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Natural killer (NK) cells have gained sig-
nificant attention in adoptive immuno-
therapy for cancer. Consequently, novel
methods of clinical-grade expansion of
NK cells have emerged. Subsets of
NK cells express a variety of chemokine
receptors. However, to expand the scope
of adoptively transferred NK cell homing
to various malignancies, expression of
corresponding chemokine receptors on
NK cells is essential. Here, we have ex-
plored the use of trogocytosis as a tool to

transiently express the chemokine recep-
tor CCR7 on expanded human NK cells
with the aim to enhance their homing to
lymph nodes. We generated a K562-
based “donor” cell line expressing CCR7,
Clone9.CCR7, to transfer CCR7 onto
NK cells via trogocytosis. CCR7 expres-
sion occurred in 80% of expanded
NK cells within 1 hour after coculture with
Clone9.CCRY7. After removal of the donor
cells from the coculture, the CCR7 expres-
sion on NK cells steadily declined to base-

line levels by 72 hours. The acquired
CCR?7 receptors mediated in vitro migra-
tion of NK cells toward CCL19 and CCL21
and increased the lymph node homing by
144% in athymic nude mice. This is the
first report on exploiting trogocytosis to
rapidly and transiently modify lympho-
cytes, without direct genetic interven-
tion, for adoptive transfer. (Blood. 2012;
119(22):5164-5172)

Introduction

Natural killer (NK) cells are part of the innate arm of immune
system because of their hallmark “readiness” to combat viral
infections and involvement in tumor immune surveillance without
prior Ag priming. However, recent insights into NK cell function
have led to the understanding that these cells participate in innate as
well as adaptive immune responses.! This increases the attractive-
ness of NKcells as effectors in adoptive immunotherapy for
cancer.

Until recently, the main limiting factor to the clinical applica-
tion and efficacy of NKcells was the difficulty in obtaining
sufficient cell numbers for adoptive transfer. Development of novel
methods of expanding primary human NK cells ex vivo has
renewed interest in NK cells for immunotherapy for cancer.>®
Expanded NK cells have enhanced expression of activating recep-
tors,*78 that in turn improves their antitumor cytotoxicity. Where
activating receptors did not sufficiently elicit an antitumor re-
sponse, researchers augmented the antitumor effect of NK cells by
expression of chimeric Ag receptors.”!! Ultimately, the success of
NK cell adoptive immunotherapy for cancer depends not only on
target recognition but also on homing of NK cells to the tumor
target in vivo. Thus, the effector cells must express the appropriate
chemokine receptors.

Cancer cells express a wide array of chemokines and chemo-
kine receptors that are instrumental in tumor survival'? and
metastatic spread.'* Lymph nodes, particularly the tumor-draining
nodes, are the foci of metastatic spread of tumors for a vast number
of cancer types.'>'* The expression of CCR7, a member of the
G protein—coupled receptor family, on lymphocytes directs their
homing to lymph node, coordinates primary immune responses,

and induces peripheral immune tolerance.’> CCR7 expression on
tumor cells has been reported and shown to play a pivotal role in
lymph node metastasis of various cancers such as breast,'® pancre-
atic,!” thyroid,'® and colorectal'® cancers; oral squamous cell
carcinoma®’; melanoma?'; and lymphoma.?> Lymph node involve-
ment in these cancers is generally associated with poor prognosis.

Peripheral NK cells express a variety of chemokine receptors
such as CXCR1, CXCR3, and CXCR4 with subsets expressing
CCR1, CCR4, CCRS, CCR6, CCR7, CCRI, CXCRS, and CXCR6.
Expression of CCR7 on NK cells can facilitate homing to lymph
nodes, which, in the context of adoptive immunotherapy for
various cancers, would offer a main advantage in targeting lymph
node metastases. However, CD56™¢CD16~ NK cells, which
primarily secrete cytokines, express CCR7, but CD564™CD16*
NK cells, which are primarily responsible for cytotoxicity, do not.?
In a previous study, we reported that expanded NK cells
are predominantly of CD56TCDI16g" phenotype and did not
express CCR7.7

In this study, we sought to express CCR7 on expanded NK cells
ex vivo to facilitate lymph node homing on adoptive transfer.
Although investigators have used viral vectors to gene modify
NK cell lines'®?* and primary NK cells,®? because of safety
concerns over integrating viral vectors there has been a recent shift
in emphasis toward nonviral methods of gene transfer, particularly
nonintegrating, mRNA-based electroporation approaches.!! How-
ever, electroporation of NK cells has been difficult in that the
transfection efficiency and viability of NK cells are low, and
high-throughput electroporation methods for gene modifying clini-
cally relevant NK cell numbers are currently lacking.
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Marcenaro et al showed that NK cells could acquire CCR7
expression in vitro via transfer of membrane patches from APCs,
especially mature dendritic cells.?® They suggested that this process
can occur in vivo and may be involved in lymph node homing of
NK cells from inflamed peripheral tissue. Uptake of membrane
molecules by NK cells from their targets was first described for the
transfer of human leukocyte Ag-C,”” by a process later termed as
trogocytosis.?®

Trogocytosis is a fast, contact-dependent uptake of membrane
fragment and molecules contained therein, from “donor” cell by the
“acceptor” cell, and is distinct from other mechanisms of intercellu-
lar exchanges such as nanotubes and exosomes. Trogocytosis was
first described in 1973.2° Since then, it has been identified as an
active process that depends on ATP, calcium mobilization, and
actin cytoskeleton reorganization and is regulated by Src kinases.?
Recently, direct evidence was presented for functional incorpora-
tion of receptor molecules acquired through trogocytosis.’! Acqui-
sition of molecules by immune cells through trogocytosis has
diverse consequences such as augmented or diminished immune
function and generation of immunosuppressive or regulatory
cells.?>% Trogocytosis can also be bidirectional as reported in the
context of NK cells, resulting in tumor immune evasion.** In
addition, it can be a dynamic process that involves multiple cell
types, resulting in serial transfer of Ags from donor cells to
acceptor immune cells*' across innate and adaptive arms of
immune systems in local and distant microenvironments. These
observations have shed light on the role of trogocytosis in
generating complex adaptations in immune cells and the ensuing
immune plasticity beyond genetic and epigenetic programming.*?+3

Although the process of trogocytosis has been well studied both
in vitro and in vivo with the use of various cell types, to date there
have been no reports that trogocytosis can be exploited as a tool for
engineering expression of cell membrane molecules on immune
cells for therapeutic applications. We proposed the use of trogocy-
tosis to engineer CCR7 expression on expanded human NK cells
for adoptive immunotherapy applications. In the present study we
showed that CCR7 acquired by NK cells via trogocytosis enhances
the lymph node homing of these cells on adoptive transfer to
athymic nude mice. To the best of our knowledge, this is the first
report to suggest and validate trogocytosis as a tool for modifying
lymphocytes with chemokine receptors in place of gene transfer for
the purposes of adoptive immunotherapy.

