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The therapeutic limitations of conventional chemotherapeutic
drugs include chemo-resistance, tumor recurrence, and metas-
tasis. Numerous nanoparticle-based active targeting ap-
proaches have emerged to enhance the intracellular concentra-
tion of drugs in tumor cells; however, efficient delivery of these
systems to the tumor site while sparing healthy tissue remains
elusive. Recently, much attention has been given to human im-
mune-cell-directed nanoparticle drug delivery, because im-
mune cells can traffic to the tumor and inflammatory sites.
Natural killer cells are a subset of cytotoxic lymphocytes that
play critical roles in cancer immunosurveillance. Engineering
of the human natural killer cell line, NK92, to express chimeric
antigen receptors to redirect their antitumor specificity has
shown significant promise. We demonstrate that the efficacy
of chemotherapy can be enhanced in vitro and in vivo while
reducing off-target toxicity by using chimeric antigen recep-
tor-engineered NK92 cells as carriers to direct drug-loaded
nanoparticles to the target site.

INTRODUCTION

Cancer treatments typically include surgical removal, chemotherapy,
radiation, or some combination of these therapies.] While these
methods can remove the majority of the tumor cells, tumor recur-
rence and metastasis remain a major obstacle in cancer treatment.”
Solid tumors often do not respond well to traditional anticancer
drugs. After relapse, further treatment options frequently include
different chemotherapeutics, and the time to progression typically
shortens after each relapse.” At best, it can be managed as a “chronic”
disease for many years, but cumulative toxicities of successive chemo-
therapy treatments are a serious consideration.

Cancer immunotherapy has gained much attention within the last
decade, and more recently, the concept of using immune cells as ve-
hicles to transport anticancer agents directly to the tumor site has
gained attention.”® Natural killer (NK) cells are part of the innate im-
mune system and mediate rapid, short-lived responses by releasing
perforin and granzymes that directly lyse infected or abnormal cells
including tumor cells.”* The NK92 cell line is identical to the parental
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NK line isolated from a lymphoma patient.” NK92 cells are the most
extensively characterized and well-documented with antitumor ef-
fects against various types of cancer including melanoma, leukemia,
and breast cancer in both preclinical and clinical settings.'’”'* NK
cells are not specifically cytotoxic to certain antigen-expressing target
cells,"” but their specificity and efficacy can be enhanced with the use
of chimeric antigen receptors (CARs). CARs are antigen-specific
engineered receptors that can be expressed on human immune
cells."*™'® They are composed of an extracellular antigen-binding
domain derived from an antibody fragment.'” This allows the
CAR-expressing immune cells to bind to specific surface antigens
overexpressed on cancer cells. Intracellular signaling domains within
the CAR provide signals to the immune cell to attack the antigen-ex-
pressing cell.'®'” Typically, CARs are expressed in T cells, but recent
studies show that CARs are effective tumor-targeting molecules in
NK cells as well.>°>* The inclusion of CARs in NK92 cells (CAR.NK)
increases homing, specificity, and efficacy of tumor killing.

Paclitaxel (PTX) is a common chemotherapeutic that has been used
clinically for many years to treat various cancers. However, the ther-
apeutic efficacy and clinical application of PTX is hindered by its hy-
drophobicity, high toxicity, and low bioavailability. Many studies
have shown that nanoparticle formulation of PTX has enhanced
its delivery to the tumor site with reduced systemic toxicity as
compared with the unmodified free drug.***® For example, Abrax-
ane is a US Food and Drug Administration (FDA)-approved formu-
lation of PTX and albumin nanoparticles that has been shown to
significantly increase overall survival in clinical trials compared
with free drug administration.”” Nanoparticles are considered prom-
ising drug delivery vehicles for cancer therapy based on their ability
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to increase drug accumulation at tumor sites via the enhanced
permeability and retention (EPR) effect. The EPR effect describes a
phenomenon in which irregular, leaky vasculature and poor
lymphatic drainage within a tumor allow larger nanoparticles to
extravasate and remain in the tumor site.”® Although the EPR effect
has been well-characterized in preclinical models, this mechanism is
heterogeneous and may be completely lacking in some tumors.*” Tu-
mor vasculature heterogeneity often results in nanoparticle accumu-
lation in the extracellular matrix proximal to the tumor vasculature.
Tumor cells that are distant from well-defined vasculature are not
effectively targeted by these nanoparticles. Moreover, because hyp-
oxic tumor regions have dysregulated tumor vasculature, traditional
passive drug targeting via nanoparticles is insufficient.”” New strate-
gies are desired to guide nanoparticles to poorly vascularized tumor
tissue.

Immune cells are an attractive option for active cancer therapeutic de-
livery because of their natural ability to home to or accumulate at tu-
mor sites.* Instead of relying on passive delivery, immune cells can be
used as active carriers for nanoparticles that are either directly cyto-
toxic to the tumor or nanoparticles that carry chemotherapeutic
agents. Nanoparticles can be conjugated to the cell surface by directly
utilizing functional groups such as amino or thiol groups, through hy-
drophobic insertion into the lipid bilayer, by electrostatic interactions,
or by attaching to specific cell surface receptors.’® Within the past
decade, research groups have demonstrated that nanoparticles deliv-
ered by cells can enhance antitumor effects.”’ In many of the current
cell-based nanotherapies, the cell serves as a carrier for nanoparticles
and their cargo. Tumor-associated antigen (TAA)-targeted T cells
have been shown to carry adsorbed oncolytic viruses to tumor sites
in several studies,”” ”* and this concept has been extended to syn-
thetic nanoparticle delivery. However, more studies of lymphocytes
conjugated to synthetic drug-loaded nanoparticles are needed.
Although other immune cell types have been exploited as drug car-
riers, to our knowledge, NK cells have not been surface engineered
with drug-loaded nanoparticles, despite their ability to gather at the
tumor site.

