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Abstract
Natural killer (NK) cells can kill transformed cells and represent a promising tool for the treatment
of cancer. Their function is governed by a balance of stimulatory and inhibitory signals triggered
by surface receptors. Advances in NK cell therapy require the development of dependable
methods for obtaining an adequate number of effector cells; additional activation or genetic
modification may further increase their anti-cancer capacity. A method for NK cell expansion used
in our laboratory relies on a genetically modified form of the K562 myeloid leukemia cell line,
engineered to express a membrane-bound form of interleukin-15 and the ligand for the
costimulatory molecule 4-1BB (CD137). Expanded NK cells can be transduced with genes
encoding chimeric antigen receptors that stimulate tumor cell-specific cytotoxicity. These methods
for NK cell expansion and genetic modification have been adapted to large-scale, clinical-grade,
Current Good Manufacturing Practices conditions and support two active clinical trials.
Summarized are current efforts for NK cell immunotherapy for cancer and future perspectives.
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Introduction
Natural killer (NK) cells represent 5% to 20% of human lymphocytes (1). Morphologically,
they are large granular lymphocytes, and immunophenotypically they are defined by the
expression of CD56 and the lack of CD3 and T-cell receptor proteins (2). NK cells have a
unique function, in that they can lyse virally-infected or transformed cells without previous
sensitization (3). However, their immunological role now appears more complex, extending
beyond direct cell lysis: NK cells have also been implicated in several adaptive immune
responses through interaction with other cells such as T lymphocytes and dendritic cells (1),
(4).

Most peripheral blood NK cells express relatively low levels of CD56 and high levels of
CD16, the FcγRIII receptor that binds the Fc portion of Ig (3). The primary function of this
CD56dim population appears to be direct cytotoxicity, either by inducing target cell
apoptosis via the perforin-granzyme pathway, and/or ligation of death-receptors through
expression of tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), or
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the Fas ligand (5). Killing by these NK cells can also be triggered by the binding of the Fc
portion of antibodies to CD16, resulting in antibody-dependent cellular cytotoxicity (ADCC)
(6). Approximately 10% of NK cells in peripheral blood express very high levels of CD56
and have dim CD16 expression (3). These CD56bright cells predominate in secondary
lymphoid tissue (7) and are believed to have an immunoregulatory role, which is exerted by
cytokine and chemokine secretion in order to propagate inflammation and recruit additional
immune cells (8).

NK cells develop from CD34+ hematopoietic progenitors, first in the fetal liver, then in
bone marrow and lymph nodes under the influence of the cytokine IL-15 (9),(10),(11). IL-2
also likely contributes to NK cell differentiation and receptor acquisition, although its
contribution to normal development has not been entirely elucidated (11). Many NK cell
surface receptors engage major histocompatibility complex (MHC) class I and MHC class I–
like molecules. A concept that has dominated contemporary NK cell biology studies is the
functional NK inhibition by MHC or human leukocyte antigen (HLA) class I molecules
expressed on the surface of putative target cells (12). NK cells express killer-cell
immunoglobulin-like receptors (KIRs), most of which recognize specific corresponding
target HLA class I molecules and deliver inhibitory signals which suppress NK cell function
(13). This negative signaling helps promote self-tolerance. More recently, it has been shown
that interaction between NK cells and HLA molecules might also be important for full
functional competency - a process which has been termed “licensing” (4), (14).

Interest in NK cells for immunotherapy of cancer has increased commensurately with a
better understanding of their role in tumor immunity as well as an improvement in the
methods for their characterization, purification and expansion (15). Considerable potential
exists in the exploitation of current technology in both cell processing and cell engineering.
Reviewed here is selected experience and future directions for NK cell therapy for cancer.
This includes efforts to generate larger numbers of NK cells, enhance cytotoxicity, and
improve specificity.

NK Cell Isolation and Expansion
NK cells can be specifically isolated from peripheral blood with methods that have been
adapted to large-scale, clinical conditions. Typically, a leukapheresis product is subjected to
immunomagnetic bead selection to obtain near pure populations of CD56+ CD3- cells (16).
Effective NK cell functional activity depends on adequate effector: target ratios. Because
NK cells comprise less than 20% of peripheral blood lymphocytes, it may be difficult to
obtain adequate numbers for effective NK cell-mediated immunotherapy. Moreover, freshly
isolated NK cells are typically in a resting state and subsequently require multiple, tightly-
regulated activation steps before target engagement, formation of a cytolytic synapse and
cell killing (17).

