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Self-sufficient primary natural
killer cells engineered to express
T cell receptors and interleukin-
15 exhibit improved effector
function and persistence

Els P. van Hees?, Laura T. Morton?, Dennis F. G. Remst?,
Anne K. Wouters®, Astrid Van den Eynde?,
J. H. Frederik Falkenburg® and Mirjam H.M. Heemskerk™

Department of Hematology, Leiden University Medical Centre (LUMC), Leiden, Netherlands, 2Center
for Oncological Research (CORE), Integrated Personalized and Precision Oncology Network (IPPON),
Antwerp, Belgium

Background: NK cells can be genetically engineered to express a transgenic T-
cell receptor (TCR). This approach offers an alternative strategy to target
heterogenous tumors, as NK:TCR cells can eradicate both tumor cells with
high expression of HLA class | and antigen of interest or HLA class | negative
tumors. Expansion and survival of NK cells relies on the presence of IL-15.
Therefore, autonomous production of IL-15 by NK:TCR cells might improve
functional persistence of NK cells. Here we present an optimized NK:TCR
product harnessed with a construct encoding for soluble IL-15 (NK:TCR/IL-15),
to support their proliferation, persistence and cytotoxic capabilities.

Methods: Expression of tumor-specific TCRs in peripheral blood derived NK-
cells was achieved following retroviral transduction. NK:TCR/IL-15 cells were
compared with NK:TCR cells for autonomous cytokine production, proliferation
and survival. NK:BOB1-TCR/IL-15 cells, expressing a HLA-B*07:02-restricted
TCR against BOB1, a B-cell lineage specific transcription factor highly
expressed in all B-cell malignancies, were compared with control NK:BOB1-
TCR and NK:CMV-TCR/IL-15 cells for effector function against TCR antigen
positive malignant B-cell lines in vitro and in vivo.

Results: Viral incorporation of the interleukin-15 gene into engineered NK:TCR
cells was feasible and high expression of the TCR was maintained, resulting in
pure NK:TCR/IL-15 cell products generated from peripheral blood of multiple
donors. Self-sufficient secretion of IL-15 by NK:TCR cells enables engineered NK
cells to proliferate in vitro without addition of extra cytokines. NK:TCR/IL-15
demonstrated a marked enhancement of TCR-mediated cytotoxicity as well as
enhanced NK-mediated cytotoxicity resulting in improved persistence and
performance of NK:BOB1-TCR/IL-15 cells in an orthotopic multiple myeloma
mouse model. However, in contrast to prolonged anti-tumor reactivity by
NK:BOB1-TCR/IL-15, we observed in one of the experiments an accumulation
of NK:BOB1-TCR/IL-15 cells in several organs of treated mice, leading to
unexpected death 30 days post-NK infusion.
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Conclusion: This study showed that NK:TCR/IL-15 cells secrete low levels of IL-
15 and can proliferate in an environment lacking cytokines. Repeated in vitro and
in vivo experiments confirmed the effectiveness and target specificity of our
product, in which addition of IL-15 supports TCR- and NK-mediated cytotoxicity.
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Introduction

Over the last decade, several cell-based immunotherapeutic
products using genetically engineered T cells with a chimeric
antigen receptor (CAR) have been approved by the FDA (1).
However, despite their anti-tumor activity, these T cell therapies
also have their limitations. First, CAR T cell therapy is associated
with an increased risk of toxicity, including cytokine release
syndrome (CRS) and neurotoxicity (2). Secondly, the need for
individualized T cell engineering is a significant drawback since
endogenous T cell receptor (TCR) expression in donor-derived off-
the-shelf T cells can lead to graft-versus-host disease (GvHD). This
demands the engineering of a unique T cell product that is HLA-
matched for each individual patient.

To overcome these limitations, the use of donor-derived natural
killer (NK) cells for adoptive transfer might be a potential solution
due to their unique cellular properties. The first-in-human clinical
trial of a partially HLA-matched NK:CAR cell therapy
demonstrated no adverse events such as CRS, neurotoxicity, or
GvHD (3). In addition, trials with haploidentical NK cells did not
induce GvHD, positioning NK cells as a promising off-the-shelf
cellular therapeutic (4).

Recently we have demonstrated that primary NK cells can be
genetically engineered to express a transgenic TCR (NK:TCR) (5).
This approach offers a strategy to target heterogenous tumors
alternative to NK:CAR products. Whereas NK:CAR products
target proteins on the cell surface, NK:TCR cells recognize
peptides derived from intracellular and extracellular proteins
presented in surface expressed HLA, broadening their range of
potential targets (6, 7). Therefore, introducing the TCR allows NK:
TCR cells to eradicate both tumor cells with high expression of HLA
class I and the target antigen, as well as HLA class I-negative tumors
(5, 8, 9). This dual-targeting mechanism circumvents a common
immune evasion strategy seen in tumors targeted by T cells.

A potential limitation of NK:TCR therapy could be the short
lifespan of NK cells resulting from their dependence on interleukin-
15 (IL-15) for differentiation, proliferation and persistence (10).
However, IL-15 is found at a low basal level in normal human
circulation and tissue, therefore autonomous production of IL-15
by NK:TCR cells may be required to persuade functional persistence
of NK cells. In addition, the local production of soluble IL-15 in the
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tumor micro environment (TME) may be a critical component to
increase antitumor immunity by activating the already present
tumor reactive lymphocytes (11, 12).

So far, clinical trials with NK : CAR cells producing IL-15 have
not shown adverse events related to autonomous cytokine production
(3, 13). Nevertheless, safety concerns about autonomous cytokine
production remain, based on pre-clinical studies with IL-15
engineered T and NK cells, which reported clonal expansion,
adverse events and preliminary deaths in mouse models (14-17).

In this study we describe a two-step retroviral transduction
protocol for functional TCR expression in primary NK cells that
autonomously produce IL-15, resulting in superior performance of
engineered NK:TCR/IL-15 cells. However, uncontrolled NK cell
proliferation observed in one of the in vivo experiments highlights
the importance of careful consideration and potentially more
quality control for cytokine engineered lymphocytes before
moving to clinical application.