To address such a need, we hypothesized that the efficacy of chemo-
therapy could be enhanced if tumor-specific NK cells were used as
carriers to deliver drug-loaded nanoparticles. Based upon the strate-
gies presented in previous studies,”® we modified our tumor-specific
CARNK cells with cross-linked multilamellar liposomal vesicles
(cMLVs) containing PTX. These cMLVs are liposomes functionalized
with thiol-reactive maleimide head groups,”**” which allow them to
be stably conjugated to the thiol-rich NK cell surface.”>*
we have demonstrated that cMLV's can act as a novel agent for combi-
natory drug delivery by co-localizing two drugs with distinct physico-
chemical properties to a single site, inducing a synergistic anti-tumor
effect in vitro and in vivo.>”*° Here, our work presents the combina-
tion of immunotherapy and chemotherapeutic drug delivery by utiliz-
ing CAR.NK cells as carriers for PTX-loaded cMLVs (cMLV[PTX])
to enhance antitumor efficacy in Her2- and CD19-overexpressing

cancer models (Figure 1A).

Previously,
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RESULTS

Anti-CD19 and Anti-Her2 CARs Are Expressed in NK92 Cells

We confirmed the ability of NK92 cells to express anti-CD19 and
anti-Her2 CARs, which consisted of a single-chain variable fragment
(scFv)-derived antigen binding domain, CD8 hinge and transmem-
brane region, CD28 and/or 4-1BB costimulatory domains, and
CD3{ signaling domain. Anti-CD19 CAR.NK cells were generated
with retroviral transduction using the previously documented
MP71 vector'' generously provided by Dr. Wolfgang Uckert. The
anti-Her2 CAR.NK cells were generated with lentiviral transduction
using a previously described trastuzumab-derived CAR* in a
pCCW vector, which is based off the pCCL vector*’*° with an added
woodchuck posttranscriptional regulatory element (WPRE) region.
Transduced cells were sorted using fluorescence-activated cell sorting
to further increase the percentage of CAR" cells (Figure S1). CAR
expression was stable several months after initial transduction and
sorting (data not shown).

cMLVs Are Stably Conjugated to the NK Cell Surface

Previous studies have shown that cross-linked multilamellar lipo-
somal vesicles (cMLVs) were successfully incorporated with both
hydrophobic and hydrophilic drugs. As previously illustrated,*
these vesicles were synthesized through covalently cross-linking
functionalized head groups of adjacent lipid bilayers using the con-
ventional dehydration-rehydration method. Synthesized cMLV
nanoparticles were stably conjugated to the reduced thiol groups
present on the surface of NK cells via the thiol-reactive maleimide
head groups present on the lipid bilayer surface. According to pre-
vious studies,” high levels of free thiols were detected on the surfaces
of lymphocytes. The conjugation was performed in two steps. First,
NK cells and cMLVs were coincubated to induce particle coupling
to free thiols on the cell surface. After the initial reaction, the
cMLV-conjugated cells underwent in situ PEGylation to quench re-
sidual thiol-reactive groups. To determine the maximum numbers
of particles that could be conjugated per NK cell, we performed a
serial dilution of the conjugation at different fluorescent-labeled
cMLVs-to-cell ratios (2,000:1, 1,000:1, 500:1, 100:1, and 10:1). Be-
tween the conjugation ratio of 2,000:1 and 1,000:1, the number of
conjugated liposomes per cell began to plateau and showed an
average conjugation of approximately 150 nanoparticles per cell
(Figure 1B). From these data, we determined that the optimal ratio
to use was 1,000:1, because further increasing it did not increase the
number of conjugated cMLVs on the cell surface. We used this ratio
for all subsequent experiments. Confocal imaging was used to
confirm and visualize the conjugation of cMLVs to the NK cell sur-
face (Figure 1C; Figure S2).

As previously reported,”* the major advantages of extended surface
retention of nanoparticles on the surface of carrier cells are as follows:
(1) prevention from immediate particle degradation because of inter-
nalization into degradative intracellular compartments; and (2) sus-
tained drug release from the particle-conjugated cells, which allows
for effective targeting of the drug to tumor cells. Several studies
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Figure 1. NK92 Cell Conjugation to Maleimide-Functionalized cMLVs

(A) Schematic of CAR.NK cells conjugated to PTX-loaded cMLVs. CARs are derived from the single-chain variable fragment (scFv) of an antibody and the T cell receptor
signaling complex. CARs can be transduced into NK92 cells, and cMLVs can conjugate to the cell surface by interacting with free thiols. (B) cMLVs conjugated to the NK cell
surface at various cMLV:cell ratios. cMLVs containing the fluorescent dye DiD were coincubated with NK cells over a range of ratios. The number of cMLVs on the surface of
each cell was calculated by analyzing the DiD fluorescence. The ratio of 1,000:1 provided the maximum amount of cMLVs per cell and was used in future experiments. (C)
Confocal microscopy of CAR.NK cells conjugated to DiD-loaded cMLVs [cMLV/(DiD)]. CAR.NK cells were labeled with 1 uM CFSE and washed with PBS prior to conjugation
to cMLV(DID). Confocal microscopy was used to visualize the cMLVs on the CAR.NK cell surface. Scale bars, 5 um. (D) Internalization assay of conjugated cMLVs. CAR.NK
cells were conjugated with carboxyfluorescein-tagged maleimide-labeled cMLVs. The extracellular conjugation was quenched by trypan blue to differentiate surface-bound
and internalized cMLVs 2 hr after conjugation. Attachment of cMLVs to CAR.NK cells did not trigger the internalization of particles by the cells. Summarized statistics are

displayed in the graphs (n = 3, mean + SEM; ***p < 0.001). NS, not significant.

have shown that nanoparticles can be endocytosed by a variety of
cells,”” including endothelial cells**** and macrophages.” However,
for our study, it is crucial that the cMLVs remain on the NK cell sur-
face. To address this concern, we performed an experiment to deter-
mine the internalization of these particles after conjugation. To deter-
mine whether these NK cells could also trigger liposome endocytosis,
we conjugated NK cells with ¢cMLVs tagged with a PE CF [1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein)]
fluorescein dye, then warmed the cells to 37°C and assessed cell-asso-
ciated fluorescence over time. Attachment of cMLVs to NK cells did
not trigger cell uptake of these particles, and particles bound to NK
cells remained at the cell surface as shown in Figure 1D.