A continuously growing NK cell line, NK-92, has been explored as an alternative to primary
NK cells, as they easily expand and are active against multiple cancer targets (18). Although
this approach is appealing in its simplicity, NK-92 is a transformed cell line and requires
lethal irradiation before infusion to prevent growth in vivo which may limit the anti-tumor
activity of these cells and consequently, the effectiveness of this technology. Methods to
increase numbers of non-transformed NK cells following isolation include cytokine
stimulation as well as use of accessory cells.

Cytokines
NK cells generally do not undergo prolonged proliferation when exposed to cytokines (19).
IL-2 can transiently stimulate their proliferation while enhancing their cytotoxic capacity
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(19), but only a small subpopulation of NK cells proliferates for a sustained period (19),(20).
The addition of an anti-CD3 antibody to cultures including T lymphocytes reportedly
increases IL-2-driven NK cell expansion in healthy donors as well as cancer patients (21).
IL-15, a cytokine that is essential for NK cell development and survival, produces minimal
NK cell expansion, even when used in conjunction with IL-2 (5),(22),(23). Other cytokines,
such as IL-1, IL-4, IL-7, IL-12, and TNF may augment expansion driven by other signals
but appear to be insufficient on their own (24), (25).

Expansion of NK cells with accessory cells
The addition of an exogenous cell population to NK cell cultures can provide additional
signals to promote NK cell proliferation through mechanisms that are incompletely
understood (26),(27). Reportedly, these methods have resulted in expansions ranging from
30-fold to several hundred-fold over several weeks, depending on cell type and culture
conditions (26), (28), (29). Berg et al. described nearly 500- fold induced expansion after 2
weeks following contact with irradiated EBV-transformed lymphoblastoid cells (30).
Similar levels of expansion have been achieved with HFWT, a Wilm's tumor-derived cell
line (31). The BCR-ABL1 chronic myelogenous leukemia cell line, K562 also induces NK
cells to expand and increases the known proliferative response to IL-15 (31),(27),(23).

Our laboratory engineered K562 cells to express two NK stimulatory molecules after
retroviral transduction. First, K562 cells were transduced with a construct containing the
human IL-15 gene fused to the gene encoding the human CD8α transmembrane domain, an
approach inspired by the superior proliferative signals delivered by membrane-associated
IL-15 as compared to soluble IL-15 (32),(33). Secondly, the K562 cells were transduced
with the gene encoding the ligand of the NK costimulatory surface molecule 4-1BB
(CD137) which sends activation signals (34). By expressing both membrane-bound IL-15
and 4-1BBL, the signals could act synergistically, and the resultant cell line (K562-
mb15-41BBL) induced a 21.6-fold median NK cell expansion in one week of culture with
10 IU/mL IL-2 (23). Expansion continues beyond 7 days, and by increasing the IL-2
concentration to 100 IU/mL after one week, NK cell expansion by K562-mb15-41BBL was
driven even further- with expansions greater than 1000-fold in three weeks. Importantly,
there was little to no expansion of CD3+ T-lymphocytes (23),(35).

Augmenting NK Cell Functional Activity
Improved survival and function

Among the complex immunoregulatory signals that govern NK cells, IL-2 and IL-15 are
known to have important overlapping yet distinct actions (11). In vitro supplementation of
IL-2 to NK cell cultures can significantly increase their cytotoxicity (11). IL-2
administration also sustains NK cells survival in immunodeficient mice engrafted with
human NK cells (36), and it is used in patients receiving NK cell infusions (37),(38).
However, off-target side effects of IL-2 can be problematic, including a potentially life-
threatening vascular leak syndrome caused by stimulation through IL-2 receptors expressed
by endothelial cells (39). Micromolar amounts of IL-15, a cytokine which shares a receptor
component with IL-2, can markedly prolong NK survival, even in absence of serum (22).
Although therapeutic studies with recombinant IL-15 are only beginning phase I testing,
animal data suggests a potential for myelosuppression as well as constitutional side effects
(40).

Although the risk of adverse events may be low at the cytokine dosages required to sustain
NK cell survival, genetic modifications generating autocrine cytokine signals may be a
mechanism to avoid the consequences of systemic administration. IL-2 has been
successfully transduced into NK cell lines, resulting in increased cytotoxicity as well as
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proliferation independent of supplementation (41). IL-15 transduction also increases natural
cytotoxicity and survival (42). Thus far, there is limited described experience with cytokine
transduction into primary or expanded NK cells (16), but such modifications could allow
increased NK cell survival or proliferation without the restrictions associated with using
transformed cell lines.