Methods

Cells and cell lines

The K562-based artificial APC line CJLCKT64.86.41BBL.CD19.MBIL21
(Clone9.mbIL21) was described previously for expansion of NK cells
ex vivo.”8 CCR7 cDNA (CCR7/pCMV-XL4) was obtained from Origene,
and the coding sequence was amplified (primers listed in Table 1) and
cloned into the Sleeping Beauty transposon vector pSBSO. Clone9.mbIL21
was electroporated with CCR7/pSBSO and the Sleeping Beauty transposase
SB11 (pKan-CMV-SB11) at 3:1 ratio with the use of Amaxa Nucleofector
I device (Nucleofector Kit V, program T16). CCR7™ cells were sorted to
generate a stable CCR7 donor cell line, Clone9.mbIL21.CCR7
(Clone9.CCR7).

Anonymized normal human donor bufty coats were obtained from the
Gulf Coast Regional Blood Center under protocol approved by the
Institutional Review Board of The University of Texas MD Anderson
Cancer Center. NK cells were expanded from buffy coat—derived PBMCs
as described previously.” Briefly, PBMCs were stimulated weekly by
coculturing with irradiated (100 Gy) Clone9.mbIL21 in an NK cell media
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(RPMI 1640 [Cellgro] supplemented with 10% FBS [Invitrogen] and
50 IU/mL IL-2 [Proleukin; Novartis Vaccines and Diagnostics]). The
CD567CD3~ NK cells were purified from the expansion culture at the end
of second stimulation with the use of a RosetteSep human NK cell-
enrichment cocktail (StemCell Technologies). Purified NK cells were
subjected to a third stimulation with irradiated Clone9.mbIL21 and
cryopreserved 7 days later.

Abs and flow cytometry

Anti-CD16 PE-Cy5 (Clone 3G8), anti-CD56 PE-Cy5 (Clone B159),
anti-CCR7 FITC (Clone 3D12), anti-CD19 PE-Cy5 (Clone HIB19),
anti-CD64 FITC (Clone 10.1), anti-CD86 allophycocyanin (Clone 2331
FUN-1), anti-CD137L PE (Clone C65-485), and anti-CD107a PE (Clone
H4A3) Abs were obtained from BD Biosciences, and anti—IL-21 PE (Clone
eBio3A3-N2) Ab was obtained from eBioscience. Flow cytometric data
acquisition was performed with BD FACSCalibur, and the data were
analyzed with FlowJo Version 9.2 software (TreeStar Inc).

Modifying NK cells by trogocytosis

Expanded NK cells were thawed and allowed to rest overnight in NK cell
culture media. Trogocytosis of CCR7 was induced by coculturing NK cells
with vy-irradiated (100 Gy) Clone9.CCR?7 cells, at an acceptor-to-donor cell
ratio of 1:1 in a 24-well plate. The plate was spun for 2 minutes at 100g to
initiate cell contact and incubated at 37°C in 5% CO,. NK cells cocultured
with Clone9.mbIL21 cells served as control. The cells from the cocultures
were recovered for analysis at the times indicated and pipetted to dissociate
cell synapses, fixed for 15 minutes at room temperature with the use of a
1% formaldehyde solution in PBS, and stained for CD16 PE-Cy5, CD56
PE-Cy5, and CCR7 FITC. The percentage of the NK cells that acquired
CCR7 was determined with the use of flow cytometry. Uptake of multiple
surface receptors from Clone9.CCR?7 cells by NK cells was also assessed
with flow cytometry. NK cells with (cocultured with Clone9.CCR?7 cells)
and without (cocultured with Clone9.mbIL21 cells) acquired CCR7 are
henceforth referred to as CCR7* NK and CCR7~ NK cells, respectively.
To evaluate the kinetics of persistence of acquired CCR7, NK cells from
3 healthy persons were cocultured for 1 hour as described earlier with donor
cells that were subjected to freezing and thawing. Donor cells (5 X 10°
cells/mL of culture medium) were frozen in a dry-ice/ethanol bath for
2 minutes and then thawed in a 37°C water bath. Optimal amount of
freezing and thawing was determined when > 95% of the cells stained
positive for trypan blue without significant disruption of the structural
integrity of the cells. The NK cells were then separated from the donor cells
by centrifugation at 400g for 20 minutes on Ficoll-Paque PLUS medium
(GE Healthcare). The NK cells were returned to culture in NK cell medium as
described earlier, and CCR7 expression on the cells was assessed over time.

RT-PCR analysis

Transcription of CCR7 mRNA in donor as well as NK cells was assessed
with RT-PCR. Briefly, total RNA was isolated from untreated NK cells,
K562 donor cell lines (Clone9.mbIL21, Clone9.CCR7), CCR7" NK cells,
and CCR7~ NK cells and T cells (positive control), and cDNA was then
synthesized with oligo(dT) primers with SuperScript III first-strand synthe-
sis supermix (Invitrogen). To detect CCR7 transgene expression in donor
cells, RT-PCR was performed with primers that bind within the coding
region of the transcript. To detect the endogenous CCR7 transcripts in the
acceptor NK cells, a different primer set was used with the reverse primer
designed to bind in the 3'-untranslated region of the mRNA, which was
lacking in the CCR7 transgene. The PCR products were run on a 1.2%
agarose gel. The primers used in this analysis are listed in Table 1.