CAR.NK Cells Have Greater Cytotoxic Effects against Antigen-

Expressing Target Cells In Vitro and Are Less Sensitive to PTX

We assessed the ability of CAR.NK cells to trigger cytotoxic effects
against the appropriate antigen-expressing target cells by coincubat-
ing nontransduced NK or CARNK cells with various target cell lines
and reading the results with flow cytometry. We used lentivirus to
transduce SKOV3 cells to express CD19 (SKOV.CD19) to serve as

target cells for our anti-CD19 CAR.NK cells. Both CD19- and
Her2-targeting CARNK cells demonstrated significantly greater
cytotoxicity against the antigen-expressing target cells (SKOV.CD19
and SKOV3, respectively) compared with either nontransduced NK
cells or CARNK cells coincubated with target cells that did not ex-
press the cognate antigen (SKOV3 and MDA.MB.468, respectively;
Figures 2A and 2B). These trends were observed at all effector-to-
target ratios (p < 0.01 for 1:1 and 10:1; p < 0.001 for 5:1) and indicated
CAR-mediated cell killing.

Because NK92 cells originate from a patient with NK cell lymphoma,
these allogenic cells are irradiated prior to clinical use to prevent them
from proliferating in vivo."””" In accordance with previous re-
ports,”>>' > irradiation did not affect the cytotoxic capabilities of
our CAR.NK cells (Figure S3). We also performed a cell viability assay
to demonstrate that SKOV3 cells were more sensitive to PTX than
were NK cells (Figure S4). This ensures that the NK cells can carry
enough PTX to kill target cells without succumbing to PTX-induced
toxicity themselves. cMLVs conjugated to NK cells also release the

majority of their PTX payload by day 3 (Figure S5).
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CAR.NK Function Is Unaffected by cMLV Conjugation and
Enhanced with cMLV(PTX) Conjugation In Vitro

We ensured that the conjugation of cMLVs to the CARNK cell surface
does not affect the functionality of the CAR.NK cell itself. To detect
NK cell activation upon antigen binding, we performed an interferon
(IFN)- release assay, coculturing various target cell lines with NK cells
with or without cMLV conjugation. None of the CARNK cells reacted
when incubated alone or when cocultured with target cells without the
cognate antigen, but coincubation with the correct antigen-expressing
target cells resulted in significantly greater percentages of IFN-y™ cells
from both anti-CD19 and anti-Her2 CAR.NK cell lines (p < 0.05)
demonstrating specificity toward the appropriate TAA. When the
CARNK cells were conjugated to either empty cMLVs containing
no drug [CARNK.cMLV(EMPTY)] or PTX-loaded cMLVs
[CARNK.cMLV(PTX)], IEN-vy release was not significantly different
from that of unconjugated CAR.NK cells (Figures 3A and 3B).

We repeated the cytotoxicity assays using an effector-to-target ratio
of 1:1 with CARNK cells that were unconjugated, conjugated to
empty cMLVs [CARNK.cMLV(EMPTY)], or conjugated to PTX-
loaded cMLVs [CARNK.cMLV(PTX)]. CARNK.cMLV(EMPTY)
did not significantly affect TAA™ target cell killing (p > 0.05), but
cytotoxicity against TAA™ target cells was significantly increased
with CARNK.cMLV(PTX) (p < 0.05 for both CD19 and Her2
models). Significantly greater percentages of TAA™ target cells
were killed compared with TAA™ target cells when exposed to
CARNK.cMLV(PTX) (p < 0.01 for the CD19 model; p < 0.001 for
the Her2 model), confirming that antigen expression by target cells
is crucial to enhancing cytotoxicity. The difference in cytotoxicity be-
tween cMLV(EMPTY) and cMLV(PTX) was also statistically signifi-
cant in TAA™ target cells (p < 0.01 for the CD19 model; p < 0.05 for
the Her2 model), indicating that PTX boosts cytotoxicity even
without CAR signaling (Figures 3C and 3D). These data indicate
that although empty cMLVs do not affect CARNK function, the
release of PTX from ¢cMLVs in proximity to the target cells boosted
cytotoxic effects, which was further enhanced by a CAR-mediated
response against TAA™ target cells.
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without cMLV conjugation. In order to affect

an antitumor response, NK cells must extrava-
sate into and migrate within the tumor site in response to chemoat-
tractants.”® To ensure that cMLV conjugation to the NK surface
did not impact cell migration, we performed NK cell transmigration
assays. The chemoattractant CXCL9 was used to promote NK cell
migration to the lower chamber of the wells. There were significantly
more migrated NK cells in the lower chamber when CXCL9 was used
as an attractant compared with the plain media control (p < 0.05), but
there was no significant difference between conjugated and unconju-
gated groups, indicating that conjugation of either empty or PTX-
loaded cMLVss to the cell surface did not impact NK migratory abil-
ities (Figure 3E).

