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Osteosarcoma (OSA) is the most common primary bone tu-
mor in children and adolescents, yet outcomes have remained
largely unchanged for over 40 years. While chimeric antigen
receptor (CAR) T cell therapy has shown success in blood can-
cers, it faces major limitations in solid tumors due to immune
evasion, antigen loss, and immunosuppressive tumor micro-
environments. Natural killer (NK) cells offer several advan-
tages over T cells, including multiple killing mechanisms
and lower risks of graft-versus-host disease, neurotoxicity,
and cytokine release syndrome, making them promising can-
didates for off-the-shelf cell therapies. However, unmodified
NK cells have shown limited efficacy in clinical settings due
to poor engraftment, persistence, and tumor-mediated sup-
pression. To overcome these barriers, we developed a cost-
effective method to engineer CAR NK cells targeting CD70,
a tumor antigen overexpressed in relapsed and metastatic
OSA.We further enhanced these cells by incorporating soluble
interleukin-15 (IL-15) and a dominant-negative TGF-β recep-
tor, creating “armored” CAR NK cells. These engineered cells
resist transforming growth factor β (TGF-β) suppression,
secrete IL-15, and demonstrate improved cytotoxicity, persis-
tence, and tumor homing in both in vitro and in vivo models.
Our findings support CD70 CAR NK cells as a promising
immunotherapeutic strategy for relapsed andmetastatic OSA.

INTRODUCTION

Osteosarcoma (OSA) is the most common primary malignancy of
bone diagnosed in children and adolescents with approximately
900 newly diagnosed cases annually in the United States.1 Although
the 5-year survival rate of OSA patients with localized disease is over
70%, this rate drops below 30% if there are any clinically apparent
metastases.2,3 Nearly one-third of OSA patients have overt metasta-
ses at diagnosis and another 40% will develop lung metastases later

during the course of disease.3–5 These data highlight that metastasis
is a common occurrence and the top factor associated with poor pa-
tient outcomes in OSA.6 Despite advances in our understanding of
OSA biology, treatment options have not changed significantly
over the last four decades and continue to focus on tumor resection
and combination chemotherapy.7 Currently, immunotherapeutic
approaches have shown promise with other cancer types but remain
relatively unexplored for OSA.8

Natural killer (NK) cells are lymphocytes of the innate immune sys-
tem that can recognize and kill virally infected and transformed cells
without prior sensitization in a non-human leukocyte antigen
(HLA)-restricted manner.9 NK cells play a critical role in the elimi-
nation of tumor cells, prevention of tumor cell metastases, and im-
mune surveillance.10 NK cells are activated upon interaction with tu-
mor cells through ligands found on tumor cells. Once activated, NK
cells can directly release granzymes and perforin, mediate antibody-
dependent cellular cytotoxicity (ADCC) via their CD16A receptor,
or activate apoptotic pathways mediated by Fas ligand (FasL) or tu-
mor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL).11,12 In addition to these direct methods of killing target
cells, NK cells produce cytokines and chemokines such as interferon
gamma (IFN-γ) and TNF-ɑ, which can activate adaptive immunity
and/or result in target cell necrosis or apoptosis.13 Additionally,
NK cells can be effectively equipped to target specific tumor antigens
through the installation of a chimeric antigen receptor (CAR). CARs
are engineered receptors designed to graft immune effector cells with
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Figure 1. CD70 expression is increased in high-grade and metastatic osteosarcoma

(A) Representative score images for histological evaluation of OSA tissue microarray containing two samples each for 40 patients (n = 80). The scale bar for each image is

200 μm. (B) Bar graph comparison of scores for OSA tissue microarray samples by tumor grade. Fisher’s exact test performed showed IA vs. IB FET p = 0.0130, IA vs. IIB FET

(legend continued on next page)
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the ability to specifically target tumor-associated antigens (TAAs),
independent of MHC presentation, and activate modified cells
through signal transduction.14 Historically, most studies have evalu-
ated CARs in T cells for the treatment of various cancers. CAR-T cell
therapies have been successful in the treatment of hematological can-
cers, which has sparked interest into designing new CARs for the
treatment of more diverse malignancies, including solid tumors.15

When compared to T cells, NK cells present several advantages as
an immunotherapy. While CAR-T cells have shown success in the
treatment of hematologic malignancies, they have been associated
with several drawbacks, such as high manufacturing costs and sub-
stantial toxicities in the form of cytokine release syndrome (CRS)
and immune-effector-cell-associated neurotoxicity syndrome
(ICANS).14,16,17 NK cells make for attractive effector cells for CAR
engineering because of their cytokine profile, which differs from
those produced by T cells.18 NK cells do not carry the risk of graft-
versus-host disease (GvHD) and as such, have the potential to be
an off-the-shelf cellular product available for immediate clinical
use.19 In immunologically cold tumors, like OSA, CAR-NK cells
have an advantage over CAR-T cells, as NK cells exhibit rapid cyto-
toxicity that is not major histocompatibility complex (MHC)-depen-
dent, show less exhaustion, and are able to be activated through a va-
riety of innate signaling pathways beyond TAAs.20 Conversely,
CAR-T cells and other immunotherapeutics are limited in instances
of antigen escape, whereas NK cells are naturally equipped with
several cytotoxicity pathways that can still be activated in the absence
of CAR TAA expression.

CD70 is a member of the TNF family that upon binding its receptor,
CD27, regulates the survival and activation of T, B, and NK cells.21 It
has also emerged as a promising target that is actively being investi-
gated as a CAR target in several tumor types, including acute myeloid
leukemia (AML), glioblastoma, T cell lymphomas, and renal cell car-
cinoma (RCC).22–26 In normal tissue, CD70 is transiently expressed
by activated antigen-presenting cells (APCs), T cells, and NK cells.27

Similarly, CD70 has not been detected on normal hematopoietic
stem cells (HSCs), suggesting that targeting CD70 would not
adversely affect hematopoiesis.22 The minimal expression of CD70
on normal, healthy tissues alongside supports the notion that target-
ing of CD70 expressing tumors will have limited off-tumor effects. In
fact, several CD70-targeted therapies are currently in clinical trials,
including CD70 CAR-T cells (NCT05420519, NCT02830724,
NCT05468190, and NCT04662294), CD70-specific antibodies
(NCT01677390 and NCT04227847), and bispecific T cell engagers
(BiTEs) (NCT05673057). Together, these studies have demonstrated
a high level of safety. A CD70-CAR-NK-cell-based therapy provides

an alternative treatment that is more cost effective with potential as a
safer, more effective, off-the-shelf therapy.

Although NK cells are potent effector cells, tumor cells develop
mechanisms to evade NK cell recognition and/or suppress NK cell
function.28 Some of these evasion modalities include, but are not
limited to, upregulating expression of MHC class 1 molecules and
producing immunosuppressive cytokines (e.g., interleukin (IL)-10
or transforming growth factor β [TGF-β])].29 One method of engi-
neering NK cells to overcome tumor evasion of NK cell recognition
is through the introduction of a CAR.