Fluorescence microscopy

NK cells were cocultured with Clone9.CCR?7 cells for 15 minutes at 37°C,
gently recovered to prevent disturbing the cell aggregates, centrifuged at
80g for 5 minutes, and fixed in a 1% formaldehyde solution. The cells were
then stained with anti-CCR7 FITC, anti-CD16 PE, and anti-CD56 PE Abs.
Next, the cells were transferred onto glass slides with the use of a cytospin
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Figure 1. Analysis of CCR7 uptake by NKcells.
(A) A representative flow cytometric analysis of CD56,
CD16, and CCR7 expression on buffy coat-derived
CD3 CD56* NKcells before and after expansion.
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(Cytopro 7620 cytocentrifuge; Wescor) and imaged with a Nikon Eclipse
TE2000-U fluorescence microscope.

Transwell migration assay

NK cells were cocultured with freeze/thaw-treated Clone9.mbIL21 or
Clone9.CCR7 cells for 1 hour at 37°C, and NK cells were separated by
Ficoll-Paque centrifugation as described in “Modifying NK cells by
trogocytosis.” CCR7" and CCR7~ NK cells were tested for acquired
migratory properties by a transwell migration assay that used a 3-pm
polycarbonate 24-well transwell chamber plate (HTS; Corning Costar). A
culture medium (RPMI, supplemented with 10% FBS) containing 300 ng/mL
CCL19 or CCL21 was added to the lower chamber of the transwell plate,
and 100 pL of serum-free RPMI medium containing 5 X 105 CCR7* or
CCR7~ NK cells was added to the upper chamber; the plate was then
incubated for 6 hours at 37°C in 5% CO,. Triplicate wells were set up for
each cytokine condition, and triplicate cell counts were performed per well.
NK cells expanded from 4 different persons were used in the study. The
CCR7" and CCR7~ NK cells that migrated to the lower chamber were
counted with a hemocytometer. Data are represented as percentage of
migration based on original cell input.

In vivo lymph node homing of NK cells

Male athymic nude mice (B6.Cg-Fox1nu/J; 4-6 weeks old) were obtained
from the Department of Experimental Radiation Oncology at MD Anderson

and housed in individually ventilated barrier cages and given sterilized
alfalfa-free diet. For adoptive transfer, NK cells were stained with
50uM XenoLight DiR membrane dye (Caliper Life Sciences) for
15 minutes, washed, and subjected to coculture with v-irradiated
Clone9.mbIL21 or Clone9.CCR7 cells for 1 hour. The NK cells were
recovered and resuspended in PBS at 10 X 10° cells per 200 pwL. Next,
10 X 10 CCR7* or CCR7~ NK cells were injected intravenously in
5 mice each. Twenty-four hours after adoptive transfer, the mice were
anesthetized with isoflurane and killed by cervical dislocation, and
peripheral lymph nodes (inguinal, axillary, and cervical) were dissected
from both the left and right flanks. NK cell homing to the lymph nodes in
the mice was assessed with fluorescence imaging of the resected lymph
nodes with the use of Xenogen IVIS Spectrum (Caliper Life Sciences),
equipped with 710/760 nanometer excitation-emission filter set. Unin-
jected mice served as controls. All animal experiments were performed
in accordance to the protocols approved by the MD Anderson Office of
Research Administration and Institutional Animal Care and Use
Committee.

Statistical analysis

Statistical analyses were performed with GraphPad Prism Version 5.0
software with the use of nonparametric, Wilcoxon test. Correlation analysis
was done with the nonlinear curve fit method, and significance of
correlation was assessed by the Pearson test. P values < .05 were
considered statistically significant.
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Table 1. PCR primers used for CCR7 cloning and RT-PCR analysis
Primer sequence Band size, bp

CCRY: cloning primers Forward: 5'-aatatcgatagccgccaccatggacctggg-3’ 1167
Reverse: 5'-atgactagtagagtcgcctatgg-3’

CCR?7: transgene RT-PCR primers Forward: 5'-atggacctggggaaaccactgaaaagc-3’ 398t
Reverse: 5'-ctggagcagggtgcggatgatgac-3’

CCR?7: endogenous RT-PCR primers Forward: 5'-gcaacgatctcttcaagctcttcaagga-3’ 214t
Reverse: 5'-tgagtcattgcatctgctccctatccc-3’

GAPDH: RT-PCR primers Forward: 5'-atggggaaggtgaaggtcggagtcaa-3’ 577t
Reverse: 5'-cggaggggccatccacagtcttct-3’

*PCR program: 95°C for 5 minutes, 95°C for 30 seconds, 60°C for 30 seconds, 72°C for 1.5 minutes for 35 cycles; 72°C for 10 minutes, and 4°C.
1PCR program: 95°C for 5 minutes, 95°C for 30 seconds, 65°C for 30 seconds, and 72°C for 45 seconds, 30 cycles.

Results

Expanded human NK cells acquire CCR7 from K562-based
donor cells via trogocytosis

We genetically modified the Clone9.mbIL21 cell line to express
CCR7 with the use of Sleeping Beauty transposon/transposase
vectors (supplemental Figure 1A, available on the Blood Web site;
see the Supplemental Materials link at the top of the online article)
and generated the Clone9.CCR7 cell line by sorting for CCR7*
cells 2 weeks after electroporation. After 1 month of culture, we
confirmed that the Clone9.CCR7 cell line had stable expression of
CCR7 (supplemental Figure 1B).

We generated the NK cells used in the study by expanding buffy
coat—derived PBMCs on Clone9.mbIL21 cells as we described
previously.” This method yielded an average 21 000-fold expansion
of NK cells over 3 weeks with a CD3-CD56% NK cell purity of
99%. The buffy coat—derived NK cells lacked the expression of
CCR?7 before and after expansion (Figure 1A).