CAR.NK.cMLV Enhances Delivery of cMLVs to the Tumor Site

After confirming the functionality of our cMLV(PTX)-conjugated
CAR.NK cells in vitro, we performed a biodistribution study to deter-
mine whether CARNK cells enhanced cMLV homing to the tumor
site. The fluorescent dye 1,1-dioctadecyl-3,3,3,3-tetramethylindodi-
carbocyanine (DiD) was used to tag cMLVs [cMLV(DiD)] and track
their presence in various organs. Non-obese diabetic (NOD)/severe
combined immunodeficiency (SCID)/IL2ry '~ NSG) mice were sub-
cutaneously injected with SKOV.CD19 cells. Two weeks after tumor
inoculation, mice were intravenously injected with cMLV(DiD) or
conjugated CARNK.cMLV(DiD). Mice were sacrificed and organs
were analyzed for fluorescence signal at various time points. At
24 hr (Figures 4A and 4B), most of the cMLVs from both groups
were still circulating in the blood. The CARNK.cMLV(DiD) group
had significantly more cMLVs in the blood (p < 0.001), lymph
node (p <0.05), and tumor (p < 0.01), whereas the cMLV(DiD) group
had significantly more accumulation in the liver (p < 0.001). At 48 hr
(Figures 4C and 4D), most of the cMLV(DiD) group had accumulated
in the liver, but the CARNK.cMLV(DiD) group had significantly
more cMLVs in the blood, lymph node, spleen, and tumor (p <
0.001). By 72 hr (Figures 4E and 4F), most of the cMLV(DiD) signal
was gone, with only small amounts detectable in the liver, blood, and
tumor. In contrast, the CARNK.cMLV(DiD) group had significantly
more cMLVs in the blood, lymph node, spleen, and tumor (p < 0.001).
Overall, cMLV(DiD) without a cell acting as a chaperone were likely
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Figure 3. CAR.NK Cytokine Release and Migration When Conjugated to cMLVs

(A and B) IFN-y staining assays. Anti-CD19 (A) or anti-Her2 (B) CAR.NK cells were cocultured with various target cells with brefeldin A protein transport inhibitor for 6 hr
to detect IFN-y release. Unstimulated CAR.NK cells served as a negative control. CAR.NK cells were either unconjugated or conjugated with empty cMLVs
[CAR.NK.cMLV(EMPTY)] or PTX-loaded cMLVs [CAR.NK.cMLV(PTX)]. IFN-y was measured with intracellular staining. (C and D) Cytotoxicity assays. Anti-CD19 (C) or anti-
Her2 (D) CAR.NK cells were cocultured with various target cells at a 1:1 ratio for 24 hr, and cytotoxicity was measured. CAR.NK cells were either unconjugated or conjugated
with empty cMLVs [CAR.NK.cMLV(EMPTY)] or PTX-loaded cMLVs [CAR.NK.cMLV(PTX)]. (E) Migration assay. Unconjugated NK or NK conjugated to cMLV(EMPTY) or
cMLV(PTX) were plated in the upper chambers of a Transwell plate. Negative controls had plain media in the lower wells, and CXCL9 was used as a chemoattractant in the
lower wells of non-control groups. After 6 hr of incubation, media from the lower chambers were collected and NK cells were counted. Summarized statistics are displayed in
the graphs (n = 3; mean + SEM; *p < 0.05; **p < 0.01; “**p < 0.001). NS, not significant.

cleared by the liver, because hepatic clearance serves as the main  jected with SKOV.CD19 cells. Two weeks after tumor inoculation,
clearance route for particles too large to be cleared by the kidneys.””*®  mice were randomly divided into six groups and injected with: (1)
In contrast, cMLV(DiD) that were conjugated to CARNK cells were PBS as a control; (2) cMLV(PTX) only, without any cellular compo-

able to home to the tumor site. nent; (3) nontransduced NK cells only; (4) CARNK cells only; (5)
mixed cMLV(PTX) + CAR.NK, which were coinjected but not conju-
CAR.NK.cMLV(PTX) Enhances Antitumor Efficacy In Vivo gated; and (6) conjugated CARNK.cMLV(PTX) cells. Mice treated

We established a mouse xenograft model to observe the effects of the ~ with CARNK.cMLV(PTX) had significantly slowed tumor growth
anti-CD19 CAR.NK cells in vivo. NSG mice were subcutaneously in-  compared with PBS, cMLV(PTX), and NK groups (p < 0.001), and

Molecular Therapy Vol. 25 No 12 December 2017 2611
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Figure 4. Biodistribution of Free cMLV(DiD) and Conjugated CAR.NK.cMLV(DiD)

(A-F) Biodistribution data 24 (A and B), 48 (C and D), or 72 hr (E and F) after intravenous injections. NOD/SCID/IL2ry "~ (NSG) mice bearing subcutaneous SKOV3.CD19
tumors were intravenously injected with 2 x 10” CAR.NK cells conjugated with DiD-labeled cMLVs or an equivalent number of DiD-labeled cMLVs alone (n = 3 per group per
time point). After 24, 48, and 72 hr, indicated tissues were removed, weighed, and macerated with scissors. Specific DD tissue fluorescence for each organ was quantified
using the IVIS Spectrum imaging system, and the mean percentage of injected dose per gram of tissue (% ID/g) was calculated as the final readout. Summarized statistics are
displayed (n = 3, mean + SEM; *p < 0.05; **p < 0.01; **p < 0.001) (A, C, and E), and images of the tumors from each of the three mice for cMLV(DiD) and CAR.NK.cMLV(DiD)

are shown (B, D, and F). NS, not significant.

significantly slowed tumor growth compared with CARNK and
CARNK + cMLV(PTX) groups as well (p < 0.05 and p < 0.01, respec-
tively; Figure 5). These data support the hypothesis that both immuno-
therapeutic effects from the NK cells and chemotherapeutic effects
from the PTX play a role in the killing of tumor cells, as either compo-
nent alone was not as effective as when the two were combined.
Furthermore, even the mice treated with CARNK + cMLV(PTX) did
not have as great an antitumor response as did the mice treated with
CAR.NK.cMLV(PTX). This demonstrates that the physical conjuga-
tion between the drug and the NK cell is crucial to receiving the full ben-
efits of the treatment system, and that the CAR.NK cells are facilitating
the delivery of PTX to the tumor site for enhanced anticancer effects.