Potentiation of cytotoxicity
NK cells discriminate between healthy, self-derived cells from those that are transformed or
infected by a delicate balance of inhibitory and activating signals via surface molecules (2).
Individual target cells are repeatedly engaged by NK cells, and the relative strength of an
activating signal as compared to competing negative signals determines the fate of the target
cell (12). Activation molecules on NK cells include the natural cytotoxicity receptors,
NKp46 (CD335), NKp44 (CD336), and NKp30 (CD337) as well as NKG2D (CD314) and
some activating co-receptors including 2B4 (CD244) and DNAM-1 (CD226) (13).

Cytokine stimulation with IL-2 will increase the density of surface expression of activation
molecules and consequently NK cell cytotoxicity (35). Driving overexpression of these
molecules through cytokine gene transduction may increase cytolytic activity (41), (42).
Additionally, NK cells that have been expanded by K562-mb15-41BBL stimulation have
higher surface expression of these molecules as well as considerably higher cytotoxicity
against acute myeloid leukemia (AML) cells than IL-2-stimulated cells (35). These
expanded NK cells also acquire cytotoxicity against cell lines derived from patients with
Ewing sarcoma (Fig. 1), rhabdomyosarcoma and neuroblastoma (43).

Beyond augmenting activating signals, the down-regulation of inhibitory signals represents
an alternative approach to biologic modification. The primary negative regulator of NK cell
cytotoxicity is mediated through the engagement of MHC class I and MHC class I–like
molecules (44). Most KIRs expressed on human NK cells recognize specific corresponding
HLA class I molecules on target cells, and deliver inhibitory signals (45). These inhibitory
signals from HLA can override activating signals and suppress the function of NK cells. The
human monoclonal anti-KIR antibody 1-7F9 prevents inhibitory signaling through KIR
2DL1,-2, and -3 and has been shown to increase killing of HLA-matched AML blasts in
vitro and in vivo (45). This agent is currently under clinical investigation. The NK surface
molecule NKG2A (CD159a) recognizes the HLA class Ib molecule HLA-E, and its signal
significantly inhibits NK cell cytotoxicity (44). Experiments investigating RNA interference
against NKG2A demonstrated a 40% increase in NK cell killing (46). Table 1 summarizes
the activating and inhibitory signaling molecules that have been targeted for modulation in
NK cell therapy.

Redirecting NK Cell Specificity
Cell therapies based on the broad cytotoxic activity of NK cells can be increased by
generating chimeric antigen receptors, thereby facilitating the killing of previously resistant
targets. Our laboratory demonstrated proof of this concept by transducing NK cells
expanded by K562-mb15-41BBL stimulation with an artificial receptor against CD19 (23).
CD19 is expressed by acute lymphoblastic leukemia and B-cell malignancies, which are
only minimally sensitive to NK cell attack. Transduction with the anti-CD19 receptor gave
the NK cells activity against previously resistant patient leukemia samples. This cytotoxic
signal could be further augmented by the addition of both CD3ζ and the 4-1BB
costimulatory molecules. Of note, the anti-CD19-41BB-CD3ζ receptor developed in our
laboratory, when expressed in T lymphocytes, powerfully stimulates their cytotoxicity
against CD19-positive tumor cells (47), and it was recently shown to provoke remarkable
anti-leukemic activity in patients with B-cell chronic lymphocytic leukemia (48, 49).
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Importantly, other groups have demonstrated that similar receptors can be generated by
replacing the anti-CD19 scFv with the scFv of another antibody, such as anti-CD20, -ErbB2,
-GD2, and -HER-2, effectively redirecting the specificity of NK cells (50),(51),(52),(53).

Application to Clinical Practice
In 2005, Miller et al. reported that allogeneic NK cells infused into patients with high-risk
malignancies who had received immunosuppressive but not myeloablative chemotherapy
could expand and have measureable anti-leukemic activity (37). In this study, there were 19
adult patients with high-risk AML who received cyclophosphamide and fludarabine
followed by infusion of an NK cell-enriched product (approximately 40% NK cells) which
was prepared by T-cell depletion and IL-2 (1000 IU/mL) activation. The patients also
received scheduled IL-2 injections in efforts to improve NK cell survival. Eight of 15
evaluable AML patients showed ≥1% donor engraftment after 7 days. In addition, five
patients achieved a morphologic complete remission. The number of circulating NK cells
was significantly greater in the patients who achieved remission than those who did not. In a
more recent study performed at St. Jude Children's Research Hospital (NKAML), 10
pediatric patients with AML in first remission received a single infusion of KIR-
mismatched, haploidentical CD56+ CD3- NK cells which were highly purified using the
Miltenyi CliniMACS system (38). The conditioning was similar to the one used by Miller et
al. and the patients also received six doses of IL-2 at 1 million units/m2. This therapy was
well tolerated with no evidence of graft versus host disease, and all children remain in
remission.