Here, we report an efficient and effective approach to generate CD70
CAR NK cells using the TcBuster transposon system in combination
with Cas9-mediated knockout (KO) of endogenous CD70. Transpo-
sons provide a non-viral engineering strategy to introduce several
transgenes in a single vector that can be scaled effectively for clinical
use. Further, our engineering strategy enhances NK activity and anti-
tumor function through the inclusion of a secreted supportive cyto-
kine (IL-15) and a TGF-β dominant-negative mutant receptor
(DNR). We evaluated these armored CD70 CAR NK cells against
OSA cell lines in vitro for killing capacity, cytokine production, acti-
vation, and exhaustion after target cell challenge. Finally, we tested
these CD70 CARNK cells in vivo against orthotopic and intravenous
mouse xenograft models. Our work provides critical preclinical data
for the use of CD70 CAR NK cells for the treatment of primary and
metastatic OSA.

RESULTS

CD70 expression in osteosarcoma varies by stage of disease

and CD70 knockout improves xenograft survival

CD70 has recently emerged as an actionable immunotherapy target
and has shown potential for OSA.23,30–32 To determine the promise
of a CD70-targeted therapy for OSA, we performed immunohisto-
chemical (IHC) analysis of CD70 on an OSA tissue microarray
(TMA) with 40 unique patient primary tumor samples (Creative Bio-
array). The IHC staining results were assigned a mean score based on
the intensity of the staining. Samples with absent or very low levels of
CD70 staining were assigned a score of 1, samples with moderate
staining a score of 2, and samples with high immunoreactivity to
CD70 were assigned a score of 3. Representative IHC images for
each score, 1–3, are shown in Figure 1A. As there were two samples
for each patient, the average of the patient was used, and a Fisher’s
exact test was performed. The results from the IHC scoring showed
that 32.5% of samples (n = 13) had moderate (2) to high (3) staining,
and there was a statistically significant incidence (p = 0.0003) of
increased CD70 staining in higher-grade osteosarcoma (Figure 1B).

p = 0.0003, and IB vs. IIB FET p = ns (α = 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Evaluation of CD70 expression in several osteosarcoma cell lines by flow

cytometry. K562 is included as a negative control and Raji as a positive control. (D) NSG mice were injected intraosseously with 2.5E5 OS cells (143B, SJSA-1, and MG-63)

with or without CD70 knockout. Shown is schematic of study timeline, including OSA cell implantation into NSG mice (n = 4/cell line) as well as weight and caliper mea-

surements. Primary tumors were harvested at endpoint (tumor volume = 1 cm3) as well as lungs. Tumors and lungs were fixed and paraffin embedded. (E) Kaplan-Meier

survival curve of mice injected intraosseously with OS cells with or without CD70 KO (n = 4). Survival significance was determined by a Log rank (Mantel-Cox) test

between groups.
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Our data are in line with previous reports of CD70 expression in
OSA.30,31 Additionally, we analyzed six osteosarcoma cell lines for
CD70 expression using flow cytometry (Figure 1C). SJSA-1 and
G-292 were negative for CD70. 143B andMG-63 hadmoderate levels
of CD70 (19.7% and 33.8% of cells were positive for CD70). HOS and
SaOS-2 had the greatest percentage of cells expressing CD70 at 92.2%
and 90.5%, respectively.

CD70 expression in OSA has been linked to recurrent and/or meta-
static samples.30,31 As metastatic spread is the primary factor associ-
ated with poor patient outcome, we wanted to further investigate the
relationship between CD70 expression and recurrent and/or meta-
static disease in OSA. To this end, OSA cell lines with varying levels
of CD70 expression (143B, MG-63, and SJSA-1) were implanted in-
traosseously (2.5E5 cells) into the calcaneal bone of 6-week-old NSG
mice. These mice were sacrificed at tumor endpoint (tumor volume
of 1 cm3), and primary tumors, lungs, and livers were harvested.
After tissues were fixed and decalcified, samples were paraffin
embedded, sectioned, and stained for CD70 and human mitochon-
dria. Interestingly, IHC showed diffuse CD70 staining of endpoint
primary tumors and metastatic lung lesions despite none of these
cell lines showing high CD70 expression in vitro (Figure 1D). This
study was followed by the generation of CD70 KO lines for 143B,
MG-63, and SJSA-1. In parallel to the WT OSA cell lines, these
CD70 KO cell lines were implanted intraosseously (2.5E5 cells)
into the calcaneal bone of 6-week-old NSG mice. Kaplan-Meier sur-
vival curve showed for 143B (p = 0.0062) and MG-63 (p = 0.0084),
CD70 KO significantly increased survival. These data demonstrate
that high CD70 expression in OSA correlates with aggressive disease
features, while CD70 knockout significantly improves survival in
mice, highlighting its potential as a therapeutic target.

Efficient engineering of CD70 CAR NK cells using TcBuster

transposition and CRISPR/Cas9

Given our IHC findings showing increased CD70 expression in lung
metastases of xenograft mouse models, CD70 is a potentially key
target for relapsed and metastatic OSA. The upregulation of CD70
in endpoint primary tumors and lung metastases in our initial
IHC findings indicate CD70 has the potential for targeted therapy
for advanced OSA patients (Figure 1D). We thus designed several
different transposon constructs to engineer healthy-donor-derived
peripheral blood NK cells (Figure 2A). Our CD70 CAR contains a
CD70 single-chain variable fragment (scFv), CD8 hinge, CD8ɑ
transmembrane domain, 4-1BB costimulatory domain, and CD3ζ
signaling domain. Our fully armored construct also contains a

TGF-β DNR, RQR8, and soluble IL-15 (Table S1). TGF-β is known
to be highly prevalent in the OSA tumor microenvironment, favor-
ing growth of the primary tumor and the dissemination of metasta-
ses.33,34 By including a TGF-β DNR in our constructs, we aimed to
functionally inactivate TGF-β signaling in NK cells, rendering
them unresponsive to TGF-β-mediated immunosuppression.35

RQR8 is a combination of epitopes from both CD34 and CD20 an-
tigens that serves as a combination marker to indirectly assess engi-
neering efficiency and serve as a suicide gene via use of rituximab.36

Finally, we included soluble IL-15 in our transposon expression cas-
settes to allow NK cells to secrete IL-15, promoting in vivo survival,
proliferation, and persistence.37 In our transposon constructs, we
utilized the MND synthetic promoter, which can be widely intro-
duced into both dividing and nondividing cells and is highly active
in lymphohematopoietic cells.38

Fratricide is common in NK cells and represents intentional negative
feedback regulation, often mediated through trogocytosis.39

Following initial challenges in engineering CD70 CAR NK cells
(data not shown), CRISPR/Cas9-mediated knockout proved to be
critical to prevent fratricide post-engineering and was done in every
condition except for the unedited NK cells. Thus, we expanded NK
cells from healthy, de-identified donors by co-culture with irradiated
K562 feeder cells expressing membrane bound IL21 (mbIL21) and
41BBL40 for 5 days before electroporating them with transposon
plasmid and mRNA encoding TcBuster transposase with or without
mRNA encoding Cas9 and chemically modified synthetic guide
RNA-targeted CD70 using the MaxCyte electroporation system
(Figure 2B). The seven NK cell conditions used throughout this
study include unedited NK cells, CD70 KO NK control, RQR8-
IL15 with CD70 KO (R15KO), TGF-β DNR RQR8-IL15 with CD70
KO (TR15KO), CD70 CAR RQR8 with CD70 KO (CAR RKO),
CD70 CAR RQR8-IL15 with CD70 KO (CAR R15KO), and CD70
CAR TGF-β DNR RQR8-IL15 with CD70 KO (CAR TR15KO).