CAR.NK.cMLV(PTX) Enhances PTX Delivery into Tumor Site

We performed ex vivo analysis of our mouse xenograft tumor model
to support our hypothesis that CAR.NK cells facilitate PTX delivery

2612 Molecular Therapy Vol. 25 No 12 December 2017

into the tumor site. Using high-performance liquid chromatography
(HPLC), we quantified the intratumoral PTX concentrations in mice
treated with PTX, including the groups cMLV(PTX), CARNK +
c¢MLV(PTX), and CARNK.cMLV(PTX). The conjugated group,
CARNK.cMLV(PTX), had significantly higher PTX concentrations
within the tumor tissue compared with the cMLV(PTX) or CAR.NK +
cMLV(PTX) (p < 0.01 and p < 0.001, respectively; Figure 6A).

We also used confocal imaging to visualize and quantify apoptotic
cells in tumor tissues fixed on glass slides. There were significantly
fewer terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)" cells in the PBS group compared with any other treatment
group (p < 0.0001). Notably, CARNK.cMLV(PTX)-treated tumors
had the greatest degree of cell apoptosis, with significantly higher
percentages of TUNEL" cells compared with any other treatment
group (p < 0.0001), indicating synergistic efficacy induced by the
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co-localized delivery of the drug and CARNK cells (representative
images are shown in Figure 6B; summarized data are shown in
Figure 6C).

Finally, because the therapeutic effect of PTX is limited by its cardio-
toxicity, slices of fixed heart tissue stained with H&E were imaged
with light microscopy. Cardiotoxicity was defined as myofibrillary
loss and disarray, as well as cytoplasmic vacuolization.”” We observed
no damage to the cardiac tissues in any of the treatment groups (Fig-
ure 6D). Because our delivery was targeted, we were able to use a
very low dose of PTX (0.5 mg/kg) compared with those used in con-
ventional PTX-based treatments,”” >’ thus resulting in minimal
cardiotoxicity.

DISCUSSION

Our system combines nanoparticle-based drug delivery with immu-
notherapy to produce a cell-mediated, active targeting strategy.
In vitro, we demonstrate that cMLV conjugation to NK cells does
not trigger endocytosis, even though NK cells have phagocytotic ca-
pabilities.’” The particles remain on the NK cell surface, perhaps in
part because of the size of the cMLVs; previous studies have shown
that surface-conjugated particles larger than 50 nm in diameter are
not efficiently internalized.”’ Furthermore, the covalent linkage of
maleimide-functionalized cMLVs to free thiols on immune cell sur-
faces has been shown to be stable for days after initial conjugation
and even after cell division.” While the exact mechanisms of this pro-
longed surface retention remain to be discovered, the maleimide-thiol
conjugation strategy has been shown to be a promising method of im-
mune cell surface engineering.

We also have demonstrated in vitro that CARNK cells can specif-
ically kill antigen-expressing cancer cells, that cMLV conjugation
does not adversely affect NK cell function, and that conjugation of
c¢cMLV(PTX) to CARNK cells further augments cytotoxicity. While
many studies of CARNK cells include results from cytotoxicity as-
says, but not from cytokine release assays,”"*>>>°*"°* we show that
CARNK cells release IFN-vy in response to TAA™ target cells. Neither
CAR.NK cells coincubated with TAA™ target cells nor nontransduced
NK cells coincubated with any target cells release IFN-y. These results
indicate that the enhanced cytotoxicity of CARNK cells was accom-
panied by an increase in IFN-y release. In addition to sensitizing tu-

mor cells to NK cytotoxicity,”” IFN-v release by both primary NK
cells and NK cell lines® signals to surrounding immune cells,
including T cells, dendritic cells, monocytes, and macrophages, initi-

. . . . 67,68
ating broader adaptive and innate immune responses.”””

Our in vivo biodistribution study further supports that CARNK cells
enhance nanoparticle accumulation within the tumor site. Mice
treated with cMLV(DiD) without a cell chaperone had significantly
greater cMLV accumulation in the liver, likely indicating hepatic
clearance as commonly observed with larger liposomes.”> However,
the CARNK.cMLV(DiD)-treated mice had significantly greater
c¢MLV accumulation at the tumor site. Additionally, significantly
higher signal was observed in organs to which NK cells naturally
home, such as the spleen and lymph nodes.”” Our in vivo and
ex vivo data provide evidence that CAR.NK cells facilitate the delivery
of the chemotherapeutic drug PTX to the tumor site, slowing tumor
growth and increasing intratumoral PTX concentrations more effec-
tively than any other treatment group, including coadministered, but
not conjugated, CAR.NK and cMLV(PTX). Finally, we were able to
use a low dose of PTX and did not observe any cardiotoxicity.

We found that certain doses of PTX can kill tumor cells, but not
NK92 cells, creating a therapeutic window in which we can use
NK92 cells to deliver this chemotherapeutic drug to kill tumor cells,
but not the carrier cells. However, we do not believe that this system
is limited to PTX delivery. For example, murine T cells have been
shown to deliver the anticancer drug SN-38 to lymphoma sites
in vivo using drug-loaded nanocapsules conjugated to the cell sur-
face. SN-38 effectively killed lymphoma cells but was not toxic to
the T cell carriers.* Another study demonstrated that primary hu-
man T cells can enhance antitumor immune responses using sur-
face-conjugated liposomes carrying the proinflammatory cytokines
IL-15 and IL-21.” Surface engineering of immune cells has allowed
a number of drugs or adjuvants to be delivered to the tumor site. To
our knowledge, we present the first study of surface-engineered NK
cells, as well as the first study using CAR.NK cells for tumor-targeted
drug delivery. We believe that our CAR NK-mediated drug delivery
system can be expanded to include not only the delivery of tradi-
tional chemotherapeutic agents, but other anticancer treatments
such as immunomodulators and small molecules that affect the tu-
mor microenvironment.
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Cancer immunotherapy has attracted much attention as an alterna-
tive or addition to chemotherapy, and currently a few clinical trials
are using CAR-engineered T (CAR-T) cells to target patients with
relapsed solid cancers, such as pancreatic, ovarian, prostate, and
lung cancers.'® However, CAR-T therapy relies on the ex vivo expan-
sion of the patient’s autologous T cells, which presents logistical issues
and delays the start of the treatment while cells are in preparation
(typically 2-3 weeks for the expansion of CAR-engineered immune
cells for clinical use). These issues could be ameliorated in part by us-
ing an allogenic cell line instead of autologous cells; although few
functional cytotoxic T cell lines are available, there are several func-
tional, immortal NK cell lines. Of these NK cell lines, NK92 is the
most promising and the only NK cell line used in clinical trials.”’