Materials and methods
NK cell isolation and modification

Peripheral blood was obtained from healthy donors after
informed consent. Peripheral blood mononuclear cells (PBMC)
were isolated using ficoll separation. CD56"CD3™ NK cells were
isolated from frozen PBMCs using an untouched NK cell isolation
kit (Miltenyi Biotec, Germany). 1 x 10° NK cells were cocultured in
a 24-well plate with 0.5 x 10° irradiated K562 cells expressing
membrane-bound interleukin-21 and 4-1BB-ligand (K562) in
culture medium as described previously (5). Culture medium
consisted of IMDM (Lonza, Switzerland) supplemented with 5%
heat-inactivated FBS (Gibco, ThermoFisher Scientific, USA), 5%
human serum (Sanquin, the Netherlands), 1.5% L-Glutamine
(Lonza), 1% penicillin/streptomycin (Lonza). When indicated,
culture medium was supplemented with a cytokine mix,
consisting of 5 ng/mL IL-15 (Miltenyi Biotec, Germany) and 100
IU/mL IL-2 (Novartis, Switzerland). On day 3 post stimulation, NK
cells were transduced with retroviral vector encoding for different
murinized TCRs (muTCR) combined with CD8of3. Transduced
cells were MACS (Milteny Biotec) enriched for CD8f on day 7, and
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immediately re-stimulated with irradiated K562". After 2 days,
enriched muTCR-CD8af3 positive NK cells were transduced with
either a retroviral construct encoding for CD3{yed or CD3(yed
combined with soluble IL-15. Transduced NK cells were enriched
for muTCR expression on day 14 by MACS and subsequently re-
stimulated. NK cells were expanded for 7 days and frozen down in
liquid nitrogen. Functional assays were performed between day 7
and 14 after the last re-stimulation.

Viral constructs and retrovirus production

BOB1-B7 TCR (TRAVI13 and TRBV4) and CMV-A2 TCR
(TRAV18 and TRBV13) pLZRS retroviral vectors were
constructed by linking the codon-optimized variable o and B

10.3389/fimmu.2024.1368290

chains to cysteine modified murine TCR o and P constant
domains (muTCR) as described previously (18). Subsequently, the
muTCRs were linked via 2A self-cleaving sites to CD8af3
(Figure 1A) (6, 19). Codon optimized CD3 invariant chains and
soluble IL-15 were linked via 2A self-cleaving sites in the following
order: IL-15, CD3{, CD3§, CD3e, CD3y into the Moloney murine
leukemia virus based pLZRS retroviral vector (Figure 1A,
Supplementary Table 1) (20, 21). Subsequently, virus supernatant
was made as previously described (5).

Retroviral transduction

24-well flat-bottom non-tissue culture-treated plates (Greiner
Bio-One, Austria) were coated with 30 ug/mL Retronectin (Takara,
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Generation of NK:TCR/IL-15 cells following a two-step retroviral production protocol. (A) Overview of vector sequence (B) Schematic of 21-day
production protocol to generate TCR expressing NK cells that secrete soluble IL-15 (NK:TCR/IL-15). (C) Expression of introduced genes, CD3, CD8b,
mUuTCR, NKp46, and huTCR. Each symbol represents one donor (N=5) (D) Expression of muTCR, CD3 and huTCR and NKp46 (CD335) of 2

different donors.
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Kusatsu, Japan) and blocked with 2% human serum albumin
(Sanquin, Amsterdam, The Netherlands). pLZRS retroviral
supernatant was thawed and spun on Retronectin-coated wells at
3000g for 20 minutes at 4°C. Viral supernatant was then removed
and 0.5 x 10° NK cells were added to each well in 1 ml of NK-M.
After 24 hours, transduced NK cells were transferred to tissue
culture-treated culture plates and further expanded in NK-M. This
method was previously described by Morton et al. (5, 19).

Expansion of cryopreserved NK:TCR cells

Cryopreserved NK:TCR and NK:TCR/IL-15 cells were thawed
and weekly stimulated with K562F in culture media with or without
a cytokine mix (IL-15 and IL-2). Expansion of the different NK:TCR
cells was assessed by live-cell counting using Eosine every 7 days.

Cytokine production

To assess cytokine production, 1 x 10°/ml NK:TCR and NK:
TCR/IL15 were cocultured with or without K562% cells in culture
medium at an 1:1 Effector : Target (E:T) ratio in a 96-well round-
bottom culture plate, in triplicate. After 24 hours supernatant was
harvested. To assess the IL-15 concentration, the supernatants of
the triplicates were pooled and measured with U-PLEX assay for
human IL-15 (Meso Scale Diagnositics) following the
manufacturer’s instructions and analyzed with corresponding
software. In addition, IFNYy production by the different
transduced NK cells was measured in the culture supernatant by
IFNy ELISA (Diaclone), according to manufacturer’s instructions.

Target cell culture

Transformed EBV-LCLs (JY, HHC, IZA) and tumor cell lines,
UM9 (multiple myeloma; MM), U266 (MM) and K562 were
cultured in Iscove’s Modified Dulbecco’s Medium (IMDM)
(Lonza, Switzerland) supplemented with 10% FBS (Gibco,
Thermo Fisher Scientific, USA) 1.5% 200mM L-glutamine
(Lonza, Switzerland), 1% 10,000U/ml penicillin/streptomycin
(Lonza, Switzerland). The acute B-cell lymphoblastic leukemia (B-
ALL) cell line, ALL BV, was obtained from patient material and
cultured in IMDM (Lonza, Switzerland) with serum free
supplement (22).

Cytotoxicity assay

Cytotoxicity was assessed by flow cytometry-based cytotoxicity
assay. Target cells were transduced with retroviral vector encoding
for dTomato-Red, and dTomato-Red positive cells were
subsequently sorted by fluorescence-activated cell sorting
(FACS). A total of 30.000 dTomato-Red positive target cells were
cocultured with 30.000 NK : TCR/IL15 or NK:TCR cells in round-
bottom 96-well plates. After overnight coculture, cells were
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harvested, washed, and resuspended in 80uL FACS buffer
containing Sytox blue live-dead marker (ThermoFisher
Scientific). After a five minute incubation on ice, 40uL of sample
(pre-set fixed volume criteria) was measured on a 3-laser Aurora at
a consistent high flow rate of 65 uL/min (Cytek Biosciences). Flow
cytometry data was unmixed using Spectroflo (Cytek Biosciences)
and analyzed using FlowJo v10.7.1 (BD Biosciences). A live-dead
gate was set on living cells and thereafter target cells were gated on
dTomato-Red positive (see Supplementary Figure 1 for a gating
example). Percentage of cytotoxicity was calculated as the number
of living targets cells after co-culture divided by living untreated

targets cells, that were not co-incubated, using the following
1- number of living target cells after co—culture 100
number of living untreated target cells :

Each experiment was performed in duplo.

formula:

NSG xenograft model

On day 0, male or female NOD.Cdg-Prkdc(scid)II2rg(tm1Wijl/
Szj (NOD scid gamma, NSG) mice (The Jackson Laboratory) were
intravenously (i.v.) injected with 2 x 10° luciferase-positive multiple
myeloma U266 cells in PBS supplemented with 2% heat-inactivated
FBS (Gibco, ThermoFisher Scientific, USA). After four days, to
confirm localized tumor outgrowth in the bone marrow, tumor
outgrowth of U266 cells was measured after subcutaneous (s.c.)
injection of 150ul 7.5mM D-luciferine (Cayman Chemical) using a
CCD camera (IVIS Spectrum, PerkinElmer). Subsequently, mice
were treated with 5 x 10° NK:TCR or NK:TCR/IL-15 cells, TCR
specificity and number of mice are mentioned in corresponding
figures. Tumor outgrowth was measured at regular intervals. Mice
were sacrificed at day 40 or when mice reached an average
luminescence of 1 x 107 p/s/cm®/sr. Organs were collected and
stained with immunohistochemistry when indicated. These studies
were approved by the national Ethical Committee for Animal
Research (AVD116002017891) and performed in accordance with
Dutch laws for animal experiments. The number of mice included
was based on a two-tailed, significance level of (at) 0,01, a power (1)
of 80% and a standard deviation (G) of 20%, with an expected effect
size of 70%.