NK cells were expanded immediately following electroporation at a
1:1 ratio using irradiated feeder cells. After 7 days, cells were analyzed
via flow cytometry for CD70, RQR8, and CAR expression using
CD70 recombinant protein (Figures 2C–2E). CD70 knockout aver-
aged >85%; however, in CAR NK cell conditions, NK cells without
successful knockout were eliminated, likely due to fratricide
(Figure 2C).39 Knockout efficiency, indel distribution, and off-target
editing were assessed at the genomic level (Figure S1). CRISPR/Cas9
off-target analysis was performed using one sample from cells treated
with CD70 sgRNA (“Sample”) and one sample from unedited NK

Figure 2. Simultaneous delivery of CD70 CAR using the TcBuster transposon system and CRISPR/Cas9 knockout of CD70 expanded to clinically relevant

numbers within 20 days

(A) Transposon constructs flanked by TcBuster inverted terminal repeats (ITRs), containing an MND promoter and various cargo, including CD70 CAR, RQR8, IL-15, and/or

TGF-β dominant-negative mutant receptor (DNR). (B) Schematic of primary human peripheral blood (PB) NK cell (n = 4 healthy human donors) engineering timeline. (C–E)

CD70, RQR8 (CD34), and CD70 recombinant protein expression in engineered NK cells assessed by flow cytometry. Bar graphs show the percentage of live cells positive for

the indicated target; error bars show the standard deviation (n = 4 NK cell donors). (F) IL-15 production in pg/mL by engineered NK cells assessed by IL-15 ELISA. Values

represent the average of three technical replicates performed for each donor (n = 4 NK cell donors); error bars show the standard deviation. (G) Results from construct

insertion copy-number analysis determined by digital droplet PCR (n = 4 NK cell donors); error bars show the standard deviation.
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cells (“Control” = NK cells electroporated with non-targeting re-
agents) (Figure S1). Results showed that of the 58 off-target sites, 4
had off-target editing at <1% relative to the control sample, suggest-
ing the sgRNA chosen shows little off-target activity. CAR vector
integration efficiency was assessed through RQR8 expression and
CD70 recombinant protein binding (Figures 2D and 2E). RQR8
expression averaged >72% and CD70 recombinant protein binding
>64%. NK cells incubated for 24 h in media only secreted between
0 and 577.5 μg/mL of IL-15, with RQR8-IL15 groups secreting the
most at 161.7–577.5 μg/mL, as measured by ELISA (Figure 2F).
Transposon copy numbers were assessed for each construct and
found to be less than 4.5 copies for each transgene (Figure 2G). These
data demonstrate that we can successfully use TcBuster and Cas9 en-
gineering contemporaneously to generate CAR NK cells that show
little Cas9 off-target editing with copy numbers within the Food
andDrug Administration (FDA) guidelines (<5).41 TcBuster integra-
tion and safety were evaluated at length in previously published
work.42

Functional validation of CD70 CAR NK cells against

osteosarcoma in vitro

CD70 CAR NKs and controls were evaluated in functional assays
against the OSA cell lines 143B and SaOS-2. We selected these lines
as they represent moderate (143B) and high (SaOS-2) CD70 expres-
sion. NK and CARNK cells were co-cultured with luciferase express-
ing OSA cells for 48 h at various effector-to-target (E:T) ratios,
adjusted for CAR-positivity. CAR TR15KO NK cells showed superior
killing compared to other conditions, particularly at the lowest E:Ts
(Figure 3A). By 48 h, these fully armored CD70 CAR NK cells
showed 100% killing at higher E:T ratios and nearly 50% killing of
both 143B and SaOS-2 at the lowest E:T ratio of 1:32, specifically
noting significant differences between TR15KO NK and CAR
TR15KO NK (143B p = <0.0001, SaOS-2 p = 0.0053) (Figures 3B,
S2, and S3).

To further assess levels of functional degranulation and cytokine
production through intracellular cytokine staining, CAR NK and
controls were co-cultured at a 1:1 E:T ratio against SaOS-2 and
143B. CD70 CAR NK cells cultured with SaOS-2 showed signifi-
cantly more CD107a on their surface and produced greater quanti-
ties of IFN-γ and TNF-ɑ than NK cells that did not express the
CD70 CAR (Figure 3C). No statistically significant differences in
cytokine staining were detected between NK cell conditions co-
cultured against 143B (Figure S4). Heat maps from SaOS-2 co-cul-
tures demonstrate that CAR-expressing NK cells produce signifi-
cantly greater CD107a and TNF-ɑ (Figure 3D). Taken together, these
data demonstrate that CAR TR15KO NK cells show significantly
improved in vitro functional efficacy against SaOS-2 when compared
to baseline CAR NKs.

In depth in vitro assessment of CD70 CAR NK cell cytokine and

chemokine secretome

To further assess NK cells for potential in their cytokine/chemokine
profiles due to engineering, supernatant was collected following co-

culture experiments. This supernatant was analyzed by nELISA, a
high-throughput protein profiling platform to assess 191 different
cytokines and chemokines.43 We tested for differences between
effector cell conditions for each of the 191 cytokine and chemokine
targets. Cytokines and chemokines with adjusted p values that
showed a statistically significant difference at the assessed E:T ratios
are highlighted in red (Figure 4A). Co-cultures against 143B
only showed a statistically significant difference in IL-15 levels
(p = 0.009). There was significantly more cytokine and chemokine
activity against target cell line SaOS-2, including CCL1 (p = 0.014),
CCL2 (p = 0.029), CCL7 (p = 0.018), CX3CL1 (0.009), CXCL10
(p = 0.003), CXCL11 (p = 0.013), CXCL9 (p = 0.001), granulocyte-
macrophage colony-stimulating factor (GM-CSF) (p = 0.022),
IFN-γ (p = 0.045), IL-15 (p = 0.024), matrix metalloproteinase 10
(MMP-10) (p = 0.03), MMP-9 (p = 0.003), TNF-ɑ (p = 0.015), and
vascular endothelial growth factor C (VEGF-C) (p = 0.003). Multiple
comparisons showing cytokines and chemokines in co-culture ex-
periments with target cell SaOS-2 at a 1:32 E:T ratio show CAR
TR15KO NK have dramatic difference in cytokine and chemokine ac-
tivity compared to other NK cell conditions (Figure 4B). CAR
TR15KO NK cells show an increase in pro-inflammatory cytokines
(IFN-γ, TNF-ɑ, GM-CSF) as well as chemokines associated with
adaptive cell recruitment (CXCL9, CXCL16, CCL3, and CX3CL1).
These data suggest that CAR TR15KO NK cells show potent cytotoxic
activity and secrete cytokines capable of recruiting other immune
effector cells to the TME. While we see similar trends in co-cultures
against 143B, the changes in cytokine and chemokine activity are not
as drastic as seen against SaOS-2. Additional comparisons were
generated to show cytokines and chemokines elevated in different
constructs. Comparisons of TR15KO NK cells (positive) to CAR
TR15KO NK cells (negative) are shown at 1:32 E:T ratio against
143B and SaOS-2 (Figures 4C and 4D). These comparisons show
dramatic differences in cytokine and chemokine activity between
TR15KO NK cells with and without a CD70 CAR, highlighting those
identified in the heat maps. These data highlight that CAR TR15KO

NK cells are potent anti-tumor cells that release pro-inflammatory
cytokines as well as chemokines necessary for the recruitment of
other immune cell subsets. This may be highly advantageous against
an immunologically cold tumor, like OSA.