There are a number of potential benefits to using CAR-engineered
NKO92 cells over CAR-T cells. CAR-engineered NK92 cells may
provide an alternative “off-the-shelf” vehicle for CAR-based ther-
apy, as well as provide more targeted drug delivery to the tumor
site through surface engineering. NK92 cells double every
2-4 days, allowing for easy expansion, modification, and storage
under good manufacturing practice (GMP) conditions. NK92 cells
are identical to the parental cell line, eliminating problems with
donor variability. There would be no lag time required for the
ex vivo expansion and modification of autologous immune cells,
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Figure 6. Ex Vivo Analysis of CAR.NK.cMLV(PTX)
Treatment

(A) Intratumoral PTX concentration. Thawed tumor sam-
ples were homogenized and PTX concentrations were
analyzed using HPLC (n = 3; mean + SEM). (B) TUNEL
assay of fixed frozen tumor sections. Tumor sections were
stained with a TUNEL kit according to the manufacturer’s
instructions and imaged with confocal microscopy.
Representative images are shown herein. Scale bars,
50 pum. (C) Quantification of TUNEL™ cells from fixed frozen
tumor sections (n = 16; mean + SEM). (D) Histology slides
for cardiac toxicity. Cardiac tissue was fixed and frozen,
and sections were mounted on glass slides. The frozen
sections were stained with H&E. Histopathologic speci-
mens were examined by light microscopy. Representative
images are shown herein. **p < 0.01; **p < 0.001; ***p <
0.0001. NS, not significant.

which is especially crucial in patients with
aggressive cancers, where a treatment delay
of days to weeks could impact outcome.’’
NK92 cells are safe to use clinically if irradi-
ated, which prevents proliferation. This de-
creases the risk of off-target effects compared
with CAR-T cells. Short-lived CAR-engi-
neered NK92 cells can be treated as a “living
drug,” redosing as necessary. Finally, allogenic
NK92 cell-based therapies are less expensive
than autologous CAR-T cell therapies’’; one
group estimated that each CAR-T protocol
costs upward of $250,000 per patient, but NK92 cells used in the
clinic cost around $20,000 per patient.’!

In conclusion, we have demonstrated that CARNK cells conjugated
to PTX-loaded cMLVs offer targeted drug delivery and improved
antitumor efficacy. We believe that targeted drug delivery using sur-
face-engineered CAR.NK cells is widely applicable, because both the
CAR target and the drug payload potentially can be altered to treat a
variety of cancer types. Overall, this study shows a promising combi-
nation of immunotherapy and drug delivery for enhanced antitumor
treatment.

MATERIALS AND METHODS

Cell Lines and Reagents

MDA.MB.468 (ATCC HTB-132) and SKOV3 (ATCC HTB-77) tu-
mor cell lines were maintained in a 5% CO, environment in RPMI
1640 (GIBCO) media supplemented with 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin (pen-strep), and 2 mM L-gluta-
mine. NK92 cells (ATCC CRL-2407; Dr. Jihane Khalife, Children’s
Hospital Los Angeles) were maintained in MEM-a. (GIBCO) supple-
mented with 10% FBS, 10% horse serum, 1% non-essential amino
acid (NEAA), 1% pen-strep, 1% sodium pyruvate, 0.1 mM 2-B-mer-
captoethanol, 0.2 mM myo-inositol, and 2.5 uM folic acid. CD19*
SKOV3 (SKOV.CD19) cells were generated by transducing SKOV3
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cells with lentivirus containing CD19 ¢cDNA and sorting CD19" cells
with fluorescence-activated cell sorting (FACS).

PTX was purchased from Sigma-Aldrich (St. Louis, MO, USA). All
lipids were purchased from NOF Corporation (Japan): 1,2-dioleoyl-
sn-glycero-3- phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-
phospho-(10-rac-glycerol) (DOPG), and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidophenyl)but-yramide
(maleimide-head group lipid, MPB-PE).

Synthesis of Nanoparticles

Liposomes were prepared based on the conventional dehydration-
rehydration method.*>”' ¢MLVs were prepared from 1.5 umol of
lipids DOPC:DOPG:MPE-PE = 40:10:50 mixed in chloroform and
evaporated under argon gas before drying under a vacuum overnight
to form dried lipid films. The lipid film was rehydrated in 10 mM Bis-
Tris propane at pH 7. After the lipid was mixed through vigorous vor-
texing every 10 min for 1 hr, they underwent three cycles of 15 s son-
ication (Microson XL2000; Misonix, Farmingdale, NY, USA) and res-
ted on ice at 1 min intervals after each cycle. A final concentration of
10 mM MgCl, was added to induce divalent-triggered vesicle fusion.
The cross-linking of multilamellar vesicles (c(MLVs) was performed
by addition of DTT (Sigma-Aldrich) at a final concentration of
1.5 mM for 1 hr at 37°C. The cMLVs were collected by centrifugation
at 14,000 x g for 5 min and washed twice with PBS. The particles were
suspended in filtered water, vortexed, and sonicated prior to analysis.
Morphologic analysis of the multilamellar structure of vesicles was
performed and confirmed by cryo-electron microscopy in previous
studies.*® As shown previously,”® the hydrodynamic size of cMLVs
was measured by dynamic light scattering (Wyatt Technology, Santa
Barbara, CA, USA).