Immunohistochemical analysis

Luciferase expression of U266 cells in FFPE tissue slides was
analyzed with primary Goat anti-Human antibodies against
Luciferase (AB181640, Abcam, Cambridge). A monoclonal Mouse
anti-Human CD3 antibody (AB699, DAKO, Netherlands) was used
to stain infiltration of NK:TCR/IL-15 cells. Secondary visualization
was performed using a 3,3’-Diaminobenzidine(DAB) based
standard laboratory procedure.

Flow cytometry

FACS analysis was performed on either a 3 or 5-laser Aurora
(Cytek Biosciences). For each stain, 50.000 NK cells were aliquoted into
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96-well V-bottom plates, washed and incubated with 10uL antibody
mix for 15 min at RT. An overview of antibodies used can be found in
Supplementary Table 2. Flow cytometry data was unmixed using
Spectroflo (Cytek Biosciences) and analysis was done using the
OMIQ software from Dotmatics (www.omiq.ai, www.dotmatics.com).

Statistics

Statistical analysis was performed using GraphPad Prism 7
software. Statistical tests used are mentioned in corresponding figures.

Results

Engineering of NK:TCR/IL-15 cells

NK cells were isolated from previously frozen PBMC of five
different donors. Isolated NK cells were stimulated with irradiated
K562" cells, expressing membrane bound IL-21 and 4-1BB-ligand,
and retrovirally transduced with different TCR-CD8 viral vectors,
enriched and restimulated, and subsequently transduced with viral
vectors encoding the different subunits of the CD3 complex and
soluble IL-15 (Figure 1A). Following this two-step transduction
protocol, as described previously by Morton et al, and depicted in
Figure 1B, we genetically engineered highly pure populations of NK
cells expressing muTCR, CD8 and CD3, accompanied by insertion of
the IL-15 gene (NK:TCR/IL-15) (Figure 1C) (5). In these
experiments, the constant region of each transgenic TCR was
murinized (muTCR) to allow distinction between any
contaminating T cells present in the culture, expressing the huTCR,
which may influence functional data. This alteration does not affect
any function of the TCR (18). Eventually, in the final products, less
than 3% huTCR+ T cells were present. Despite the introduction of an
additional gene, expression of the TCR/CD3 complex did not differ
between NK:TCR and NK:TCR/IL-15 products (Figure 1D).
Furthermore, no significant differences were observed in phenotype
between NK:TCR and NK:TCR/IL-15 cells using a multispectral flow
panel, including several activation, inhibition and adhesion markers
(Supplementary Figure 2).

NK:TCR/IL15 cells demonstrate
robust proliferation in a
cytokine-free environment

To explore the expansion potential of NK:TCR/IL-15 cells, both
NK:TCR and NK:TCR/IL15 were re-stimulated weekly with K562"
cells and cultured for at least 14 days in culture medium with or
without suppletion of cytokines (IL-15 and IL-2). NK:TCR cells
proliferated strongly upon stimulation with K562" cells when
cultured in medium supplemented with cytokines (Figure 2A),
but were not able to proliferate when cultured in medium only,
resulting in no viable NK cells present after 14 days of culture. In
contrast, NK:TCR/IL-15 cells were able to proliferate in culture
medium without cytokines and showed a similar expansion kinetic
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compared to NK:TCR cells cultured with cytokines. Additionally,
NK:TCR/IL-15 proliferated at a similar rate whether cultured in
presence or absence of cytokines in the culture medium (Figure 2B).
This suggests that NK:TCR/IL-15 cells produce sufficient IL-15 to
sustain their proliferation, without the need for suppletion of IL-15
or IL-2.

Cytokine production by NK:TCR/IL-15 cells

To determine the IL-15 secretion by NK:TCR/IL-15 cells, 1 x
10%/ml engineered NK cells were cultured alone or with irradiated
K562" cells at an E:T ratio of 1:1 in culture medium for 24 hours. As
shown in Figure 3A, NK:TCR/IL-15 cells from four different donors
demonstrated on average a baseline level of 5pg/mL secreted IL-15,
whereas no IL-15 could be detected in the supernatant of NK:TCR
cells. Stimulation with K562" resulted in a doubling of IL-15
production by the NK:TCR/IL-15 cells, although the
concentration of IL-15 in the supernatant did not exceed 15 pg/
mL (Figure 3A). As a control for cytokine production IFNy
secretion was measured. After stimulation with K562F cells, IFNy
production was strongly increased by both NK:TCR and NK:TCR/
IL-15 cell products (Figure 3B).

Incorporation of soluble IL-15 supports
TCR-mediated cytotoxicity

To investigate whether autonomous production of IL-15 would
influence the cytotoxic capability of NK:TCR cells, we transduced
NK cells with an HLA-B*07:02 restricted TCR targeting a BOB1
derived peptide (herein referred to as BOBI-TCR). BOBI is a B-cell
lineage specific transcription factor uniformly expressed in
malignant B cells, including multiple myeloma (MM), and
demonstrated to be essential for the survival of MM (6, 23). As
previously shown by Morton et al. NK:BOB1-TCR cells successfully
target TCR Ag positive (BOB1+, HLA-B7+) tumor cells. To assess
the beneficial effect of IL-15 production by engineered NK:TCR
cells, NK:BOB1-TCR/IL-15 and NK:BOB1-TCR cell products
generated from five different donors were cocultured overnight in
culture medium with a panel of various TCR Ag positive (BOB1+,
HLA-B7+) target cells: B-cell lines, EBV-JY and EBV-HHC, MM
cell line UM9 and B-ALL cell line ALL BV (BOB1 and HLA-B7
expression; Supplementary Figure 3).NK:BOBI-TCR/IL-15 cells
tested against this panel of TCR Ag positive (BOB1+, HLA-B7+)
targets demonstrated to be as effective or even more effective
compared to NK:BOB1-TCR cells (Figure 4A). As a control, both
NK:BOBI-TCR products were cocultured with a TCR Ag negative
(BOB1+, HLA-B7-) target, EBV-IZA and the HLA negative K562
cell line, known for its high sensitivity to NK cells. Both products
demonstrated cytotoxic activity against the HLA negative K562
target cells (Figure 4B), whereas the TCR Ag negative (BOB1+,
HLA-B7-) cell line EBV-IZA was not killed by both NK:BOB1-TCR
cell products (Figure 4C). When HLA-B7 was introduced in EBV-
IZA, NK:BOBI-TCR/IL-15 were able to kill this EBV-LCL
(Supplementary Figure 4). It is known that supplement of IL-15
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Cytokine production by NK:TCR/IL-15 cells. 1 x 108/ml NK:TCR and NK:TCR/IL-15 cells were stimulated with K562 cells in a 1:1 effector:target (E:T)
ratio for 24 hours. (A) IL-15 production was measured by a mesoscale discovery assay and (B) IFNy production was assessed by ELISA. All individual
NK cell products derived from different donors and were matched during manufacturing and experiment (n=4). Each symbol represents a NK:TCR or
NK:TCR/IL-15 product from a different donor (N=4). Error bars represent mean and SD of different donors. Statistical test used was two-way ANOVA
with Sidak’s multiple comparisons post hoc test (**** = p<0.0001).
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FIGURE 4