In an effort to investigate potential advantages the cytokine profile
may confer upon interaction with OSA tumors, ingenuity
pathway analysis (IPA) of the nELISA dataset was carried
out.44,45 The analysis overall shows upregulation of inflammatory
pathways with concurrent downregulation of immunosuppressive
and tumorigenic pathways (Figure S6). Specifically, we found that
there was an upregulation of canonical and non-canonical nuclear
factor κB (NF-κB) pathways, which play a critical role in the im-
mune response.46 Similarly, the TNF family is shown to be upre-
gulated and is critical in activating the host immune system and
actively inducing apoptosis in cancerous cells.47 Interestingly,
there is also upregulation of macrophage classical activation
signaling, which is involved in increasing phagocytosis, promot-
ing secretion of pro-inflammatory cytokines (TNF-ɑ, IL-1β, and
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IL-6), and antigen presentation to T cells.48 Upregulation of IL-17
indicates CAR TR15KO NK cells promote inflammation, support
recruitment of other immune cells, and activate both CD8+
T cells and NK cells.49 We also see downregulation of HEY1,

which promotes tumor proliferation and inhibits apoptosis in
cancers like OSA.50 Similarly, we see downregulation of other
pro-tumor signaling pathways, including the S100 family, tissue
factor signaling, inhibitor differentiation 1 (ID1), HOTAIR, and

A B

C D

Figure 3. Armored CD70 CAR NK cells demonstrate robust in vitro killing of CD70+ osteosarcoma cell lines

(A) Engineered NK cells were co-cultured with luciferase-expressing OSA cell lines, 143B and SaOS-2, at the indicated E:T ratios for 4, 24, and 48 h. Each point represents

the donor average (n = 4 NK cell donors), and the error bars show the standard deviation. Each condition (target cell, E:T, effector) was repeated in triplicate. (B) Co-culture

experiments were analyzed using two-way ANOVAs with Tukey’s multiple comparisons tests. p values from the Tukey’s multiple comparisons were used to generate heat

maps; heat maps for co-cultures against SaOS-2 and 143B at 48 h at a 1:32 E:T ratio are shown (α = 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (C) Engineered

NK cells were co-cultured with OSA cells, 143B and SaOS-2, at a 1:1 E:T ratio. Intracellular cytokine staining (ICS) was performed for CD107a, TNF-ɑ, and IFN-γ in triplicate

for each donor (n = 4 NK cell donors); error bars show standard deviation. (D) ICS results were analyzed using two-way ANOVAs with Tukey’s multiple comparisons tests.

p values from the Tukey’s multiple comparisons were used to generate heat maps; heat maps for ICS against SaOS-2 for CD107a and TNF-ɑ are shown (α = 0.05, *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001).

www.moleculartherapy.org

Molecular Therapy: Oncology Vol. 34 March 2026 7

http://www.moleculartherapy.org


the tumor microenvironment pathway. Together, these data sug-
gest CAR TR15KO NK cells hold promise as an effective frontline
therapy that allows us to target the primary tumor while poten-
tially engaging the host immune system to prime de novo anti-
tumor immunity.

Anti-tumor efficacy of CD70 CAR NK cells against an orthotopic

mouse model of osteosarcoma

To test in vivo efficacy, we first injected Luciferase+/GFP+ 143B OSA
cells intraosseously into the left calcaneal bone of NSG mice. Mice
were randomized into eight groups 7 days post-tumor cell

Figure 4. Computational modeling of cytokine and chemokine profiling of armored CD70 CAR NK cells shows a diverse landscape of anti-tumor responses

(A) Dot plot showing nELISA cytokines and chemokines with a significant difference between co-culture conditions, shown as -log(p value). One hundred ninety-nine (191)

cytokines and chemokines were assessed by nELISA (n = 4 NK cell donors per E:T ratio). (B) Heat maps were generated showing Z scores for the different NK cell conditions,

averaged by donor (n = 4) for the target cytokines/chemokines. The heatmap shown is for SaOS-2 at a 1:32 E:T ratio. (C and D) Waterfall plots comparing TR15KO (positive

y axis) and CAR TR15KO (negative y axis) NK cells at a 1:32 E:T ratio with target cells 143B (C) and SaOS-2 (D). Values are standardized mean differences [(mean 1–mean 2)/

sqrt(var1/2 + var 2/2)] (n = 4 NK cell donors).
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implantation. One of eight treatments (PBS control, unedited NK
cells, CD70 KO, R15KO, TR15KO, CAR RKO, CAR R15KO, and
CAR TR15KO) were administered intravenously (i.v.) via tail vein in-
jection on both 7 and 14 days post-tumor cell implantation
(Figure 5A). Mice were assessed for general health, weighed, imaged
using the IVIS Spectrum imaging system, and tumors measured
twice weekly. A weekly blood sample was also collected. Due to
variations in tumor growth rates and therapeutic response between
animals, tumor volumes were reported using spaghetti plots
(Figure 5B). Mice treated with CAR TR15KO NK cells survived the
longest with three of five mice displaying a dramatic decrease in tu-
mor growth rate (Figures 5B and 5C). Notably, by day 35, three mice
treated with CAR TR15KO NK cells still had tumors <300 mm3

(Figure 5B). Peripheral blood was assessed weekly for NK cells and
IL-15 concentration (Figures 5D and 5E). CAR TR15KO NK cells
showed sustained persistence in the blood and maintained IL-15
production. IL-15 production was significantly higher early in the
study for R15KO- and CAR-R15KO-NK-cell-treated mice. These
mice showed dramatic weight loss and were euthanized with sus-
pected IL-15-related toxicity, as previously described by our group51

and others.52

Once mice reached tumor endpoint, mice were euthanized and nec-
ropsies performed. Primary tumors, lungs, and liver were harvested,
dissociated, and analyzed by flow cytometry for the presence of live
NK cells. Blood from animals was also harvested and subjected to the
same flow cytometric analysis. Tissues from CAR-TR15KO-NK-cell-
treated mice showed the greatest NK cell infiltration, particularly
compared to unedited NK cells (blood p = 0.0003, lungs p =
<0.0001, and tumor p = 0.0357) and non-armored CAR NK cells
(CAR RKO) (blood p = 0.0009, lungs p = 0.0054, and tumor p =
0.0241) (Figure 5F). Mice treated with R15KO and CAR R15KO NK
cells did not have endpoint tissues analyzed, as these animals died
prematurely due to suspected IL-15 toxicity. Tissues harvested at
endpoint were fixed, decalcified, paraffin embedded, sectioned, and
stained for CD70. Lungs were analyzed using QuPath to determine
the total area of lung tissue composed of metastatic disease. These
areas were graphed over total lung volume (Figure 5G). Coupled
with the survival data, the lung tissue analysis suggests that most
mice given control treatments reached primary tumor endpoint
prior to the formation of lung metastases. Additionally, CAR-
TR15KO-NK-cell-treated mice survived longest and did not have

any metastatic disease. Taken together, these data suggest that our
fully armored CAR NK therapy can control tumors better than con-
trol NK conditions.