The NK activation and expansion system using the K562-mb15-41BBL cells developed in
our laboratory has also been adapted for clinical protocols using cGMP guidelines (35) and
supports two active Phase I cell dose escalation clinical trials at St. Jude (Fig. 2). Both
protocols use a cyclophosphamide and fludarabine-based conditioning regimen as well as
the scheduled IL-2 dosing based on Miller et al. (37) and tested in pediatric patients in the
NKAML protocol. The cell product is initially prepared by peripheral blood apheresis
collection from a haploidentical donor followed by mononuclear cell separation by Ficoll.
The K562-mb15-41BBL cells (from a Master Cell Bank) are then irradiated (100 Gy) and
added at a ratio of 1 CD56+ CD3− cell to 10 K562-mb15-41BBL cells. Cell cultures are
performed in a closed system and fed twice with fresh IL2-containing media (SCGM;
CellGenix, Antioch, IL) during the expansion phase. Expansion of NK cells is substantial
under these conditions, with median 90.5-fold after 7 days (35). In the NKEXP protocol, the
cells are harvested after one week, depleted of residual T cells using the Miltenyi
CliniMACS system, then washed and resuspended prior to patient infusion. In the NKCD19
protocol, the expanded NK cells undergo two days of viral transduction with an anti-CD19
chimeric antigen receptor followed by four additional days of culture. After confirmation of
cell viability and receptor expression, the cells are infused into the patient (summarized in
Fig 2).

Beyond adoptive immunotherapy, hematopoietic stem-cell transplantation practices may
also benefit from advances in NK cell engineering. NK cells are the first lymphocyte subset
to recover following transplantation and are thus likely responsible for early graft vs. tumor
effect (54). Increased numbers of NK cells is associated with improved transplant survival
and decreased relapse and acute graft versus host disease (15). Moreover, it is also known
that donor NK cells can exert an effective anti-leukemia effect if they do not express KIRs
reacting with the HLA class I epitope expressed by the patient's leukemia cells (55). The
generation of these KIR-HLA mismatched NK cells is important for anti-leukemia
alloreactivity and is increasingly recognized as important for donor selection in
haploidentical stem cell transplantation, where NK cell graft versus leukemia effect is most
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essential (56). Autologous KIR mismatching can also occur and correlates with response to
autologous transplantation for pediatric solid tumors (57),(58). Increased number of NK
cells or alteration in their function could, in turn, have important consequences to
transplantation outcomes.

Future work will focus on NK cell engineering to generate cells with improved activity or
survival. One limitation to current approaches to genetic modification is the reliance on gene
transfer primarily by retroviral transduction. Electroporation offers a mechanism of transient
expression without the time, expense or risks of clinical-grade viral transduction (59).
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Figure 1.
Killing of Ewing sarcoma cells by expanded activated NK cells. Time lapse confocal
microscopy of expanded activated NK cells pre-incubated with LysoTracker Red
(Invitrogen), co-cultured with GFP-expressing Ewing sarcoma cells. The time (minutes)
after the beginning of the coculture at which each photograph was taken is indicated.
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Figure 2.
Schematic representation of the NK cell expansion and genetic modification protocols
currently ongoing at St. Jude Children's Research Hospital.
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Table 1
NK cell activating and inhibitory signaling molecules and possible ways to modulate their
function

Signaling molecule (Known ligand) Method of modulation References

Activating

NKG2D/CD314 (MICA/B; ULBPs)
NKp46/CD335
NKp44/CD336
NKp30/CD337

Upregulation of expression with:

• Exposure to cytokines or accessory cells

• Gene transduction

(35, 42, 60)

DNAM-1/CD226 (PVR/CD155; Nectin-2/CD112) Upregulation of expression with:

• Exposure to cytokines

(52), (60)

CD3ζ
4-1BB/CD137 (4-1BBL)
2B4/CD244 (CD48)

Molecule incorporation into chimeric receptors (23), 49)

Inhibitory

2DL1,-2, and -3 (HLA Class I) Inhibition of interaction with ligand by monoclonal anti-KIR antibody (45)

NKG2A/CD159a (HLA-E) Suppression of inhibitory signals by RNA interference targeting NKG2A (46)

Abbreviations: KIR, Killer-Cell immunoglobulin-like receptors; HLA, human leukocyte antigen
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