Increased TCR- and NK-mediated cytotoxicity by NK:TCR/IL-15 cells. NK:TCR and NK:TCR/IL-15 cells expressing either the HLA-B*07:02 restricted,
BOB1-specific TCR or the HLA-A*02:01 restricted, CMV-specific control TCR were cocultured, at a 1:1 effector:target ratio, in culture medium with
dTomato-positive transformed EBV-LCLs and tumor cell lines: (A) TCR Ag positive (HLA-B*07:02 +/BOB1+) targets: EBV JY, EBV HHC, UM9 (MM)
and ALL BV (B-ALL). (B) HLA negative target K562 or (C) TCR Ag negative (HLA-B*07:02 -/BOB1+) target EBV IZA. All individual NK cell products
derived from different donors and were matched during manufacturing and experiment (n=5). Each symbol represents a different donor (N=5).
Statistical test used was a paired t-test, the p-value of each comparison is plotted.

to NK cells increases NK functionality, therefore we engineered NK
cells with an irrelevant TCR against a CMV-derived peptide
presented in HLA-A*02:01 (referred to as CMV-TCR) to assess
NK-mediated cytotoxicity (24). The effector functions of NK:CMV-
TCR/IL-15 cells were evaluated in comparison to NK:CMV-TCR
cells, showing increased NK-mediated cytotoxicity of NK:CMV-
TCR/IL-15 against some CMV TCR Ag negative targets (Figure 4).
However, the overall trend of enhanced cytotoxicity was more
prominent when comparing NK:BOBI-TCR/IL-15 to NK:BOB1-
TCR cells. Furthermore, the comparison of NK:BOB1-TCR/IL-15
cells and control NK:CMV-TCR/IL-15 cells clearly confirmed that
NK:BOB1-TCR/IL-15 cells mediate TCR-specific cytotoxicity. as
previously seen in NK:BOB1-TCR cells when compared to NK:
CMV-TCR cells. (Figure 4A). These results demonstrate that
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autonomous production of IL-15 by TCR engineered NK cells
mainly improves TCR-mediated cytotoxicity.

IL-15 enhances the TCR-mediated function
of TCR engineered NK cells in vivo

To determine whether autonomous secretion of IL-15 enhances
TCR-mediated function of NK cells in vivo, we compared the
antitumor activity of NK:TCR and NK:TCR/IL-15 cells in an
orthotopic MM model, as previously described (25). NSG mice
were intravenously injected with the MM cell line U266 positive for
the TCR Ag (BOBI1+, HLA-B7+) resulting in bone marrow
engraftment of the tumor. After four days the mice were treated
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with NK:BOB1-TCR or NK:BOB1-TCR/IL-15 cells, both NK cell
products were generated from donor 2 (Figure 1C, dotted symbol
Figure 3 and Figure 4). During the first week after NK:TCR infusion
both groups of mice treated with the genetically engineered NK cells
(NK:BOB1-TCR and NK:BOBI1-TCR/IL-15) demonstrated
decrease in tumor burden, however only when mice were treated
with NK:BOB1-TCR/IL-15 was the tumor burden significantly
decreased in all mice (Figures 5A, B). Even, 5 out of 8 mouse
remained free of tumor until 30 days post NK infusion, when the
experiment was terminated (Supplementary Figure 3). To
investigate whether this was due to increased NK- or TCR-
mediated function of the engineered NK cells we performed an
additional experiment in which the U266 engrafted NSG mice were
treated after four days with NK:BOB1-TCR/IL-15 cells or NK:
CMV-TCR/IL-15 cells as a negative control, again both NK
products originated from donor 2. All mice treated with NK:
BOBI1-TCR/IL-15 showed a significant decrease in tumor burden

NK:BOB1-TCR/IL-15

ATTTRIY] (YT

— NKinfusion

oo« [TLELTINI

%
NK infusion

10.3389/fimmu.2024.1368290

directly after NK cell infusion compared with mice treated with NK:
CMV-TCR/IL-15 and non-treated mice (Figures 5C, D). These
results clearly demonstrate that autonomously produced IL-15
enhances the TCR-mediated function of TCR engineered NK cells
in vivo.

Accumulation of NK:BOB1-TCR/IL-15 cells
in vivo

Despite these promising observations we also encountered an
unexpected and unwanted event within one of the in vivo
experiments (depicted in Figures 5A, B). In this experiment, the
beneficial antitumor activity of the NK:BOB1-TCR/IL-15 cells was
accompanied by death of 3 out of 8 mice approximately 30 days
after injection of NK:BOBI1-TCR/IL-15 cells. Autopsy of the
complete treatment group demonstrated accumulation of large
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FIGURE 5
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NK:TCR/IL-15 enhances tumor eradication in mice engrafted with multiple myeloma. NSG mice were infused intravenously with 2,0*10A6 HLA-
B*07:02+ BOB1+ luciferase+ multiple myeloma U266 cells and after 4 days treated with (A, B) NK:BOB1-TCR/IL-15(n=8) or NK:BOB1-TCR (n=4)
cells or with (C, D) NK:BOB1-TCR/IL-15(n=6) or control NK:CMV-TCR/IL-15(n=5) cells from the same donor. Non-treated mice (n=6) were taken
along in every experiment (U266 only). For IVIS measurements the mice were injected s.c. with luciferin and measured for bioluminescence. Each
error represent SD of the mean of all mice. Statistics depict mixed-effect analysis with Dunnett’'s multiple comparisons post hoc test at endpoint
(* = p<0.05, ** = p<0.01). BD) Bioluminescent images of mice at day 3, 10, 17 and 24
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clusters of cells in several organs, mainly lungs, spleen and liver in
all eight NSG mice treated with NK:BOBI-TCR/IL-15 cells.
Moreover, immunohistochemistry performed on these affected
organs demonstrated that the clusters of cells were negative for
luciferase, but positive for human CD3, confirming that these cells
were NK:BOBI-TCR/IL-15 cells (Figure 6). In contrast, this
phenomenon was not observed in mice treated with NK:BOBI-
TCR cells that were generated from the same donor but did not
secrete IL-15.To specify, these NK:BOB1-TCR/IL-15 and NK:
BOBI-TCR cells were derived from the same NK cell isolation
and TCR-CD8 transduction and were thereafter split into two
groups. Subsequently, these NK cells were retrovirally transduced
with either CD3 or CD3-IL15. The in vitro results of these specific
donor-derived products are depicted in Figure 1D as donor 2 or
depicted as a dotted symbol in all main figures. To investigate
whether this phenomenon could reproducibly be observed and to
gain more insight into the underlying mechanism, cryopreserved
NK:BOB1-TCR/IL-15 cells from this specific experiment were
expanded and injected into mice engrafted with U266. While
antitumor activity was observed again, dysregulated growth of
genetically engineered NK cells was not observed (Supplementary
Figure 5). Eventually, within four independent experiments
involving NK:BOBI1-TCR/IL-15 cells, generated from the same
donor (Figures 6C, D) as well as a different donor (data not
shown), this unexpected and unwanted event was only
observed once.