DISCUSSION

Cell-based immunotherapies have been a major focus for the treat-
ment of cancer in recent decades.53 Most research has focused on
T-cell-based therapies, with NK cells and other immune cell popula-
tions only gaining favor within the last decade.54 While several im-
munotherapies have shown preclinical promise against OSA specif-
ically, this has not translated into clinical success. There are several
factors limiting the efficacy of immunotherapies, specifically CAR
therapies, against solid tumors; these include a lack of TAAs, failure
of engineered cell homing to the tumor, lack of persistence, and an
immunosuppressive tumor microenvironment.55 Additionally,
autologous CAR T cells specifically are costly to manufacture and
have been associated with substantial toxicities in the form of cyto-
kine release syndrome (CRS) and neurotoxicity.14,56

CD70 is expressed on many tumor types and the CD70-CD27
signaling axis plays a role in immune evasion, metastasis, and che-
moresistance.57 In non-small cell lung cancer, CD70 upregulation
is an early event in the evolution of resistance to traditional chemo-
therapies and occurs in drug-tolerant persister cells, promoting cell
survival and invasiveness.58 Additionally, mouse models generated
using CD70 KO cell lines grown in parallel showed significantly
increased survival. This suggests that there is some mechanism upre-
gulating CD70 expression during tumor progression and that this
expression promotes tumorigenesis. It has been shown that CD70
expression is increased in recurrent tumors, and CD70 KO resulted
in decreased tumorigenicity.23 As a proof of principle, we confirmed
that CD70 expression is more pronounced in higher-grade OSA by
assessing a TMA. Interestingly, cell lines that expressed low or no
CD70 in vitro via flow cytometry showed high levels of CD70 stain-
ing in endpoint tumors and lungs when put into mice. In addition to
cancer progression, CD70 is minimally expressed in healthy tissues,
and expression is restricted to highly activated T, B, and NK lympho-
cytes and a small subset of dendritic cells.59 These factorsmake CD70
a promising TAA target, specifically for later stage OSAs.

Due to this promising link, we designed an scFv-based CD70 CAR to
engineer primary NK cells from healthy donors for our preclinical

Figure 5. Treatment with CD70 CAR NK cells results in delayed tumor growth in an orthotopic mouse model of osteosarcoma

(A) Schematic of orthotopic mouse study timeline, including 143B tumor cell implantation into NSG mice (45 mice injected: eight groups, n = 5 mice per group; one extra

mouse injected per group to account for engraftment failure), treatment, IVIS imaging, caliper measurements, and blood collection. (B) Spaghetti plots showing tumor growth

(tumor volume in mm3) for each individual animal by treatment shown over days post-tumor implantation by treatment group. (C) Kaplan-Meier survival curve of 143B-tumor-

bearing mice receiving therapeutic doses. Survival significance was determined by a log rank (Mantel-Cox) test between groups (n = 5 mice per treatment group). (D)

Peripheral blood was collected weekly and assessed by flow cytometry following RBC lysis; error bars shown are standard deviation between animals in that group on a given

collection date (n = 5 mice per treatment group). (E) Serum from weekly blood collections was pooled between animals from one treatment group and assessed via IL-15

ELISA (n = 5 mice per treatment group). (F) Endpoint tissues (blood, lungs, and tumors) were assessed by flow cytometry for total counts of NK cells (murine CD45− , human

CD45+, and human CD56+) and analyzed for statistical significance using ordinary one-way ANOVAs with multiple comparisons (α = 0.05, *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001). Bar graphs represent the average of animals within that treatment group; error bars show standard deviation (n = 5 mice per treatment group). (G) Lungs

harvested at endpoint were fixed, paraffin embedded, and stained with CD70. Tissues were analyzed using QuPath and total area of the lung tissue, and area of that tissue

composed of metastatic disease was quantified and graphed (n = 5 mice per treatment group).
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studies. Using the non-viral hyperactive TcBuster transposon sys-
tem,42 we were able to deliver a CD70 CAR cassette or multicistronic
vector that also armored our NK cells with soluble IL-15 and/or a
TGF-β DNR. Interestingly, TGF-β signaling upregulates the expres-
sion of CD70.60 For OSAs, the invasion of bone tissue is known to
deregulate bone remodeling, inducing release of cytokines and
growth factors normally trapped within the bone matrix, such as
TGF-β.34 When this occurs, there is a positive feedback loop
of TGF-β release, signaling, and tumor progression. Furthermore,
TGF-β signaling in OSA is shown to promote tumor development
and metastatic progression. Simultaneous to transposon engineer-
ing, we also knocked out CD70 through CRISPR/Cas9 in primary
human peripheral blood NK cells with excellent efficiency and min-
imal off-targets. Of the 5N off-targets identified for our CD70
sgRNA, none were at biologically relevant sites (J.-W.C., unpub-
lished data) Alongside the minimal off-target CRISPR/Cas9 editing,
TcBuster has a safer insertion profile than traditional lentiviral engi-
neering,42,61 and we showed copy-number analysis below the FDA
guidelines.

Our in vitro testing of the designed constructs uncovered striking
differences in effector functions in NK cells; this was especially
true with the CAR TR15KO NK cells that had the most pronounced
improvements in function. Co-culture luciferase-based killing assays
showed CAR TR15KO NK cells are best equipped to eliminate target
OSA cell lines. Specifically, against the OSA cell line SaOS-2, we
observed potent antitumor activity from CAR TR15KO NK cells.
This observation is likely due to the greater expression of CD70 on
SaOS-2 cells compared to 143B, as the NK cells lacking CAR yet
equipped with IL-15 and TGFβ DNR had a similar antitumor
response. Intracellular staining revealed that CD70-CAR-expressing
NK cells showed superior cytokine degranulation (CD107, IFN-γ,
and TNF-ɑ) against CD70high cell line, SaOS-2. While CAR
TR15KO NK cells showed an upward trend in degranulation against
143B, no statistically significant difference was observed. We again
suspect this is due to the lower expression of CD70 on 143B cells.
At 19.7% CD70+, 143B cells did not induce enough CAR signaling
to produce high quantities of cytokine degranulation. Additionally,
we found higher background killing of 143B by all NK cell condi-
tions, which could further mask any difference between CD70
CAR expressing and control NK cells. However, this could lend ev-
idence to CD70 CAR NK cells being able to eliminate TAA-negative
or low targets. It would be interesting to assess OSA cell line surfa-
come to determine if certain receptors or ligands can further explain
why we observed this phenomenon, as it could lead to additional tar-
gets or engineering strategies to further improve CARNK-cell-based
therapies for OSA.