In Vitro Drug Encapsulation and Release

As previously reported,”” the amount of incorporated PTX in the
cMLV(PTX) was determined by C18 reverse-phase HPLC (RPHPLC)
(Beckman Coulter, Brea, CA, USA). The c MLV (PTX) suspension was
diluted by adding water and acetonitrile to a total volume of 0.5 mL.
Extraction of PTX was accomplished by adding 5 mL of tert-butyl
methyl ether and vortex-mixing the sample for 1 min. The mixtures
were centrifuged, and the organic layer was transferred into a glass
tube and evaporated under argon. Buffer A (95% water, 5% acetoni-
trile) was used to rehydrate the glass tube. To test PTX concentration,
we injected 1 mL of the solution into a C18 column, and the PTX was
detected at 227 nm (flow rate 1 mL/min). To obtain the release ki-
netics of PTX from cMLVs before and after cell conjugation,
c¢cMLV(PTX) and CARNK.cMLV(PTX) were incubated in 10%
FBS-containing media at 37°C and were spun down and resuspended
with fresh media daily. The PTX was quantified from the removed
media by HPLC every day.

Nanoparticle Conjugation with Cells and In Situ PEGylation

Chemical conjugation of cMLV’s to the cells was performed based on a
method provided in previous studies.*>> We resuspended 10 x 10°
cells/mL in serum-free MEM-a (GIBCO) medium. Equal volumes

of nanoparticles were resuspended in nuclease-free water at different
c¢MLV-to-NK cell conjugation ratios and incubated at 37°C. The cells
and nanoparticles were mixed every 10 min for 30 min. After a PBS
wash to remove unbound cMLVs from cells, cells were further incu-
bated with 1 mg/mL thiol-terminated 2-kDa polyethylene glycol
(PEG) at 37°C for 30 min in media to quench residual maleimide
groups on cell-bound particles. We performed two PBS washes to re-
move unbound PEG. For quantification of cell-bound particles, par-
ticles were fluorescently labeled with the lipid-like fluorescent dye
DiD (Invitrogen). Particle fluorescence was detected with flow cytom-
etry and a fluorescent microplate reader. cMLV's were labeled with the
lipid-like dye DiD, and CAR.NK cells were stained with carboxyfluor-
escein succinimidyl ester (CFSE) (Invitrogen), which allowed the
conjugation of cMLV's to NK cells to be easily detected using confocal
microscopy.

Lentiviral and Retroviral Production and Transduction of NK92
Cells

Our anti-Her2 CAR construct** was cloned into a lentiviral pCCW
vector (a pCCL vector” ** with an additional WPRE region). The
CAR consisted of the anti-Her2 scFv 4D5, a CD8 hinge and trans-
membrane region, and CD28, 4-1BB, and CD3{ cytoplasmic regions.
Our anti-CD19 CAR construct was cloned into an MP-71 retroviral
vector backbone®! and contained an anti-CD19 scFv, a CD8 hinge
and transmembrane region, and CD28 and CD3{ cytoplasmic re-
gions. These plasmids were used to transfect HEK293T cells in
30 mL plates using CaCl, precipitation methods. Fresh media
(high-glucose DMEM supplemented with 10% FBS and 1% pen-
strep) was plated onto the cells 4 hr after initial transfection. Superna-
tants were harvested and filtered (0.45 pm) 48 hr later. NK92 cells
were transduced with fresh retrovirus. Lentiviral supernatant was
concentrated (25,000 rpm for 90 min at 4°C), resuspended in
HBSS, and frozen at —80°C until later use. NK92 cells were trans-
duced with concentrated lentivirus at MOI 40; the titer was based
on transduction of 293T cells.

CAR Detection on NK Cell Surface

Three days after transduction, anti-CD19 CARNK cells (1 x 10°)
were incubated with biotinylated Protein L (PeproTech) at a volume
ratio of 1:50 in PBS + 4% FBS at 4°C for 45 min and rinsed with PBS.
The cells were subsequently incubated with streptavidin conjugated
to FITC (BioLegend) at a volume ratio of 1:500 in PBS + 4% FBS at
4°C for 10 min, rinsed twice, and read using flow cytometry. Anti-
Her2 CARNK cells (1 x 10°) were incubated with rhHer2-Fc
chimera (PeproTech) at a volume ratio of 1:50 (2 pg/mL) in PBS at
4°C for 30 min and rinsed with PBS. The cells were subsequently
incubated with PE-labeled goat anti-human Fc (Jackson ImmunoRe-
search) at a volume ratio of 1:150 in PBS at 4°C for 10 min, rinsed, and
read using flow cytometry. Nontransduced NK cells served as a nega-
tive control.

Internalization Assay
Quantification of cell cMLV internalization was performed based on
a method previously described.*”> NK and CARNK cells were
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conjugated with 5 mol% 18:1 PE CF [1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(carboxyfluorescein) (ammonium salt)]
(Avanti; Polar Lipids)-tagged liposomes. After two PBS washes, cells
were transferred to fibronectin (10 pg/mL)-coated 96-well plates. Af-
ter a 2 hr incubation time, half of the wells were treated with 100 pL
trypan blue in HBSS (0.25 mg/mL), an extracellular fluorescence
quenching dye, for 1 min in order to differentiate between mem-
brane-bound and internalized liposomes. Trypan blue was removed
by gentle vacuum aspiration, and the cell uptake of liposomes was
quantified by a fluorescence plate reader.

Cytokine Release Assay

NK cells (1 x 10> per well) were coincubated with target cells in
96-well plates at a 1:1 ratio for 6 hr at 37°C. 1 pg of brefeldin A
(Sigma) was added to each well to prevent protein transport. At the
end of the incubation, cells were permeabilized using the Cytofix/
Cytoperm kit (BD Biosciences) and stained for CD8 and IFN-vy using
Pacific Blue-conjugated anti-human CD8 (BioLegend) and PE-conju-
gated anti-human IFN-y (BioLegend). Unstimulated cells served as a
negative control. Results were read using flow cytometry.