Discussion

In this study we demonstrated that viral incorporation of a gene
encoding for soluble interleukin-15 into engineered NK:TCR cells is
feasible, whereby high expression of the TCR is maintained. As
shown by Morton et al. equipping NK cells with a tumor specific
TCR may override inhibition signals and boost therapeutic efficacy
of adoptive NK cell transfer (5). By incorporating IL-15 into NK:
TCR cells, engineered NK cells are able to proliferate in vitro without
addition of extra cytokines. Furthermore, both the NK-mediated as
well as TCR-mediated cytotoxicity of the NK:TCR cells is enhanced,
resulting in improved persistence and performance of NK:TCR/IL-
15 cells in an orthotopic multiple myeloma mouse model.

10.3389/fimmu.2024.1368290

A number of studies have highlighted the beneficial effect of
combining IL-15 stimulation with a CAR to engineer a more potent
NK:CAR product (14, 15, 26-28). This study is the first to
demonstrate successful engineering of NK:TCR cells with IL-15.
Previously, Morton et al. showed that NK:BOB1-TCR cells
successfully target TCR Ag positive (BOB1+, HLA-B7+) tumor
cells (5). Our results reveal that the addition of IL-15 to the NK:
BOBI-TCR product increased its cytotoxic profile against TCR Ag
positive tumor cells, indicating improved TCR-mediated
cytotoxicity. Furthermore, self-sufficient production of IL-15 by
the NK:BOB1-TCR product showed a clear beneficial TCR-
mediated effect in vivo, whereby NK:BOBI-TCR/IL-15 cells were
able to clear the tumor and persevere this effect for a longer time
compared to NK:BOBI-TCR cells. While prior studies mainly
focused on the enhancement of CAR-mediated cytotoxicity by
incorporating IL-15, we tried to dissect the additional benefit on
both TCR-mediated as well as NK-mediated cytotoxicity. In our
study, the known beneficial effect of IL-15 on NK-mediated
cytotoxicity was confirmed by slightly improved effector functions
of control NK:CMV-TCR/IL-15 cells, that exhibited an increased
anti-tumor reactivity in vitro compared to NK:CMV-TCR cells.
However, in vivo, this enhanced NK-mediated cytotoxicity was not
enough for efficient tumor control. In contrast, NK:BOB1-TCR/IL-
15 cells significantly controlled tumor outgrowth in this
experiment. In addition, we also observed variability among
donors within the in vitro cytotoxicity assays. To address this
specific inter-donor variability inherent to NK cells, potentially
influenced by differences in KIR-matching or expression of NKG2A
and NKG2C, the same individual donor was used in the in vivo
experiments (29). While our data revealed no differences in
phenotype between NK:BOB1-TCR and NK:BOBI-TCR/IL-15
products derived from 5 donors (SupplementaryFigure 3), we
acknowledge that donor-specific characteristics of NK:TCR
products could eventually amplify or diminish their therapeutic
efficacy over time. Nevertheless, we can conclude that autonomous
secretion of IL-15 by NK:TCR cells markedly improved TCR-
mediated cytotoxicity in vitro and in vivo as well as enhancing
NK-mediated cytotoxicity.

In addition to the prolonged anti-tumor reactivity by NK:
BOBI1-TCR/IL-15 in vivo, we observed in one out of four
experiments an accumulation of NK:BOB1-TCR/IL-15 cells in

FIGURE 6

Accumulation of NK:BOB1-TCR/IL-15 cells after tumor clearance. Coupes from liver from a mouse first injected with 2*10/6 luciferase positive
U266 tumor cells and treated with 51076 NK:BOB1-TCR/IL-15 cells, 30 days post NK infusion. (A) HE staining. (B) luciferase DAB staining (C) human

CD3 DAB staining.
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several organs of treated mice, leading to death 30 days post NK
infusion. Other studies also showed unexpected and preliminary
death during one of their in vivo experiments. For instance, Lui et al.
reported early deaths in 3 out of 5 mice following NK:CAR/IL-15
treatment, linked to complications related to release of
inflammatory cytokines, hinting at a potential induction of CRS
(15). However, in our experiment the NK:BOB1-TCR/IL-15 treated
mice did not show any signs of toxicity in the early phase of the
treatment, arguing against causes like CRS or neurotoxicity.
Furthermore, Christodoulou et al. previously described
preliminary death after treatment with NK:CAR/IL-15 cells,
caused by severe inflammation due to dramatic NK-cell
proliferation associated with high levels of IL-15 (14). A review
by Ma et al. suggested that increased IL-15 production by NK:CAR/
IL-15 cells could be a possible cause of this toxicity, since these NK:
CAR/IL-15 cells reached an average baseline production of 200pg/
mL IL-15 (30). In our experiments however, mice did not show any
signs of severe inflammation, and NK:TCR/IL-15 cells did not reach
a baseline IL-15 production level above 5pg/mL in vitro.

The absence of early inflammatory symptoms and low IL-15
levels argue against a form of CRS or IL-15 related inflammation in
our experiment. In addition, accumulation of NK:BOB1-TCR/IL-15
was not observed in subsequent in vivo experiments. This
combination of factors indicates that this was most likely an
isolated event, possibly influenced by circumstantial factors such
as viral integration or clonal expansion. Clonal expansion of CAR T
cells has been described in several cases (31-33). In these studies,
patients treated with CAR T cells showed a rapid response against
the tumor, followed by the later accumulation of T cells. Subsequent
TCR expression analysis revealed clonal expansion of specific
clones, a phenomenon confirmed by gene insertion analysis,
which identified disrupted genes involved in cell signaling.
Unfortunately, confirming clonal expansion of our NK:BOBI-
TCR/IL-15 cells is complicated due to two key factors. First, NK
cells, in contrast to T cells, do not express a TCR or a TCR-like
receptor with a unique sequence to identify individual clones.
Secondly, gene insertion analysis of NK:TCR/IL-15 cells is
complex due to the introduction of multiple genes encoded by
two viral constructs containing similar LTR sequences, which are
likely integrated multiple times. Consequently, we were unable to
conduct a detailed analysis of the clonal origin of accumulated NK:
BOBI1-TCR/IL-15 cells. However, we speculate that multiple gene
integration, possibly leading to gene disruption, in combination
with autonomous cytokine production, even in low amounts, could
be the cause of described unexplained events.