Due to the significant performance of CAR TR15KO NK cells against
OSA in vitro, we used an orthotopic mousemodel of osteosarcoma to
assess efficacy against primary tumors and lung (metastatic) lesions.
While CAR TR15KO NK cells had a more robust in vitro response
against the CD70 high cell line, SaOS-2, this cell line is not tumori-
genic and was unable to be used for in vivo studies. As such, we uti-

lized 143B for these in vivo studies, which showed that only CAR
TR15KO NK cells had a notable anti-tumor effect, mirroring our
in vitro data. While the therapeutic cells did not achieve tumor clear-
ance, disease progression was slowed, and there was no evidence of
metastatic spread, which is the critical factor determining OSA pa-
tient prognosis. This suggests that IL-15 and the TGF-β DNR were
critical for CD70 CAR NK cell antitumor activity. CAR TR15KO

NK cells had a statistically significant increase in survival compared
to PBS control and TR15KO-NK-cell-treated mice. Of the five ani-
mals treated with CAR TR15KO NK cells, three showed a decreased
tumor growth rate. We found that IL-15 levels remained stable in
CAR-TR15KO-NK-cell-treated animals, which was paralleled by
NK cell levels seen in the peripheral blood. Lack of persistence is
often considered a barrier to successful NK-cell-based therapies;
however, our weekly peripheral blood data indicate that IL-15 sus-
tained NK cell persistence in vivo. CD70 CAR NK cells also showed
greater tissue infiltration, including the primary tumor, compared to
other control NK cell conditions. This is critical for immunologically
cold tumors, like OSA, particularly in tissues such as the lungs, which
are the most common metastatic site. Many cell-based immunother-
apies struggle with effector cell homing to the tumor. CAR TR15KO

NK cells showed homing not only to the primary tumor but to met-
astatic lesions as well. nELISA analysis of in vitro co-culture killing
assays showed increased CXCL9. Tumor expression of CXCL9 and
CXCL10 have previously been associated with immune cell recruit-
ment to the tumor site by activated NK cells, suggesting these CAR
TR15KO NK cells could promote a secondary, antitumor immune
response in addition to direct cytotoxic activity.62,63 Similarly,
nELISA analysis showed an increase in CX3CR1, which regulates
NK cell functions, including promoting NK cell migration, activa-
tion, and cytotoxic cytokine secretion.64 In addition to homing to
the tumor, CAR TR15KO NK cells persisted in this space for several
weeks longer than that was seen in control conditions.

Notably, mice treated with R15KO or CAR R15KO NK cells developed
poor haircoat, hunched posture, and significant weight loss (≥25%)
within 2 weeks of treatment and were euthanized. As shown in
Figures 5D and 5E, these groups exhibited markedly elevated periph-
eral NK cell counts and serum IL-15 levels early after infusion. Over-
secretion of IL-15 has been well documented to induce systemic
toxicity in NSG models.51,52 The addition of other genes within the
multicistronic expression cassette (e.g., CAR or TGF-β DNR) ap-
pears to reduce IL-15 production and effectively eliminate in vivo
IL-15-related toxicity, potentially explaining why only the R15KO

and CAR R15KO conditions resulted in adverse effects.

There is ongoing work in our group to better understand the mech-
anisms underlying IL-15-driven toxicity and define the optimal level
of IL-15 expression that supports NK cell persistence without
adverse effects. While these toxicities are clearly evident in NSG
models, which lack functional immune systems, such effects may
not fully reflect the clinical context, where immune-mediated regu-
lation and alloreactivity could limit excessive NK cell persistence
and cytokine production.
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To further mitigate the risk of IL-15 toxicity, several strategies
may be considered, including the incorporation of an inducible
“off switch” for IL-15 expression, the use of weaker or regulatable
promoters, or transient IL-15 delivery through mRNA or circular
mRNA. These approaches, discussed in our recent review,
could help achieve a balanced level of IL-15 expression that supports
persistence while ensuring safety in future translational
applications.65

While in vivo results were promising, we did not see primary tumor
clearance by CAR TR15KO NK cells; rather, we saw delayed tumor
growth. This may be due to antigen heterogeneity, TME suppression
beyond TGF-β, in vivo model limitations, or a combination of all
these factors. Future studies should focus on assessing additional
orthotopic models while mirroring current standards of care (ampu-
tation/limb salvage, neo-adjuvant and adjuvant chemotherapy).
However, the primary factor affecting OSA patient outcome is the
presence of metastatic disease. Interestingly, CAR-TR15KO-NK-
cell-treated mice did not show presence of metastatic disease despite
surviving longest. Most other treatment conditions were harvested
due to primary tumors reaching endpoint before metastatic disease
could form. Additionally, CAR-TR15KO-NK-cell-treated mice
showed prolonged persistence of therapeutic cells, particularly in cir-
culation and in the lungs. Up to this point, most NK-cell-based ther-
apies have failed due to a lack of persistence in the patient setting.
Similarly, cell-based immunotherapies often struggle to home to
the tumor site, including sites of metastatic disease; CAR TR15KO

NK cells show homing to the primary tumor as well as the lungs.
Future studies assessing an OSAmodel that more closely mirrors pa-
tients (e.g., primary tumor excision) would allow for more relevant
therapeutic efficacy studies. The use of the new 3D-iOSA model,
which recapitulates chromosomal instability as well as metastatic
spread when implanted inmice, with the use of primary tumor resec-
tion would be relevant.66 These studies may shed more light on
whether CAR TR15KO NK cells hold promise for the OSA patients
with the most critical need.

In patients receiving NK-cell-based therapies, one challenge is the
potential eradication of these therapeutic cells due to alloreactivity.
Alloreactive responses occur when the recipient’s immune system
recognizes the exogenous NK cells as foreign and mounts an im-
mune response, leading to their rapid destruction. This response is
problematic in clinical settings where NK cells from healthy, unre-
lated donors are used. This results in these NK cells failing to persist
and exert their therapeutic effects. To overcome this limitation,
future studies should focus on utilizing humanized mice to better
mimic human immune responses and evaluate long-term efficacy
of NK cell therapies. Humanized and induced pluripotent stem cell
(iPSC)-derived NK cell platforms provide standardized, renewable
sources of NK cells that can be genetically engineered to improve
functionality, persistence, and immune evasion.67,68 To reduce im-
mune rejection, HLA-E overexpression has been shown to protect
engineered cells from NK-mediated lysis by engaging the inhibitory
NKG2A receptor.69 In addition, β2-microglobulin (β2M) knockout

with HLA-E rescue has been demonstrated in pluripotent stem cell
models to prevent recognition by host CD8+ T cells while maintain-
ing inhibition of alloreactive NK cells.69 Additionally, multi-dosing
strategies, where NK cells are administered in repeated cycles, may
help maintain therapeutic populations of NK cells by preventing
early elimination and improving their sustained activity in vivo.
Clinically, repeat-dosing regimens have been incorporated into
early-phase NK cell trials to sustain cytotoxic activity, given the
limited in vivo persistence of transferred cells.70,71 Moreover, tran-
sient lymphodepletion using agents such as fludarabine and cyclo-
phosphamide remains a key conditioning approach to promote
NK cell expansion and persistence by temporarily reducing host im-
mune barriers.72,73 These approaches may provide critical insight
into overcoming alloreactivity and enhancing the clinical success
of NK-cell-based immunotherapies.