To assess the feasibility of CCR7 uptake by expanded NK cells,
we cocultured expanded NK cells with live Clone9.mbIL21 cells or
Clone9.CCR7 donor cells. Flow cytometric analysis after 30 min-
utes of coculture showed that ~ 40% of the NK cells had surface
expression of CCR7 when cocultured with Clone9.CCR7 cells

A
Figure 2. CCR7 expression on NK cells is because of
membrane uptake from donor cells rather than ex-
pression of the endogenous CCR7 gene. (A) RT-PCR CCR7'Tran593ne
analysis of CCR7 expression in NK cells. The donor cells CCR7 Endogenous

Clone9.CCR7 were positive for CCR7 transgene mRNA
expression and served as negative control for endoge-
nous CCR?7 transcript, and T cells served as positive
control. CCR7* NK and CCR7~ NK cells both lacked the
expression of endogenous CCR7 transcript over the
entire 8-hour period of coculture. GAPDH was used as
control for quality of cDNA synthesis. (B) Fluorescence B
microscopic analysis of CCR7 uptake. After coculture of
NK and Clone9.CCR?7 cells for 15 minutes, the cells were
stained with an anti-CCR7 FITC Ab (Clone9.CCR?7 cells,
in green) and with anti-CD16 and anti-CD56 PE Abs
(NK cells, in red), spun onto glass slides with the use of
cytospin and mounted slides using Vectashield mounting
media, and visualized CCR7 uptake by NK cells with the
use of a fluorescence microscope (Nikon Eclipse
TE2000-U) equipped with Coolsnap HQ camera/Roper
Scientific photometries and Metamorph image acquisi-
tion software.

GAPDH

NK‘cmnes.ccm

(Figure 1B), whereas those NKcells cocultured with
Clone9.mblIL21 cells lacked CCR7 expression.

We further evaluated the kinetics of CCR7 uptake by NK cells
from irradiated Clone9.mbIL21 or Clone9.CCR7 cells as a poten-
tial clinically applicable approach and, again, observed uptake of
CCR7 by NK cells. By 1 hour of coculture, a median of 80% of
NK cells were positive for CCR7 (Figure 1C). The uptake peaked
by 3 hours, followed by a marginal decrease and stabilization at a
median of 76% of NK cells = 8 hours. No expression of CCR7 on
NK cells cocultured with Clone9.mbIL21 was observed during this
period. These data suggested that 1-3 hours of NK cell coculture
with Clone9.CCR7 was optimal for achieving maximal uptake of
CCR?7 by expanded NK cells in our system. In subsequent experi-
ments, we used 1 hour as the standard coincubation period.

To exclude induction of gene expression, we assessed for onset
of endogenous CCR7 transcription in NK cells after coculture with
K562 donor cells with the use of RT-PCR. Because of potential
contamination of donor cell debris in NK cells separated from the
cocultures by Ficoll-Paque centrifugation, we designed 2 sets of
primers to distinguish between transgene and endogenous CCR7
transcripts (Table 1). mRNA derived from T cells served as a
positive control for the endogenous CCR7 transcript. Although
CCR7* NKcells had surface expression of CCR7, expanded
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Figure 3. Persistence of acquired CCR7 receptors on NK cells. Kinetics of
persistence of acquired CCR7 receptors (after Ficoll-Paque separation) from
3 independent experiments performed with different donor-derived NK cells. The
percentage of CCR7" NKcells was adjusted to 100% at time O hour, and the
subsequent loss of acquired CCR?7 relative to 0 hour was assessed over 72 hours.
NK cells cocultured with Clone9.mblL21 cells were used as negative controls and for
background correction. The data are presented as median = range (n = 3).

NK cells, CCR7~ NKcells, and CCR7" NKcells all lacked
transcript for endogenous CCR7 over the entire 8-hour period of
coculture (Figure 2A), providing evidence that onset of endoge-
nous gene transcription was not the mechanism for CCR7 expres-
sion on CCR7* NK cells.

To investigate whether trogocytosis was the mechanism of
CCR?7 uptake by NK cells, we imaged NK cells 15 minutes after
coculture with Clone9.CCR7 cells with the use of fluorescence
microscopy. We observed 3 stages of CCR7 acquisition by
NK cells. First, CCR7 expression on NK cells was found around
the synapse with the donor cells, potentially representing an early
stage of CCR7 uptake. Second, we observed that patches of
acquired CCR7 spread across the NK cell surface, and, third,
NK cells that acquired CCR7 on their surfaces had detached from
the donor cells (Figure 2B). These data confirmed that CCR7 is
indeed acquired from donor cells via trogocytosis.

Persistence of acquired CCR7 expression on NK cells

To determine the kinetics of loss of acquired CCR7 receptors from
NK cells, we cocultured NK cells with freeze/thaw-treated
Clone9.mbIL21 and Clone9.CCR7 cells to facilitate Ficoll-Paque
separation of NK cells. A single cycle of freeze/thaw of K562-
based donor cells at a cell density of 5 X 10%mL of RPMI culture
medium yielded cells with compromised membranes that stained
for trypan blue but maintained cell integrity as shown in supplemen-
tal Figure 2Ai. Further freezing and thawing cycles resulted in
complete cell lysis and generation of cell debris (supplemental
CCR7 from Clone9.CCR7 cells subjected to a single freezing/
thawing cycle although at a lower level than from live Clone9.CCR7
cells (supplemental Figure 2B). Donor cells treated with further
freeze/thaw cycles did not support uptake of CCR7 by trogocytosis
(data not shown). To understand the reason for diminished trogocy-
tosis we assessed whether trogocytosis depended on NK cell lysis
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of the targets. We stained NK cells for CCR7 and CD107a, a
marker for degranulation, after coculture with live and freeze/
thawed donor Clone9.CCR?7 cells (supplemental Figure 2C). Equal
proportions of NK cells cocultured with live donor cells were dual
positive for CCR7 and CDI107a (1:1 ratio). After freeze/thaw
treatment there was a decrease in overall trogocytosis and degranu-
lation by NK cells and increase in CCR7-CD107a~ cell population
(supplemental Figure 2D). However, we noted that the percentage
of CCR7* NK cells remained higher than CD107a™ NK cells, and
the ratio shifted to 1:0.58 with a median of 31% NK cells that are
CCR7*CD107a". These data suggest that trogocytosis in this
system is not absolutely dependent on donor cell lysis, in agree-
ment with previous findings.6 The data however show that
membrane integrity of target cells may play an important role in
NK cell engagement, resulting in both degranulation and
trogocytosis.

To assess the kinetics of loss of acquired receptors, we separated
NK cells from the coculture by Ficoll-Paque separation (designated
as time = O hour) and assessed for CCR7 expression by flow
cytometry over the next 72 hours. Relative to CCR7 expression at
0 hour, we found a median of 20% reduction in CCR7" NK cells
over the first 2 hours. Subsequent loss was more gradual, with
45.0% reduction at 8 hours (Figure 3), 65% at 24 hours, and 83% at
48 hours. CCR7 expression on NK cells eventually fell to back-
ground levels by 72 hours.