Therefore precautions remain essential for genetically
engineered cellular products, particularly when factors promoting
proliferation and growth are introduced. Future optimizations of
our product may involve the introduction of an inducible caspase 9
safety switch, as was done by others before (3, 15, 26, 34, 35).
Another consideration is the implementation of a TCR-induced
localized secretion of IL-15, to ensure IL-15 production only occurs
after antigen recognition (36). However, conditional secretion may
not be sufficient to secure persistence when antigen load decreases,
and it also does not prevent potential adverse events due to
gene disruption.
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To date, all available preclinical in vivo data are derived from
NSG mouse models where human IL-15 is absent (14, 15, 26-28). In
these models, all products benefit from IL-15, but toxicities have
also been observed. Most NK:CAR products currently tested in the
clinic are harnessed with IL-15 (NCT05110742, NCT05092451,
NCT05922930). This offers great opportunities for the field of
adoptive NK cell therapy, and these trials will provide valuable
knowledge regarding safety issues of cytokine-secreting cellular
therapeutics in a human setting.

In addition to data regarding safety issues, more insight into the
performance of IL-15 secreting NK cells is needed. One study
showed that incorporation of IL-15 into a NK:CAR product could
overcome loss of metabolic fitness, a driver of tumor resistance (37).
Unfortunately, this hypothesis was mainly based on preclinical data
derived from NSG mice, since the cell numbers from clinical
samples were too low to have enough power for thorough
analysis. Nevertheless, the data supports the potential beneficial
effect of IL-15 on NK cells in a non-nutritive environment.
Additionally, understanding the effect of IL-15 secretion by
tumor-specific NK cells in the tumor microenvironment is
crucial. IL-15 is known to stimulate CD8 T cell proliferation and
regulate tumor reactive lymphocyte numbers in the tumor
microenvironment (11, 12, 38-40). Therefore, local secretion of
IL-15 might shape the immune-modulating environment of the
tumor and elicit T and NK-cell mediated anti-tumor responses.

Overall, precautions regarding safety remain since uncontrolled
NK cell proliferation was observed in one in vivo experiment. This
event highlights the importance of careful consideration and
potentially more quality control for cytokine engineered lymphocytes
before moving to clinical application. Nevertheless, optimization of
adoptive NK therapy by autonomous production of IL-15 by the
engineered NK cell might be an overall advantage. This paper showed
that IL-15 engineered NK:TCR products enable proliferation of NK
cells in an environment lacking cytokines, by secreting low levels of IL-
15. In addition, primarily, autonomous IL-15 production improves
NK:TCR/IL-15 functionality, whereby NK-mediated and TCR-
mediated cytotoxicity is increased without causing off-target toxicity.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the
Institutional Review Board of the Leiden University Medical
Center (approval number 3.4205/010/FB/jr) and the METC-LDD
(approval number HEM 008/SH/sh). The studies were conducted in
accordance with the local legislation and institutional, written
informed consent was obtained from the patients/participants.
The animal study was approved by the national Ethical
Committee for Animal Research. The study was conducted in
accordance with the local legislation and institutional requirements.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1368290
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

van Hees et al.

Author contributions

EH: Formal analysis, Investigation, Methodology, Visualization,
Writing - original draft. LM: Conceptualization, Funding
acquisition, Methodology, Writing - review & editing. DR:
Investigation, Writing - review & editing. AW: Investigation,
Writing - review & editing. AV: Investigation, Writing — review &
editing. JF: Supervision, Writing - review & editing. MH:
Conceptualization, Funding acquisition, Methodology, Supervision,
Visualization, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This project
was funded by the Dutch Cancer Society (KWF kankerbestrijding,
Amsterdam, the Netherlands) under grant number KWF UL-
2021-13518.

Acknowledgments

The authors thank the Flow cytometry Core Facility (FCF) of
Leiden University Medical Center (LUMC) in Leiden, the

References

1. Sadelain M, Riviere I, Riddell S. Therapeutic T cell engineering. Nature. (2017)
545:423-31. doi: 10.1038/nature22395

2. Bonifant CL, Jackson HJ, Brentjens RJ, Curran KJ. Toxicity and management in
CAR T-cell therapy. Mol Ther Oncolytics. (2016) 3:16011. doi: 10.1038/mt0.2016.11

3. Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar R, et al. Use of
CAR-transduced natural killer cells in CD19-positive lymphoid tumors. New Engl |
Med. (2020) 382:545-53. doi: 10.1056/NEJMo0al910607

4. Curti A, Ruggeri L, D'Addio A, Bontadini A, Dan E, Motta MR, et al. Successful
transfer of alloreactive haploidentical KIR ligand-mismatched natural killer cells after
infusion in elderly high risk acute myeloid leukemia patients. Blood. (2011) 118:3273-9.
doi: 10.1182/blood-2011-01-329508

5. Morton LT, Wachsmann TLA, Meeuwsen MH, Wouters AK, Remst DFG, van
Loenen MM, et al. T cell receptor engineering of primary NK cells to therapeutically
target tumors and tumor immune evasion. J Immunother Cancer. (2022) 10.
doi: 10.1136/jitc-2021-003715

6. Jahn L, Hombrink P, Hagedoorn RS, Kester MG, van der Steen DM, Rodriguez T,
et al. TCR-based therapy for multiple myeloma and other B-cell Malignancies targeting
intracellular transcription factor BOBI. Blood. (2017) 129:1284-95. doi: 10.1182/blood-
2016-09-737536

7. Jahn L, van der Steen DM, Hagedoorn RS, Hombrink P, Kester MG, Schoonakker
MP, et al. Generation of CD20-specific TCRs for TCR gene therapy of CD20low B-cell
Malignancies insusceptible to CD20-targeting antibodies. Oncotarget. (2016) 7:77021-
37. doi: 10.18632/oncotarget.v7i47

8. Mensali N, Dillard P, Hebeisen M, Lorenz S, Theodossiou T, Myhre MR, et al. NK
cells specifically TCR-dressed to kill cancer cells. EBioMedicine. (2019) 40:106-17.
doi: 10.1016/j.ebiom.2019.01.031

9. Parlar A, Sayitoglu EC, Ozkazanc D, Georgoudaki AM, Pamukcu C, Aras M, et al.
Engineering antigen-specific NK cell lines against the melanoma-associated antigen
tyrosinase via TCR gene transfer. Eur | Immunol. (2019) 49:1278-90. doi: 10.1002/
€ji.201948140