To further assess these engineered NK cells, we performed an
nELISA to assess 191 different cytokines and chemokines. At first
glance, we determined several significant differences in CAR NK
cells co-cultured with SaOS-2 (IL-15, MMP-10, TNF-⍺, CXCL11,
IFN-γ, CCL1, CCL2, CCL7, CX3CL1, CXCL10, CXCL9, GM-CSF,
MMP-9, and VEGF-C) and 143B (IL-15). Of these cytokines and
chemokines, differences in IL-15 are not surprising, given that
some of our engineered NK cells produce soluble IL-15. However,
we did not see IL-15 show a statistically significant difference at all
E:Ts (nor in both cell lines). This could be explained by NK cells
at lower E:T ratios consuming most IL-15 produced due to the
more challenging co-culture conditions. Interestingly, we observe
more IFN-γ and TNF-⍺, which are major inflammatory cytokines
produced by NK cells. This corresponds with the killing data we
see in vitro. MMP-9-dependent shedding of ICAM-1 was previously
found to augment tumor cell resistance to NK cell killing74; this may
explain why we see MMP-9 elevated in SaOS-2 samples at the 1:32
ratio. While irrelevant in an in vitro co-culture setting, NK cells
have been documented to produce GM-CSF, which promotes
myeloid cell development and maturation as well as dendritic cell
differentiation and survival.75

The reason we believe these changes in effector cytokine milieu is
important is because OSA is typically classified as an immunologi-
cally cold tumor with poor immune infiltration.76 In the instance
where there was successful infiltration into OSA tumors, these engi-
neered NK cells could facilitate the regulation and recruitment of
other immune cell types. This was further supported by IPA, which
showed that CAR TR15KO NK cells induced upregulation of critical
signaling pathways in promoting inflammation and recruitment of
other immune cells. Alongside downregulation of tumorigenic
signaling pathways, this suggests that our therapy could prime a sec-
ondary immune response and serves as an effective frontline therapy
that allows for primary tumor targeting and engagement of the host
immune response.

In summary, CD70 is a promising target for NK-cell-based therapy
for OSA. We designed highly effective transposon constructs and
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engineered NK cells efficiently using the non-viral TcBuster trans-
poson system. CAR TR15KO NK cells emerged as the most effica-
cious against OSA, as shown by their potent in vitro killing and cyto-
kine production as well as in vivo persistence, tumor homing,
decreased tumor growth rate, and overall increased survival time.
As such, our results support future early-phase clinical testing of
CAR TR15KO NK cells in relapsed and refractory OSA patients.

MATERIALS AND METHODS

Antibodies and flow cytometry

Flow cytometry assays were performed on a BD Bioscience LSR For-
tessa or a CytoFLEX S flow cytometer (Beckman Coulter). All data
were analyzed with FlowJo v.10.4 software (FlowJo LLC). All anti-
bodies, proteins, and dyes used can be found in Table S4. Compen-
sation beads were used to optimize fluorescence for multicolor flow
cytometry analysis (BD 552845 CompBeads Anti-Rat and Anti-
Hamster Ig k/Negative Control Compensation Particles Set, BD
552843 Anti-Mouse Ig, k/Negative Control Compensation Particles
Set, Life Technologies A10346 ArC Amine Reactive Compensation
Bead Kit). For cell surface staining, cells were stained with viability
and Human orMurine TruStain FcX (BioLegend Fc Receptor Block-
ing Solution) on ice for 15 min. Subsequent surface marker anti-
bodies in PBS were added and samples incubated on ice for
35 min. For intracellular cytokine staining, osteosarcoma cell lines
were plated in a 96-well plate for 24 h to allow cells to re-adhere.
NK cells were plated at 2.5E6 cells/mL in NK cell medium without
cytokines. After overnight rest, NK cells were added at a 1:1
effector-to-target (E:T) ratio. Brilliant violet anti-CD107a was added
to the culture, and cells were incubated for 1 h at 37◦C. Brefeldin A
and monensin (BD Biosciences, San Jose, CA) were added and cells
were incubated for an additional 6 h. Cells were stained with fixable
viability dye, then for extracellular antigens. Cells were fixed and per-
meabilized using BD Cytofix/Cytoperm (BD Biosciences, San Jose,
CA) following manufacturer’s instructions. Cells were then stained
for intracellular IFN-γ and TNF-⍺ and analyzed by flow cytometry.

Cell lines

All osteosarcoma cell lines were purchased and obtained from the
American Type Culture Collection (ATCC): 143B (CRL-8303),
HOS (CRL-1543), MG-63 (CRL-1427), G-292 (CRL-1423), U2OS
(CRL-3455), SJSA-1 (CRL-2098), Raji (CRL-86), K562 (CRL-3344),
and SaOS-2 (HTB-85). All cell lines were grown and maintained in
accordance with standard cell culture techniques. Both 143B and
HOS cells were grown in DMEM. MG-63 was grown in EMEM.
U2OS, G-292, and SaOS-2 cells were grown in McCoy’s 5A. K562,
Raji, and SJSA-1 cells were grown in RPMI-1640. Osteosarcoma
cell line media was fortified with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. SaOS-2 media was fortified with
20% FBS and 1% penicillin/streptomycin. All cell cultures were incu-
bated in a water-jacketed incubator set at 5% carbon dioxide (CO2)
and at 37◦C. All cell lines were authenticated by the ATCC using
short tandem repeat profiling. All cell lines were regularly tested
and found to be free from mycoplasma. When cell lines were split
or harvested for experiments, confluence was at ∼80%.

NK cell isolation

Peripheral blood mononuclear cells (PBMCs) from de-identified
healthy human donors were obtained by automated leukapheresis
(Memorial Blood Centers, Minneapolis, MN). CD56+CD3− NK
cells were isolated from the PBMC population using the EasySep Hu-
man NK Cell Isolation Kit (STEMCELL Technologies, Cambridge,
MA). NK cells were frozen at 5E6 cells/mL in CryoStor CS10
(STEMCELL Technologies, Cambridge, MA) and thawed into cul-
ture as needed. Samples were obtained after informed consent with
approval from the University of Minnesota Institutional Review
Board (IRB 1602E84302).

NK cell culture and expansion

NK cells were cultured in CTS AIM V SFM supplemented with 5%
CTS Immune cell SR (Thermo Fisher Scientific, Waltham, MA),
1% Penicillin/Streptomycin, and IL-2 (200 IU/mL). NK cells were
activated by co-culture with X-ray-irradiated (100 Gray) feeder cells
(K562 cells expressing membrane-bound IL-21 and 41BB-L) at a 2:1
feeder:NK ratio, both 5 days prior to electroporation and 7 days after
electroporation.

CD70 constructs

The CD70 CAR, RQR8, IL-15, TGF-β DNR, and other fragments
were synthesized by GenScript and subcloned into the Nanoplasmid
with TcBuster transposase sites. All sequences were validated
through Sanger sequencing (Eurofins Genomics). Polymerase chain
reaction (PCR) was performed using the Q5High-Fidelity 2XMaster
Mix and Hi-Fi assembly (NEB).

Design of CRISPR/Cas9 reagents and TIDE analysis

PCR primers were designed to amplify a 400- to 500-bp region sur-
rounding the synthetic guide RNA (sgRNA) target site of CD70
(CD70_Target_01). Genomic DNA was extracted 5 days after elec-
troporation and PCR amplified using AccuPrime Taq DNA Poly-
merase (Thermo Fisher Scientific, Waltham, MA). For analysis using
TIDE, PCR amplicons were sent for Sanger sequencing to Eurofins
Genomics, and the resulting Sanger chromatograms were uploaded
to the TIDE webtool. Sequences for CD70 sgRNA and PCR primers
can be found in Tables S2 and S3, respectively.

