Our findings indicate that NK-92 cells
expressing αCD20-CAR exert a significantly
higher cytotoxicity than the anti-CD20 antibodies rituximab or ofatumumab through
ADCC. Although these results suggests that
CAR-based immunotherapies may be intrinsically superior to mAb-based approaches,
one should bear in mind that mAbs may kill
their target through multiple mechanisms,
including ADCC, complement-mediated
cytotoxicity, and the interference with key
signaling pathways. Hence, the actual antineoplastic activity of mAbs in vivo originates
from a compilation of these distinct effects.
Additionally, the FcγRIII employed in our
assays does not possess an intracellular activation domain, and is therefore dependent
on endogenous proteins for the transduction
of an activatory signal, unlike CAR molecules, which contain the CD3ζ chain of the
T-cell receptor (TCR) signaling complex.
Figure 3. Therapeutic efficacy of NK-92 cells expressing CD19-specific CAR in a xenograft
It should also be noted that FcR and TCR
model of slow-growing B-cell acute lymphoblastic leukemia. (A) Bioluminescence imaging of
tumor-bearing immunocompromised NOD scid gamma (NSG) mice 70 d after the intravenous
preferentially signal through different tyroinjection
of 5 × 106 luciferase (Luc)-expressing TMD-5 cells, showing predominant localization
sine kinases (SYK/LYN and ZAP70, respecto the spine, long bones (bone marrow) and calvarium. (B) Quantification of leukemic burden
tively), which may affect the strength of the
(average of 4 sides measurements) from mice (n = 2) inoculated intravenously with 5 × 106 Luctransduced signal.
expressing TMD-5 cells followed by the injection of 1 × 107 parental NK-92 cells (W.T.), 1 × 107
Next, we assessed the antineoplasNK-92 cells expressing CD19-targeting chimeric antigen receptors (αCD19-CAR), 1 × 107 NK-92
cells expressing CD20-targeting CAR (αCD20-CAR), or PBS control (Con), on days 7, 9, and 11
tic potential of CAR-expressing NK cells
after the inoculation of leukemic cells. (C) Two NSG mice bearing TMD-5 leukemia were injected
in xenograft models of human BCRwith 3 × 106 NK-92 cells expressing CD19-targeting CAR in 50 μL PBS in their right femur (NK-92)
+
B-lymphoblastic leukemia in
ABL1
and PBS alone in the contralateral one (PBS). Forty-eight h later, mice were re-imaged using
NSG mice, using the B-ALL cell lines
the same settings. Note the eradication of disease foci within each femur injected with CARSUP-B15 (CD19 + CD20−) and TMD-5
expressing NK-92 cells (black arrowheads).
(CD19 + CD20 +). We showed that the intravenous delivery of NK-92 cells expressing a
CD19-specific CAR can effectively control the growth of aggres- of the bone marrow by tumor cells coming from other parts of
sive SUP-B15 cells, but not that of slow-growing TMD-5 cells. the body. This finding also suggests that NK-92 cells are not
The eradication of TMD-5 cells from the bone marrow could capable of long-term engraftment and proliferation in the bone
only be achieved when the NK-92 cells expressing αCD19-CAR marrow compartment.
We also sought to determine whether NK-92 cells expresswere injected directly into leukemia-infiltrated femurs. In this
context, the clearance of leukemic cells from the bone marrow ing αCD19-CAR or αCD20-CAR exhibit preferential anticanwas relatively rapid (within 48 h), suggesting that TMD-5 cells cer cytotoxicity. To this aim, we injected NK-92 cells expressing
are sensitive to the cytotoxic potential of NK-92 cells in vivo either the CD19- or CD20-targeting CAR into a subcutaneous
and that NK-92 cells are capable of eliminating a large num- Daudi lymphoma that expresses both CD19 and CD20. In this
ber of targets upon engagement. It also implies that the lack of system, only NK-92 cells bearing the CD20-targeting CAR were
response to the intravenous delivery of NK-92 cells is caused by effective, although it is unclear to what extent the relative density
factors that are not directly related to their cytolytic functions. of CD19 and CD20 molecules on Daudi cells could have biased
For example, the contact between NK cells and slow-growing these results.