10. Tagaya Y, Bamford RN, DeFilippis AP, Waldmann TA. IL-15: a
pleiotropic cytokine with diverse receptor/signaling pathways whose expression is
controlled at multiple levels. Immunity. (1996) 4:329-36. doi: 10.1016/S1074-7613(00)
80246-0

Frontiers in Immunology

11

10.3389/fimmu.2024.1368290

Netherlands (https://www.lumc.nl/research/facilities/fcf).
Figure 1B was created with BioRender.com

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1368290/full#supplementary-material

11. Santana Carrero RM, Beceren-Braun F, Rivas SC, Hegde SM, Gangadharan A,
Plote D, et al. IL-15 is a component of the inflammatory milieu in the tumor
microenvironment promoting antitumor responses. Proc Natl Acad Sci U S A. (2019)
116:599-608. doi: 10.1073/pnas.1814642116

12. Ku CC, Murakami M, Sakamoto A, Kappler J, Marrack P. Control of
homeostasis of CD8+ memory T cells by opposing cytokines. Science. (2000)
288:675-8. doi: 10.1126/science.288.5466.675

13. Marin D, Li Y, Basar R, Rafei H, Daher M, Dou J, et al. Safety, efficacy and
determinants of response of allogeneic CD19-specific CAR-NK cells in CD19(+) B cell
tumors: a phase 1/2 trial. Nat Med. (2024) 20:772-84. doi: 10.1038/s41591-023-02785-8

14. Christodoulou I, Ho WJ, Marple A, Ravich JW, Tam A, Rahnama R, et al.
Engineering CAR-NK cells to secrete IL-15 sustains their anti-AML functionality but is
associated with systemic toxicities. J Immunother Cancer. (2021) 9. doi: 10.1101/
2021.09.23.461509

15. Liu E, Tong Y, Dotti G, Shaim H, Savoldo B, Mukherjee M, et al. Cord blood NK
cells engineered to express IL-15 and a CD19-targeted CAR show long-term persistence
and potent antitumor activity. Leukemia. (2018) 32:520-31. doi: 10.1038/leu.2017.226

16. Hsu C, Jones SA, Cohen CJ, Zheng Z, Kerstann K, Zhou J, et al. Cytokine-
independent growth and clonal expansion of a primary human CD8+ T-cell clone
following retroviral transduction with the IL-15 gene. Blood. (2007) 109:5168-77.
doi: 10.1182/blood-2006-06-029173

17. Zhang Y, Zhuang Q, Wang F, Zhang C, Xu C, Gu A, et al. Co-expression IL-15

receptor alpha with IL-15 reduces toxicity via limiting IL-15 systemic exposure during
CAR-T immunotherapy. ] Transl Med. (2022) 20:432. doi: 10.1186/512967-022-03626-x

18. van der Lee DI, Reijmers RM, Honders MW, Hagedoorn RS, de Jong RC, Kester
MG, et al. Mutated nucleophosmin 1 as immunotherapy target in acute myeloid
leukemia. J Clin Invest. (2019) 129:774-85. doi: 10.1172/JCI97482

19. Heemskerk MH, Hagedoorn RS, van der Hoorn MA, van der Veken LT,
Hoogeboom M, Kester MG, et al. Efficiency of T-cell receptor expression in dual-
specific T cells is controlled by the intrinsic qualities of the TCR chains within the TCR-
CD3 complex. Blood. (2007) 109:235-43. doi: 10.1182/blood-2006-03-013318

20. Heemskerk MH, Hoogeboom M, de Paus RA, Kester MG, van der Hoorn MA,
Goulmy E, et al. Redirection of antileukemic reactivity of peripheral T lymphocytes
using gene transfer of minor histocompatibility antigen HA-2-specific T-cell receptor

frontiersin.org


https://www.lumc.nl/research/facilities/fcf
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1368290/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1368290/full#supplementary-material
https://doi.org/10.1038/nature22395
https://doi.org/10.1038/mto.2016.11
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.1182/blood-2011-01-329508
https://doi.org/10.1136/jitc-2021-003715
https://doi.org/10.1182/blood-2016-09-737536
https://doi.org/10.1182/blood-2016-09-737536
https://doi.org/10.18632/oncotarget.v7i47
https://doi.org/10.1016/j.ebiom.2019.01.031
https://doi.org/10.1002/eji.201948140
https://doi.org/10.1002/eji.201948140
https://doi.org/10.1016/S1074-7613(00)80246-0
https://doi.org/10.1016/S1074-7613(00)80246-0
https://doi.org/10.1073/pnas.1814642116
https://doi.org/10.1126/science.288.5466.675
https://doi.org/10.1038/s41591-023-02785-8
https://doi.org/10.1101/2021.09.23.461509
https://doi.org/10.1101/2021.09.23.461509
https://doi.org/10.1038/leu.2017.226
https://doi.org/10.1182/blood-2006-06-029173
https://doi.org/10.1186/s12967-022-03626-x
https://doi.org/10.1172/JCI97482
https://doi.org/10.1182/blood-2006-03-013318
https://doi.org/10.3389/fimmu.2024.1368290
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

van Hees et al.

complexes expressing a conserved alpha joining region. Blood. (2003) 102:3530-40.
doi: 10.1182/blood-2003-05-1524

21. Kinsella TM, Nolan GP. Episomal vectors rapidly and stably produce high-titer
recombinant retrovirus. Hum Gene Ther. (1996) 7:1405-13. doi: 10.1089/
hum.1996.7.12-1405

22. Nijmeijer BA, Szuhai K, Goselink HM, van Schie ML, van der Burg M, de Jong D,
et al. Long-term culture of primary human lymphoblastic leukemia cells in the absence
of serum or hematopoietic growth factors. Exp Hematol. (2009) 37:376-85.
doi: 10.1016/j.exphem.2008.11.002

23. Simoes RDM, Shirasaki R, Tang H, Yamano S, Barwick BG, Gandolfi S, et al.
POU2AF1 as a master regulator of oncogenic transcription factor networks in
myeloma. Blood. (2020) 136:18-9. doi: 10.1182/blood-2020-142580

24. Szczepanski MJ, Szajnik M, Welsh A, Foon KA, Whiteside TL, Boyiadzis M.
Interleukin-15 enhances natural killer cell cytotoxicity in patients with acute myeloid
leukemia by upregulating the activating NK cell receptors. Cancer Immunol
Immunother. (2010) 59:73-9. doi: 10.1007/s00262-009-0724-5

25. Wachsmann TLA, Meeuwsen MH, Remst DFG, Buchner K, Wouters AK,
Hagedoorn RS, et al. Combining BCMA-targeting CAR T cells with TCR-engineered
T-cell therapy to prevent immune escape of multiple myeloma. Blood Adv. (2023)
7:6178-83. doi: 10.1182/bloodadvances.2023010410

26. Teng KY, Mansour AG, Zhu Z, Li Z, Tian L, Ma S, et al. Off-the-shelf prostate
stem cell antigen-directed chimeric antigen receptor natural killer cell therapy to treat
pancreatic cancer. Gastroenterology. (2022) 162:1319-33. doi: 10.1053/
j.gastro.2021.12.281

27. Wang X, Jasinski DL, Medina JL, Spencer DM, Foster AE, Bayle JH. Inducible
MyD88/CD40 synergizes with IL-15 to enhance antitumor efficacy of CAR-NK cells.
Blood Adv. (2020) 4:1950-64. doi: 10.1182/bloodadvances.2020001510

28. Du Z,Ng YY, Zha S, Wang S. piggyBac system to co-express NKG2D CAR and
IL-15 to augment the in vivo persistence and anti-AML activity of human peripheral
blood NK cells. Mol Ther Methods Clin Dev. (2021) 23:582-96. doi: 10.1016/
j.omtm.2021.10.014

29. Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, Tosti A, et al.