Acquired CCR7 expression confers migratory properties to
NK cells in vitro

We assessed the functional integration of acquired CCR7 in
NK cells by studying their migration potential toward chemokine
ligands CCL19 and CCL21 with the use of the transwell migration
assay. We separated NK cells cocultured with freeze/thaw-treated
Clone9.mbIL21 or Clone9.CCR7 cells on Ficoll-Paque and as-
sessed them for CCR7 uptake before setting up the migration assay.
As shown in Figure 4, a median of 5% and 5.5%, of the CCR7~
NK cells exhibited spontaneous migration toward CCL19 and

H CCR7'NK
80, 0 CCR7'NK
p < 0.0001 p < 0.0001
70 L —
§ 60
c 50'
2 40
— i
e
2 304
=
20 —4 1
10
0- [
CCL19 CCL21

Figure 4. Transwell migration assay. The functional incorporation of the acquired
CCR?7 receptors on NKcells was assessed with transwell migration assay. The
percentage of migration was assessed by the formula (no. of cells that migrated to the
lower chamber/no. of cells seeded in the upper chamber) X 100. The data were
acquired by setting up triplicate wells per chemokine condition, and triplicate counts
were performed per each well. NK cells obtained from 4 different donors were used in
the analysis (n = 4). The statistical significance was assessed with a nonparametric
Wilcoxon test, and the data are presented as median * range.
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Figure 5. Effect of acquired CCR7 on homing of A
NK cells to peripheral lymph nodes. (A) Xenogen IVIS
Spectrum fluorescence image of XenoLight DiR-labeled
NK cells that homed to peripheral lymph nodes 24 hours
after intravenous administration. Individual lymph nodes
resected from either the uninjected group or the group
injected with XenoLight DiR-labeled CCR7~ or CCR7*
NK cells were placed in a 96-well plate; the columns of
the plate represent right and left inguinal, axillary, and
superficial cervical lymph nodes; and the rows represent
individual animals. (B) Assessment of flux per region of
interest drawn around each well that contained a single
lymph node. Statistical analysis was performed with a
nonparametric Wilcoxon test, and data are presented as
median = interquartile range (n = 30). The gray area
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CCL21, respectively, whereas a median of 33.3% and 35% of
CCR7" NK cells migrated toward CCL19 and CCL2I, respec-
tively. This 6-fold increase in migration (P < .0001) suggests that
the CCR7 receptors acquired by NK cells were functional at
conferring migratory property.

Acquired CCR7 aids homing of adoptively transferred NK cells
to lymph nodes in mice

To assess the practical feasibility of using trogocytosis for adoptive
immunotherapy we studied lymph node homing of NK cells with
acquired CCR7 in athymic nude mice. Expanded NK cells,
prestained with fluorescent lipophilic dye XenoLight DiR, were
cocultured with irradiated Clone9.mbIL21 or Clone9.CCR?7 cells.
We adoptively transferred the CCR7* NK cells or CCR7~ NK cells
to athymic nude mice via the intravenous route. First, we assessed
the cumulative fluorescence signals from the live mice immediately
after adoptive transfer to ensure uniform administration (supplemen-
tal Figure 3A) and found no statistical difference in the intensity of
fluorescence signal Flux (photons/second) between the 2 groups
(supplemental Figure 3B). The uninjected group served as control
for background fluorescence. Twenty-four hours after the adoptive
transfer of NK cells we killed the mice by cervical dislocation after
isoflurane anesthesia and resected from each group (n = 5) ingui-
nal, axillary, and superficial cervical lymph nodes from left and
right flanks and imaged the nodes (30 nodes per group) in a 96-well
plate with the use of Xenogen IVIS Spectrum (Figure 5A).
Figure 5B shows that CCR7* NK cells migrated to lymph nodes in
vivo at a significantly higher rate than did CCR7~ NK cells. The

mean percentage of increase in fluorescence signal from NK cells
in the lymph nodes of mice that received CCR7* NK cells
was 144% greater than those mice that received control
CCR7~ NKcells and was calculated with the formula (flux
CCR7* NK — flux CCR7- NK)/(flux CCR7- NK — flux
uninjected) X 100.

Multiple receptors are acquired simultaneously by NK cells
from a single donor-cell population

Trogocytosis is the process of transfer of membrane patches and
not individual receptors, so to demonstrate the robustness and
scope of application of trogocytosis in NK cell modification for
adoptive immunotherapy we sought to determine whether NK cells
simultaneously take up multiple membrane-bound receptors. In
this experiment, we cocultured NK cells with parental K562
(control) and Clone9.CCR7 for 30 minutes. The Clone9.CCR?7 line
had been genetically modified to express wild-type CD64, CD86,
CDI134L,* truncated CD19 (tCD19) Ag, and membrane-bound
IL-21 to support NK- and T-cell expansion in vitro. As expected,
NK cells cocultured with parental K562 cells did not gain expres-
sion of any of the transgenes (tCD19, CD64, CD86, CD134L,
mblL21, and CCR7), whereas NK cells cultured with Clone9.CCR7
cells exhibited uptake of all these molecules (Figure 6A). The
acquisition of each molecule by NK cells correlated with the
expression of the molecule on the donor cells, as measured by mean
fluorescence intensity (Figure 6B-C). Expression of endogenously
expressed CD16 and CD56 remained unaltered during the cocul-
ture period (Figure 6D). We assessed the kinetics of loss of
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Figure 6. Correlation of uptake of multiple receptors by NK cells with expression of the receptors on donor cells. (A) Flow cytometric analysis of NK cells after
30 minutes of coculture with parental K562 (black histogram) and clone9.CCR?7 (unfilled histogram) cells. NK cells acquired CCR7, mbIL21, CD137L, CD64, truncated CD19,
and CD86 transgenes that were expressed on Clone9.CCR7 cells.(B) Transgene expression on parental K562 (black histogram) and Clone9.CCR7 (unfilled histogram) cells.
(C) Nonlinear regression (curve fit) analysis of the correlation between the mean fluorescence intensity (MFI) of acquired receptors on NK cells and their corresponding MFI on
donor cells. The correlation as calculated by Pearson test was statistically significant (P < .0034). (D) Expression of CD16 and CD56 in NK cells before (black histogram) and
after (unfilled solid histogram) coculture with parental K562 or Clone9.CCR7 cells (unfilled dotted histogram). (E) Kinetics of loss of CD64, CD86, and CD137L from NK cells
derived from 3 different persons (n = 3). The data are represented as median *+ range.

acquired wild-type receptors CD64, CD86, and CD137L. The
decline in NK cells positive for acquired receptors to a median of
50% (tv), relative to time O hour, was most rapid for CD64
(~ 4 hours), intermediate for CD137L (~ 8 hours), and slowest for
CD86 (~ 24 hours; Figure 6E). These data show that receptors
acquired through trogocytosis may decay at varying rates.