TMD-5 cells could alter signaling pathways in NK cells that are
The superiority of CAR-expressing NK-92 cells over ADCC
critical for their sustained activation.31 TMD-5 cells may also as triggered by anti-CD20 mAbs could be relevant for patients
secrete a different spectrum of chemokines than SUP-B15 cells, affected by multiple types of hematological cancers. Although we
such that TMD-5 cells may be less efficient at attracting NK-92 only tested primary tumor cells from patients with CLL, similar
cells to the bone marrow. The recurrence of TMD-5 cells in the data were reported by Tassev et al., who found that the antineobone marrow several weeks after apparent clearance could result plastic potential of NK-92 cells engineered to express CARs is
from either the incomplete elimination of tumor cells by CAR- superior to that of ADCC when the target is an EBV-transformed
expressing NK-92 cells or, alternatively, from the re-colonization B-cell tumor.18. Importantly, we found that CAR-expressing
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Figure 4. Therapeutic effects of intratumoral injection of CAR-expressing
NK-92 cells against subcutaneous Daudi lymphomas. NOD/SCID mice
(n = 5) were injected subcutaneously with 2.5 × 105 natural killer (NK)
cell-resistant luciferase (Luc)-expressing DaudiNKR cells in PBS. When the
tumor had grown to about 0.5 cm3, mice were treated with intratumoral
injections of 5 × 106 parental NK-92 cells (w.t.), 5 × 106 NK-92 cells expressing CD19-targeting chimeric antigen receptors (αCD19-CAR), or 5 × 106
NK-92 cells expressing CD20-targeting CAR (αCD20-CAR), on days 4, 5,
6. Results are expressed as fold change in bioluminescence before and
after the injection of NK-92 cells. Data relative to each mouse are shown
for cohorts of animals treated with NK-92 cells expressing CD19- (black
diamonds) or CD20-targeting (black triangles) CARs, treated with parental NK-92 cells (white squares), or treated with PBS (x marks). Mean values
(black lines) are also shown for each cohort.

NK-92 cells also controlled the growth of some neoplastic
B-lymphoid xenografts in immunocompromised mice when
given systemically or locally. Altogether, our findings support
the initiation of clinical assays testing the antineoplastic potential of CAR-expressing NK-92 in patients with hematological
malignancies.

Materials and Methods
Primary effector and target cells
Primary CLL samples from 9 patients with untreated CLL
diagnosed according to the National Cancer Institute-Working
Group criteria were available for testing. All patients had stage 0
or I CLL (Rai staging system). Mononuclear cells (MNCs) from
all samples were obtained by density gradient centrifugation
using Ficoll-Hypaque Plus (Amersham Biosciences).
Cells lines and cell culture
NK-92 cells8 were maintained in Myelocult® medium
(StemCell Technologies) supplemented with 500 IU/mL
Proleukin (recombinant human interleukin-2; Novartis
Pharmaceuticals Corporation). The high affinity FcγRIIIexpressing NK-92.26.5 cell line (“NK-92Fc”) was provided by
Dr K Campbell (Fox Chase Cancer Center).30 Daudi (Burkitt’s
lymphoma, CD19 + CD20 +, NK-92 cell-sensitive) and SUPB15 (BCR-ABL1+ B-precursor ALL, CD19 + CD20−, NK-92
cell-resistant) cell lines were purchased from American Type
Culture Collection (ATCC). TMD-5 (BCR-ABL1+ B-ALL,
CD19 + CD20 +, NK-92 resistant) cells were provided by Dr N
Nara (Tokyo Medical and Dental University).32 HEK-293T
packaging cells were provided by Dr C Kuperwasser (Molecular
Oncology Research Institute, Tufts Medical Center). Daudi,
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SUP-B15, and HEK-293T cells were maintained in RPMI-1640
medium (Mediatech Inc.) supplemented with 20% fetal bovine
serum (FBS), 100 µL/ml penicillin, 10 µg/mL streptomycin, and
250 µg/mL amphotericin B (all from Gibco Invitrogen), as well
as with 10 µg/mL ciprofloxacin (Mediatech-Corning). TMD-5
cells were maintained in α-MEM medium (Gibco) supplemented
with 10% FBS and antibiotics as described above.
Antibodies and cytofluorometry
The anti-CD20 mAb rituximab and the anti-HER2 mAb
trastuzumab (also known as Herceptin) were obtained from
Genentech/Roche. The anti-CD20 mAb ofatumumab was
obtained from GlaxoSmithKline. For the detection of human
cells from xenografts by fluorescence cytometry, phycoerythrin (PE)-conjugated anti-CD56, PE-conjugated anti-CD45,
and fluorescein isothyocyanate (FITC)-conjugated anti-CD19
mAbs were purchased from BD Biosciences PharMingen.
Cytofluorometric analyses were performed on a Dako CyanTM
flow cytometer (Beckman-Coulter, Inc) and analyzed using the
Summit software (Beckman-Coulter, Inc).