Effectiveness of donor natural killer cell alloreactivity in mismatched hematopoietic
transplants. Science. (2002) 295:2097-100. doi: 10.1126/science.1068440

Frontiers in Immunology

12

10.3389/fimmu.2024.1368290

30. Ma S, Caligiuri MA, Yu J. Harnessing IL-15 signaling to potentiate NK cell-
mediated cancer immunotherapy. Trends Immunol. (2022) 10:833-47. doi: 10.1016/
j.it.2022.08.004

31. Shah NN, Qin H, Yates B, Su L, Shalabi H, Raffeld M, et al. Clonal expansion of
CAR T cells harboring lentivector integration in the CBL gene following anti-CD22
CAR T-cell therapy. Blood Adv. (2019) 3:2317-22. doi: 10.1182/bloodadvances.
2019000219

32. Fraietta JA, Nobles CL, Sammons MA, Lundh S, Carty SA, Reich TJ, et al.
Disruption of TET2 promotes the therapeutic efficacy of CD19-targeted T cells. Nature.
(2018) 558:307-12. doi: 10.1038/s41586-018-0178-z

33. Bishop DC, Clancy LE, Simms R, Burgess ], Mathew G, Moezzi L, et al. Development
of CAR T-cell lymphoma in 2 of 10 patients effectively treated with piggyBac-modified
CD19 CAR T cells. Blood. (2021) 138:1504-9. doi: 10.1182/blood.2021010813

34. Straathof KC, Pule MA, Yotnda P, Dotti G, Vanin EF, Brenner MK, et al. An
inducible caspase 9 safety switch for T-cell therapy. Blood. (2005) 105:4247-54.
doi: 10.1182/blood-2004-11-4564

35. Orlando D, Miele E, De Angelis B, Guercio M, Boffa I, Sinibaldi M, et al.
Adoptive immunotherapy using PRAME-specific T cells in medulloblastoma. Cancer
Res. (2018) 78:3337-49. doi: 10.1158/0008-5472.CAN-17-3140

36. Smole A, Benton A, Poussin MA, Eiva MA, Mezzanotte C, Camisa B, et al.
Expression of inducible factors reprograms CAR-T cells for enhanced function and
safety. Cancer Cell. (2022) 40:1470-87.e7. doi: 10.1016/j.ccell.2022.11.006

37. Li L, Mohanty V, Dou J, Huang Y, Banerjee PP, Miao Q, et al. Loss of metabolic
fitness drives tumor resistance after CAR-NK cell therapy and can be overcome by
cytokine engineering. Sci Adv. (2023) 9:eadd6997. doi: 10.1126/sciadv.add6997

38. Shi W, Lv L, Liu N, Wang H, Wang Y, Zhu W, et al. A novel anti-PD-L1/IL-15
immunocytokine overcomes resistance to PD-L1 blockade and elicits potent antitumor
immunity. Mol Ther. (2023) 31:66-77. doi: 10.1016/j.ymthe.2022.08.016

39. Di Pilato M, Kfuri-Rubens R, Pruessmann JN, Ozga AJ, Messemaker M, Cadilha
BL, et al. CXCR6 positions cytotoxic T cells to receive critical survival signals in the
tumor microenvironment. Cell. (2021) 184:4512-30.e22. doi: 10.1016/j.cell.2021.07.015

40. Cui A, Huang T, Li S, Ma A, Perez JL, Sander C, et al. Dictionary of immune
responses to cytokines at single-cell resolution. Nature. (2023) 625:377-84.
doi: 10.1038/s41586-023-06816-9

frontiersin.org


https://doi.org/10.1182/blood-2003-05-1524
https://doi.org/10.1089/hum.1996.7.12-1405
https://doi.org/10.1089/hum.1996.7.12-1405
https://doi.org/10.1016/j.exphem.2008.11.002
https://doi.org/10.1182/blood-2020-142580
https://doi.org/10.1007/s00262-009-0724-5
https://doi.org/10.1182/bloodadvances.2023010410
https://doi.org/10.1053/j.gastro.2021.12.281
https://doi.org/10.1053/j.gastro.2021.12.281
https://doi.org/10.1182/bloodadvances.2020001510
https://doi.org/10.1016/j.omtm.2021.10.014
https://doi.org/10.1016/j.omtm.2021.10.014
https://doi.org/10.1126/science.1068440
https://doi.org/10.1016/j.it.2022.08.004
https://doi.org/10.1016/j.it.2022.08.004
https://doi.org/10.1182/bloodadvances.2019000219
https://doi.org/10.1182/bloodadvances.2019000219
https://doi.org/10.1038/s41586-018-0178-z
https://doi.org/10.1182/blood.2021010813
https://doi.org/10.1182/blood-2004-11-4564
https://doi.org/10.1158/0008-5472.CAN-17-3140
https://doi.org/10.1016/j.ccell.2022.11.006
https://doi.org/10.1126/sciadv.add6997
https://doi.org/10.1016/j.ymthe.2022.08.016
https://doi.org/10.1016/j.cell.2021.07.015
https://doi.org/10.1038/s41586-023-06816-9
https://doi.org/10.3389/fimmu.2024.1368290
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Self-sufficient primary natural killer cells engineered to express T cell receptors and interleukin-15 exhibit improved effector function and persistence
	Introduction
	Materials and methods
	NK cell isolation and modification
	Viral constructs and retrovirus production
	Retroviral transduction
	Expansion of cryopreserved NK:TCR cells
	Cytokine production
	Target cell culture
	Cytotoxicity assay
	NSG xenograft model
	Immunohistochemical analysis
	Flow cytometry
	Statistics

	Results
	Engineering of NK:TCR/IL-15 cells
	NK:TCR/IL15 cells demonstrate robust proliferation in a cytokine-free environment
	Cytokine production by NK:TCR/IL-15 cells
	Incorporation of soluble IL-15 supports TCR-mediated cytotoxicity
	IL-15 enhances the TCR-mediated function of TCR engineered NK cells in vivo
	Accumulation of NK:BOB1-TCR/IL-15 cells in vivo

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