Cytotoxicity Assay

Target cells (1 x 104) were labeled with 5 uM CFSE (Life Technolo-
gies) as previously described’” and coincubated with NK cells at
various ratios in 96-well plates for 24 hr at 37°C. The cells were
then incubated in 7-aminoactinomycin D (7-AAD; Life Technolo-
gies) in PBS (1:1,000 dilution) for 10 min at room temperature and
analyzed via flow cytometry. Percentages of killed cells were calcu-
lated as CFSE*7-AAD" cells/(CFSE*7-AAD ™ + CFSE*7-AAD") cells,
with live/dead gates based on control wells of target cells to account
for spontaneous cell death.

NK92 and SKOV3 cells were seeded in 96-well plates at 2 x 10* cells per
well in 10% FBS-containing media and grown at 37°C in the presence of
5% CO, for 6 hr. Cells were incubated with various concentrations of
cMLV (PTX) as previously described,”” and cell viability was assessed
using the Cell Proliferation Kit IT (XTT assay) from Roche Applied Sci-
ence (Indianapolis, IN, USA) according to the manufacturer’s instruc-
tions. Cell viability percentage was determined by subtracting absor-
bance values obtained from media-only wells from the treated wells
and then normalized by the control wells containing cells without drugs.

Transmigration Assay

NK cell transmigration assays were performed in 24-mm-diameter
3-um-pore size Transwell plates (Costar). NK cells either conjugated
or unconjugated to cMLVs were plated on the upper wells, and
media were added to the lower wells. The chemoattractant CXCL9
(0.1 mg/mL; PeproTech) was added to the lower wells. After incuba-
tion at 37°C for 6 hr, NK cells that had migrated into the lower cham-
ber were counted.

In Vivo Biodistribution Study
Female 6- to 10-week-old NOD.Cg-PrkdcS“™PIL2Ry ™ Wil/SZ (NSG)
mice were purchased from Jackson Laboratories (Bar Harbor, ME,
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USA). All mice were held under specific pathogen-reduced conditions
in the animal facility of the University of Southern California (Los
Angeles, CA, USA). All experiments were performed in accordance
with the guidelines set by the NIH and the University of Southern
California on the Care and Use of Animals. A total of 3.5 x 10°
SKOV3.CD19 cells was inoculated subcutaneously into the flanks of
NOD/SCID/IL2ry '~ (NSG) mice on day —14, and tumors were al-
lowed to grow until they reached 100 mm?>. On day 0, mice were in-
jected intravenously through the tail vein with either cMLV(DiD) or
CAR.NK.cMLV(DiD). 24, 48, and 72 hr after injection, mice were
sacrificed and organs were analyzed for fluorescence intensity. DiD
tissue fluorescence for each organ was quantified using the IVIS Spec-
trum imaging system, and the percentage of injected dose per gram of
tissue (%ID/g) was calculated.

Xenograft Tumor Model

A total of 3.5 x 10° SKOV3.CD19 cells was inoculated subcutane-
ously into the flanks of NSG mice on day —14, and tumors were al-
lowed to grow to 70-100 mm’. Mice were randomly divided into
six groups of five mice each. On days 0, 4, 7, and 11, the mice were
injected intravenously through the tail vein with either PBS,
cMLV(PTX) only, nontransduced NK cells only, CARNK cells
only, mixed CARNK + ¢cMLV(PTX), which were not conjugated
together, or conjugated CARNK.cMLV(PTX). 5 x 10° cells per
mouse were injected each time in the groups that were given NK cells.
Tumor growth and body weight of the mice were recorded until sac-
rifice. The tumor length and width were measured with a fine caliper,
and tumor volume was calculated as 1/2 x (length) X (width)?.

Intratumoral PTX Concentration Measurements Ex Vivo

Using HPLC, we quantified the PTX concentration in the frozen tu-
mor tissues as previously detailed.” Briefly, thawed tumor tissues
were chopped and homogenized in ethyl acetate, with a known con-
centration of docetaxel added to each sample as an internal standard.
The samples were centrifuged, and the organic layer was transferred
to a clean tube. The organic layer was evaporated under a stream of
argon and rehydrated in diluted acetonitrile. After running the sam-
ples on HPLC, the peak heights were analyzed to determine intratu-
moral PTX concentration.

Immunohistochemistry of Tumors, Cardiac Toxicity, and
Confocal Imaging

Tumors were excised, fixed, frozen, cryo-sectioned, and mounted
onto glass slides. Frozen sections were fixed and rinsed with cold
PBS. After blocking and permeabilization, the slides were washed
with PBS and incubated with a terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) reaction mixture (Roche, Indian-
apolis, IN, USA) for 1 hr and counterstained with DAPI (Invitrogen,
Carlsbad, CA, USA). Fluorescence images were acquired by a Yoko-
gawa spinning-disk confocal scanner system (Solamere Technology
Group, Salt Lake City, UT, USA) using a Nikon Eclipse Ti-E micro-
scope. Illumination powers at 405, 491, 561, and 640 nm solid-state
laser lines were provided by an AOTF (acousto-optical tunable fil-
ter)-controlled laser-merge system with 50 mW for each laser. All
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images were analyzed using Nikon NIS-Elements software. For quan-
tifying TUNEL-positive cells, four regions of interest (ROIs) were
randomly chosen per image at x 10 magnification. Within one region,
the area of TUNEL-positive nuclei and the area of nuclear staining
were counted by Nikon NIS-Element software, with data expressed
as percentage total nuclear area stained by TUNEL in the region.
For cardiac toxicity, heart tissues were harvested 2 days after the
last injection and were fixed in 4% formaldehyde. The tissues were
frozen and then cut into sections and mounted onto glass slides.
The frozen sections were stained with H&E. Histopathologic speci-
mens were examined by EVOS light microscopy.

Statistics

The differences between two groups were determined with Student’s t
test. The differences among three or more groups were determined
with a one-way ANOVA.
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