Discussion

In this study, we proposed using trogocytosis to modify NK cells in
place of gene transfer and showed the feasibility of this approach in
conferring to NK cells CCR7-mediated ability to migrate to lymph
nodes after adoptive transfer. We also showed the robustness of
trogocytosis by simultaneously transferring multiple receptors to
NK cells.

Because of the importance of chemokines and chemokine
receptors in cancer progression and lymphocyte migration to
tumors, we seek to improve homing of adoptively transferred
NK cells to tumors or sites of tumor metastasis in vivo. In the
present study, we used CCR7 as a generic chemokine receptor
model that is relevant to many tumor types that metastasize to
lymph nodes driven by their expression of CCR7 or CXCR4.144
We propose that expression of CCR7 on adoptively transferred
NK cells will facilitate targeting of such lymph node metastasis by
improving NK cell localization with the tumors. Although treat-
ment of NK cells with IL-18 has been shown to induce CCR7

expression, it does so only in ~ 30% of NK cells,* and the current
approaches to genetic modification of NK cells have limitations, so
we evaluated trogocytosis as a means to express CCR7 on
expanded human NK cells.

The K562 cell line is a classic NK cell target because of its
expression of NK cell-activating ligands and lack of major histo-
compatibility complex class I expression. In addition, K562 is an
established feeder cell for expansion of NK cells and is now being
used in human clinical trials. Here, we showed that K562 cells can
function as donors for trogocytosis of CCR7 by expanded NK cells.
The rapid onset of CCR7 expression on expanded NK cells after
coculture with Clone9.CCR7 cells and its absence on NK cells
cocultured with Clone.mbIL21 lacking CCR7 indicated an exog-
enous acquisition mechanism. This was confirmed by RT-PCR
showing that NK cells did not express mRNA transcripts for
CCR?7. In addition, we observed that the uptake process occurred at
the synapse, using fluorescence imaging. Taken together, these data
strongly support that trogocytosis of CCR7 from Clone9.CCR7 is
the mechanism of CCR7 expression on NK cells in this system.
Others have shown that trogocytosis may occur in NK cells
activated with IL-2 alone®; IL-2 and PHAZ2%; IL-2, PHA, and
irradiated peripheral blood lymphocytes as feeders’’; and IL-2 with
irradiated 721.221 as feeders,”” but much less so in resting
NK cells,?*3 establishing trogocytosis as a generalized function of
activated NK cells.

Herein, we also showed for the first time that NK cells can
capture receptors from dead cells and functionally incorporate the
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acquired receptors. We treated the donor cells with freeze/thaw to
facilitate separation of NK cells on Ficoll-Paque so that continued
uptake of CCR7 by NK cells did not occur and interfere with our
evaluation of persistence of acquired CCR7 receptors. The expres-
sion of acquired CCR7 on NK cells was transient; however, it
lasted longer (= 48 hours) than previously reported.?® This dura-
tion of expression was sufficient for adoptively transferred cells to
migrate to the target tissues in vivo. NK cells can simultaneously
take up multiple receptors, and the kinetics of loss of these acquired
receptors are varied and may depend on such factors as amount of
receptor uptake, recycling, degradation, and the rate of NK cell
division.

Binding of chemokine ligands to CCR7 initiates signal transduc-
tion via phosphorylation of the MAPK family of proteins, ERK1/2
and p38 and the PI3K/Akt pathway,*”*® which are also involved in
the signaling cascade of NK cell-activating receptors. Because
coculture of NK cells with K562 cells engages NK cell-activating
receptors during trogocytosis, we relied on functional assays of
in vitro and in vivo migration to assess CCR7 signaling in
NK cells. To evaluate in vivo homing of NK cells to lymph nodes,
we chose the clinically relevant approach of intravenous cell
injection and observed a significant (144%) increase in lymph node
homing of CCR7* NK cells compared with CCR7~ NK cells.
These data validate the feasibility of using trogocytosis to modify
NK cells in place of gene transfer for adoptive immunotherapy.

Given the current regulatory, funding, and patient community
concerns about the clinical safety of infusing genetically modified
effector cells, we propose the use of this approach as an alternative
to modifying lymphocytes before adoptive transfer. This relatively
simple coculture method builds on an established platform of
T- and NK-cell expansion and can easily be scaled up to modify
large numbers of NK cells and support uptake of large, multiple,
multiple subunit proteins with relative ease with the use of a single
donor cell line. The data presented in this report also confirm that
the acquired receptor density on NK cells can be regulated as
needed by selecting for K562-based donor cells with corresponding
expression levels of the desired target receptor(s).

The transitory nature of this approach may be appealing for
certain clinical applications in which the acquired receptors affect
fast responses such as homing to target tissues, or in cases where
prolonged persistence may yield undesired off-target effects.
However, the limitation of this method becomes apparent when
long-term expression of the acquired molecule is essential to
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achieve therapeutic efficacy such as expression of chimeric Ag
receptors. Nevertheless, in the context of NK cells, transient
persistence of acquired receptors may not be a significant disadvan-
tage, considering that adoptively transferred NK cells may have
limited lifespan* of ~ 10-12 days after infusion even with cyto-
kine support.®® It may be possible to administer multiple infusions
of expanded NK cells modified via trogocytosis to overcome the
limitations of receptor persistence. Because trogocytosis involves
transfer of membrane fragments, this method is restricted to
developing therapeutic approaches that exploit modifying lympho-
cytes with membrane-bound molecules. The use of trogocytosis as
described in this study has broad applications in modifying other
lymphocytes that participate in uptake of membrane patches from
target cells via trogocytosis.