Recombinant lentiviral vectors and lentivirus production
The Luc-expressing reporter construct used in this study
was provided by Dr M Rosenblatt (Tufts University School of
Medicine). This construct encodes firefly luciferase (Luc), the
mCherry fluorescent protein and a puromycin resistance determinant separated by 2A “self-cleaving” peptides, all cloned as a
polycistronic cDNA into a pFUW lentiviral vector. The CAR
constructs used in this study consist of single chain variable
fragments (scFvs) from a murine antibody specific for human
CD19 or CD20 linked to the CD3ζ chain of the TCR complex
(first-generation CAR). The cDNAs coding for CD19- and
CD20-specific CARs were subcloned from the retroviral vector
pLXSN14,15 into the lentiviral vector pCL20c-IRES-GFP (provided by Dr R Childs, NHLBI). The CAR-coding constructs
were transfected into HEK-293T packaging cells alongside
helper plasmids, using the FugeneTM lipofection system (Roche).
Culture supernatants were collected after 48 h, filtered (with
0.22 µm filters) and stored at -80°C. The supernatants consistently had a titer of > 107 infectious units/mL.
Lentiviral transduction
Daudi, SUP-B15 and TMD-5 cells were transduced with
pFUW-Luc lentivirus and selected with puromycin (SigmaAldrich). Daudi cells, which are normally sensitive to the cytotoxic activity of NK and NK-92 cells, lost such sensitivity upon
transfection with this construct, and were subsequently referred
as DaudiNKR (NK resistant).
NK-92 cells were transduced with pCL20c lentiviral particles
as previously described,7 using 2 × 106 cells in 6-well plates mixed
with the corresponding lentiviral supernatant and at a multiplicity of infection (MOI) of ~5. Since polybrene is toxic to NK-92
cells, only 15 µg/mL protamine sulfate (Sigma–Aldrich) was
used. Transduced cells were expanded in Myelocult® medium
supplemented with 1000 UI/mL Proleukin and GFP-expressing
(i.e. transduced) NK-92 cells were further enriched by cell sorting
to achieve > 95% purity (MoFlo, DakoCytomation). Transgene
expression was confirmed by flow cytometry, measuring either
mCherry or GFP expression directly, or CAR expression by using
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biotin-conjugated anti-scFv antibody (Jackson Immunoresearch)
and allophycocyanin (APC)-conjugated streptavidin (BD
Biosciences PharMingen). Of note, we always observed a strict
correlation between GFP and CAR expression.
Cytotoxicity assay
Effector and target cells were co-cultured for 3 h and cytotoxicity was measured by flow cytometry, as previously published.7 ADCC assays were performed as previously described.20
Briefly, CLL cells were incubated with rituximab, ofatumumab,
or trastuzumab (as a negative control) for 30 min, followed by the
addition of effector cells (parental NK-92 cells or NK-92Fc cells,
which expressing high affinity FcγRIII), at an effector to target
cell ratio of 10:1. Heat-inactivated FBS was utilized throughout
the assays to exclude any contribution of complement-mediated
cytotoxicity. For NK-mediated cytolysis, CLL target cells were
incubated with parental NK-92 cells or NK-92 cells expressing
CD20-specific CAR as above, in the absence of mAbs. Samples
were analyzed immediately by flow cytometry. ADCC was calculated by subtracting the percentage of cytotoxicity obtained with
mAbs plus parental NK-92 cells (which do not express FcγRIII)
from that obtained with mAbs plus NK-92fc cells. The percentage of cytotoxicity obtained with mAbs or effector cells alone was
consistently lower than that detected with mAbs plus parental
NK-92 cells. Trastuzumab consistently failed to induce ADCC.
CAR-dependent killing was calculated by subtracting the percentage of target cell killing obtained with parental NK-92 cells
from that obtained with CAR-expressing NK-92 cells.
Xenotransplantation experiments
NOD.CB17-Prkdcscid /J (NOD/SCID) and NOD.Cg-Prkdcscid
Il2rgtm1Wjl /SzJ (NOD scid gamma, or NSG) mice were purchased
from the Jackson Laboratory and were housed under sterile conditions in the animal facility at Tufts University School of Medicine.
This study was approved by the Tufts Institutional Animal Care
and Use Committee. For the Ph+ B-acute lymphoblastic leukemia model, 6- to 10-week old female NSG mice were sub-lethally
irradiated with 350 cGy 24 h before the intravenous injection of
2 × 105 or 1 × 103 Luc-expressing SUP-B15 cells, or 5 × 106 Lucexpressing TMD-5 cells (in PBS). Mice were then treated with
3 to 5 intravenous injections of 1 × 107 parental NK-92 cells,
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Statistical analysis
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