On the basis of our data in this study, we propose trogocytosis as
a tool to transiently modify expanded human NK cells with
chemokine receptors and other membrane-bound molecules with-
out using gene transfer for adoptive immunotherapy for cancer.

Acknowledgments

The authors thank Perry Hackett for use of his Sleeping Beauty
vectors, and Simon Olivares for his vector modifications.

This work was supported by the MD Anderson Physician
Scientist Training Program, St Baldrick’s Foundation, the Sunbeam
Foundation, the Farrah Fawcett Foundation, and MD Anderson’s
Cancer Center Support (grant CA016672).

Authorship

Contribution: S.S.S. designed and performed the experiments and
wrote the paper, A.S. designed and performed the experiments,
D.A.L. offered critical reviews of the data and wrote the paper, and
L.J.N.C. offered critical reviews of the data and reviewed the
manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Srinivas S. Somanchi, Division of Pediatrics,
Unit 853, The University of Texas MD Anderson Cancer Center,
1515 Holcombe Blvd, Houston, TX 77030; e-mail: sssomanchi@
mdanderson.org.

References

1. Vivier E, Raulet DH, Moretta A, et al. Innate or 6. Fujisaki H, Kakuda H, Shimasaki N, et al. Expan- 11. LiL, Liu LN, Feller S, et al. Expression of chimeric
adaptive immunity? the example of natural killer sion of highly cytotoxic human natural killer cells antigen receptors in natural killer cells with a
cells. Science. 2011;331(6013):44-49. for cancer cell therapy. Cancer Res. 2009;69(9): regulatory-compliant non-viral method. Cancer

2. Klingemann HG, Martinson J. Ex vivo expansion 4010-4017. Gene Ther. 2010;17(3):147-154.
of natural killer cells for clinical applications. Cyto- 7. Somanchi SS, Senyukov VV, Denman CJ, Lee DA. 12. Rollins BJ. Inflammatory chemokines in cancer
therapy. 2004;6(1):15-22. Expansion, purification, and functional assess- growth and progression. Eur J Cancer. 2006;

3. Koehl U, Esser R, Zimmermann S, et al. Ex vivo ment of human peripheral blood NK cells. 42(6):760-767.
expansion of highly purified NK cells for immuno- J Vis Exp. 2011;(48). pii:2540. 13. Kakinuma T, Hwang ST. Chemokines, chemokine
therapy after haploidentical stem cell transplanta- 8. Denman CJ, Senyukov VV, Somanchi SS, et al. receptors, and cancer metastasis. J Leukoc Biol.
tion in children. Klin Padiatr. 2005;217(6):345- Membrane-bound IL-21 promotes sustained 2006;79(4):639-651.

350. ex vivo prohferatl-on of human natural killer cells. 14. Balkwill F. Cancer and the chemokine network.

4. Berg M, Lundquist A, McCoy P Jr, et al. Clinical- PLoS One. 2012;7(1):30264. Nat Rev Cancer. 2004:4(7):540-550.
grade ex vivo-expanded human natural killer cells 9. Imai C. Genetic modification of primary natural -
up-regulate activating receptors and death recep- killer cells overcomes inhibitory signals and in- 15. For§ter H,.Davalong-sslltz A.C’ RotA. CCR7 and
tor ligands and have enhanced cytolytic activity duces specific killing of leukemic cells. Blood. its ligands: ba'a”C'"Q |mr.'nun|ty and tolerance. Nat
against tumor cells. Cytotherapy. 2009;11(3):341- 2005;106(1):376-383. Rev Immunol. 2008;8(5):362-371.

355. 10. Muller T, Uherek C, Maki G, et al. Expressionofa 16 Pan MR, Hou MF, Chang HC, Hung WC.

5. lliopoulou EG, Kountourakis P, Karamouzis MV, CD20-specific chimeric antigen receptor en- Cyclooxygenase-2 up-regulates CCR? via EP2/
etal. A phase | trial of adoptive transfer of alloge- hances cytotoxic activity of NK cells and over- EP4 receptor signaling pathways to enhance lym-
neic natural killer cells in patients with advanced comes NK-resistance of lymphoma and leukemia phatic invasion of breast cancer cells. J Biol
non-small cell lung cancer. Cancer Immunol Im- cells. Cancer Immunol Immunother. 2008;57(3): Chem. 2008;283(17):11155-11163.
munother. 2010;59(12):1781-1789. 411-423. 17. Nakata B, Fukunaga S, Noda E, Amano R,

20z aunr g0 uo 3senb Aq Jpd'$91.5002 1 2208UZ/S0.26YL/¥91G/2Z/6 L/pd-ajoie/poojqAau-suonedligndyse//:djy woly papeojumoq



5172

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

SOMANCHI et al

Yamada N, Hirakawa K. Chemokine receptor
CCRY7 expression correlates with lymph node
metastasis in pancreatic cancer. Oncology. 2008;
74(1-2):69-75.

Sancho M, Vieira JM, Casalou C, et al. Expres-
sion and function of the chemokine receptor
CCR?7 in thyroid carcinomas. J Endocrinol. 2006;
191(1):229-238.

Gunther K, Leier J, Henning G, et al. Prediction of
lymph node metastasis in colorectal carcinoma
by expressionof chemokine receptor CCR7. Int
J Cancer. 2005;116(5):726-733.

Shang ZJ, Liu K, Shao Z. Expression of chemo-
kine receptor CCR?7 is associated with cervical
lymph node metastasis of oral squamous cell car-
cinoma. Oral Oncol. 2009;45(6):480-485.

Fang L, Lee VC, Cha E, Zhang H, Hwang ST.
CCR?7 regulates B16 murine melanoma cell tu-
morigenesis in skin. J Leukoc Biol. 2008;84(4):
965-972.

Rehm A, Mensen A, Schradi K, et al. Cooperative
function of CCR7 and lymphotoxin in the forma-
tion of a lymphoma-permissive niche within mu-
rine secondary lymphoid organs. Blood. 2011;
118(4):1020-1033.

Berahovich RD, Lai NL, Wei Z, Lanier LL, Schall TJ.
Evidence for NK cell subsets based on chemo-
kine receptor expression. J Immunol. 2006;
177(11):7833-7840.

Uherek C, Tonn T, Uherek B, et al. Retargeting of
natural killer-cell cytolytic activity to ErbB2-
expressing cancer cells results in efficient and
selective tumor cell destruction. Blood. 2002;
100(4):1265-1273.

Altvater B, Landmeier S, Pscherer S, et al. 2B4
(CD244) signaling by recombinant antigen-
specific chimeric receptors costimulates natural
killer cell activation to leukemia and neuroblas-
toma cells. Clin Cancer Res. 2009;15(15):4857-
4866.

Marcenaro E, Cantoni C, Pesce S, et al. Uptake
of CCR7 and acquisition of migratory properties
by human KIR+ NK cells interacting with mono-
cyte-derived DC or EBV cell lines: regulation by
KIR/HLA-class | interaction. Blood. 2009;114(19):
4108-4116.

Carlin LM, Eleme K, McCann FE, Davis DM. In-
tercellular transfer and supramolecular organiza-

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

tion of human leukocyte antigen C at inhibitory
natural killer cell immune synapses. J Exp Med.
2001;194(10):1507-1517.

Joly E, Hudrisier D. What is trogocytosis and
what is its purpose? Nat Immunol. 2003;4(9):815.

Bona C, Robineaux R, Anteunis A, Heuclin C,
Astesano A. Transfer of antigen from macro-
phages to lymphocytes, II: immunological signifi-
cance of the transfer of lipopolysaccharide. Im-
munology. 1973;24(5):831-840.

Tabiasco J, Espinosa E, Hudrisier D, Joly E,
Fournie JJ, Vercellone A. Active trans-synaptic
capture of membrane fragments by natural killer
cells. Eur J Immunol. 2002;32(5):1502-1508.

HoWangYin KY, Caumartin J, Favier B, et al.
Proper regrafting of Ig-like transcript 2 after trogo-
cytosis allows a functional cell-cell transfer of
sensitivity. J Immunol. 2011;186(4):2210-2218.

Hudrisier D, Riond J, Garidou L, Duthoit C,

Joly E. T cell activation correlates with an in-
creased proportion of antigen among the materi-
als acquired from target cells. Eur J Immunol.
2005;35(8):2284-2294.

Domaica Cl, Fuertes MB, Rossi LE, et al.
Tumour-experienced T cells promote NK cell
activity through trogocytosis of NKG2D and
NKp46 ligands. EMBO Rep. 2009;10(8):908-915.

Roda-Navarro P, Vales-Gomez M, Chisholm SE,
Reyburn HT. Transfer of NKG2D and MICB at the
cytotoxic NK cell immune synapse correlates with
a reduction in NK cell cytotoxic function. Proc Nat/
Acad Sci U S A. 2006;103(30):11258-11263.

Caumartin J, Favier B, Daouya M, et al.
Trogocytosis-based generation of suppressive
NK cells. EMBO J. 2007;26(5):1423-1433.

LeMaoult J, Caumartin J, Carosella ED. Ex-
changes of membrane patches (trogocytosis)
split theoretical and actual functions of immune
cells. Hum Immunol. 2007;68(4):240-243.

LeMaoult J, Caumartin J, Daouya M, et al. Im-
mune regulation by pretenders: cell-to-cell trans-
fers of HLA-G make effector T cells act as regula-
tory cells. Blood. 2007;109(5):2040-2048.

Ford McIntyre MS, Young KJ, Gao J, Joe B,
Zhang L. Cutting edge: in vivo trogocytosis as a
mechanism of double negative regulatory T cell-
mediated antigen-specific suppression. J Immu-
nol. 2008;181(4):2271-2275.

BLOOD, 31 MAY 2012 - VOLUME 119, NUMBER 22

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Rosenits K, Keppler SJ, Vucikuja S, Aichele P.

T cells acquire cell surface determinants of APC
via in vivo trogocytosis during viral infections. Eur
J Immunol. 2010;40(12):3450-3457.

Vanherberghen B, Andersson K, Carlin LM, et al.
Human and murine inhibitory natural killer cell
receptors transfer from natural killer cells to target
cells. Proc Natl Acad Sci U S A. 2004;101(48):
16873-16878.

Alegre E, HoWangYin K-Y, Favier B, et al. Mem-
brane redistributions through multi-intercellular
exchanges and serial trogocytosis. Cell Res.
2010;20(11):1239-1251.

Caumartin J, Lemaoult J, Carosella ED. Intercel-
lular exchanges of membrane patches (trogocy-
tosis) highlight the next level of immune plasticity.
Transpl Immunol. 2006;17(1):20-22.

Roda-Navarro P, Reyburn HT. Intercellular protein
transfer at the NK cell immune synapse: mecha-
nisms and physiological significance. FASEB
J.2007;21(8):1636-1646.

Suhoski MM, Golovina TN, Aqui NA, et al.
Engineering artificial antigen-presenting cells to
express a diverse array of co-stimulatory
molecules. Mol Ther. 2007;15(5):981-988.

Zlotnik A. Chemokines and cancer. Int J Cancer.
2006;119(9):2026-2029.

Mailliard RB, Alber SM, Shen H, et al. IL-18-
induced CD83+CCR7+ NK helper cells.
J Exp Med. 2005;202(7):941-953.

Riol-Blanco L, Sanchez-Sanchez N, Torres A,

et al. The chemokine receptor CCR7 activates in
dendritic cells two signaling modules that inde-
pendently regulate chemotaxis and migratory
speed. J Immunol. 2005;174(7):4070-4080.

Stein JV, Soriano SF, M'Rini C, et al. CCR7-
mediated physiological lymphocyte homing in-
volves activation of a tyrosine kinase pathway.
Blood. 2003;101(1):38-44.

Guimaraes F, Guven H, Donati D, et al. Evalua-
tion of ex vivo expanded human NK cells on anti-
leukemia activity in SCID-beige mice. Leukemia.
2006;20(5):833-839.

Parkhurst MR, Riley JP, Dudley ME, Rosenberg SA.
Adoptive transfer of autologous natural killer cells
leads to high levels of circulating natural killer cells
but does not mediate tumor regression. Clin Cancer
Res. 2011;17(19):6287-6297.

20z aunr g0 uo 3senb Aq Jpd'$91.5002 1 2208UZ/S0.26YL/¥91G/2Z/6 L/pd-ajoie/poojqAau-suonedligndyse//:djy woly papeojumoq