Electroporation of activated/expanded NK cells

Day 5 feeder-cell-activated NK cells were washed once with PBS and
resuspended at 3.5E6 cells in 50 μL. Protector RNase inhibitor
(Sigma Aldrich, St. Louis, MO)was added to themixture at a concen-
tration of 1 μL per reaction (1:50 dilution) and incubated for 5 min at
room temperature, as determined by previous publication.77 The cell
mixture was added to 3 μg of transposase mRNA and 2.5 μg trans-
poson nanoplasmid either alone or with 2.5 μg CD70 sgRNA and
3.75 μg Cas9 mRNA on ice. Transposon nanoplasmid alone was
used as a control for all experiments. This mixture was electropo-
rated using the MaxCyte electroporation system (MaxCyte, Rock-
ville, MD) using the Extended T4 setting. NK cells were allowed to
recover in the MaxCyte cassette for 30 min at 37◦C and were then
cultured in 5 mL complete NK cell medium. 2E6 feeder cells were
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added (1:1 ratio accounting for cell death post electroporation) for
immediate expansion.

Droplet digital polymerase chain reaction

To assess the number of construct copy numbers integrated into ge-
nomes, genomic DNA was extracted from cells post-engineering us-
ing GeneJET genomic DNA purification columns per manufacturer
instructions (Thermo Fisher Scientific). Junction PCR primers with
the plasmid backbone subtracted were designed using PrimerQuest
software (Integrated DNA Technologies, Coralville IA) using set-
tings for two primers + probe qPCR. Each sample was run as a du-
plexed assay consisting of a RNaseP internal reference or TcB Junc-
tion primer + probe set (HEX) and an MND primer + probe set
(FAM). Primers and probes were ordered from IDT. Reactions
were set up using the ddPCR Supermix for Probes (no dUTP)
(Bio-Rad, Hercules, CA) with 200 ng of genomic DNA per assay ac-
cording to manufacturer’s instructions. Droplets were generated and
analyzed using the QX200 Droplet-digital PCR system (Bio-Rad,
Hercules, CA). Frequency was calculated as fractional abundance
adjusted for two copies of reference sequence per genome using
the QuantaSoft v.14.0 software (Bio-Rad, Hercules, CA). Primers
and probes can be found in Table S2.

Off-target analysis using polymerase chain reaction

Off-target analysis was performed using one sample from cells treated
with CD70 sgRNA (“Sample”) and one sample fromuneditedNK cells
(“Control” - NK cells electroporated with non-targeting reagents). Us-
ing the predicted off targets as the target amplicons, PCR was per-
formed using 10,000 human genomic copies equivalent by mass, and
the primer setswere suppliedby IntegratedDNATechnologies (Coral-
ville, IA). The PCR was amplified on the Thermo Fisher Scientific
QuantStudio5qPCRsystem(Waltham,MA).The individual amplicon
products were purified and quantified using Quant-iT PicoGreen
(Thermo Fisher Scientific, Waltham, MA) and the Bioanalyzer High
Sensitivity DNA kit by Agilent (Santa Clara, CA). A total of 59 ampli-
con primer pairs were prepared for sequencing, including the target
site (site “01”) and 58 putative off-target sites (sites “02–59”); these
primer pairs can be found in Table S3. These libraries were super-
pooled and sequenced on an Illumina NextSeq. The resulting reads
were mapped to the reference amplicon targets, and any indel devia-
tions from the reference sequence were enumerated and calculated
as a mutation fraction with a percentage = [# mutant reads for a given
indel within the amplicon]/[total # reads for the replicate PCR reac-
tion]. These mutant fractions (MFs) were averaged for the duplicates
of samples or controls (to calculate a mean MF), and the means
were compared. In cases where only one of two sample or control rep-
licates generated an MF, the mean MF was equal to that value. Sche-
matic of off-target analysis and the percentage of samples edited rela-
tive to the control are shown in Figure S1.

IL-15 ELISA

Human IL-15 ELISA kit (Abcam) was used to quantify circulating
serum IL-15. Serum was diluted 1:2 before assay with sample diluent
provided by the kit.

Histology and immunohistochemistry

Histology was performed at HistoWiz Inc. using a Standard Oper-
ating Procedure and fully automated workflow. Where relevant,
samples were processed, embedded in paraffin, and sectioned at
4 μm. IHC was performed on Leica Bond RX automated stainer
(Leica Microsystems). The slides were dewaxed using xylene and
alcohol-based dewaxing solutions. Tris-EDTA-based pH 9 solution
for 20min. The slides were incubated with the rabbit anti-CD70 anti-
body (Abcam, ab300083) at 1:250 or mouse anti-Mitochondria anti-
body (Abcam, ab92824) at 1:100 dilution for 30 min. A secondary
polymer was used from the Leica Polymer Detection kit to visualize
the DAB chromogen. The slides were dried, cover slipped (Tissue-
Tek Prisma Coverslipper), and scanned using a Leica Aperio AT2
slide scanner at 40X. For image quantification CD70, QuPath
v.0.5.1 was used.78 Images were uploaded as brightfield (H-DAB)
default. A full area of interest was generated for the entirety of the
tissue. A thresholder was created with the resolution set to very
low, the channel set to DAB, a Gaussian prefilter, smoothing sigma
2, a threshold of 0.20, above threshold classified as positive and below
threshold as negative, and region set to everywhere.

Luciferase-based target cell killing assays

Target luciferase expressing osteosarcoma cells (2.5E4 per well) were
seeded into a white optically isolated flat-bottom 96-well plate for
24 h to allow cells to re-adhere to the plate. NK cells were thawed
from cryopreservation and cultured overnight in medium with
100 IU/mL IL-2. NK cells were added to the wells in triplicate at
the indicated E:T ratios. Target cells without effectors served as a
negative control (spontaneous cell death) and target cells incubated
with 1% Triton X-100 served as a positive control (maximum
killing). Co-cultures were incubated at 37◦C for 48 h. D-luciferin
(potassium salt; Gold Biotechnology, St. Louis, MO) was added to
each well at a final concentration of 25 μg/mL and incubated for
5 min with gentle shaking. Luminescence was read in endpoint
mode using a BioTek Synergy microplate reader at 4, 24, and 48 h.

nELISA

Cell culture supernatants from luciferase-based killing assays were
collected at 48 h. Triplicates were combined in a 96-well v-bottom
plate and frozen at − 80◦C. Samples were shipped on dry ice to No-
mic’s facilities in Montreal, Quebec, Canada, where they were
analyzed using theMaxplex (191 target) and standard protocols. No-
mic’s protocols are detailed in a preprint publication.43

Intraosseous orthotopic osteosarcoma in vivo study

All animal procedures were performed in accordance with protocols
approved at the University of Minnesota in conjunction with the
Institutional Animal Care and Use Committee. To generate ortho-
topic models, 2.5E5 osteosarcoma cells were injected into the calca-
neus of female 6- to 8-week-old immunocompromised (NOD Rag
Gamma, Jackson Labs) mice. Tumor volume was calculated via
caliper measurements using the formula V = (W ×W × L)/2 where
V equals tumor volume, W equals tumor width, and L equals tumor
length. To generate i.v. models, 5E5 osteosarcoma cells were injected
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i.v. into the tail vein. Mice were anesthetized using 3% isoflurane in
3L oxygen until they no longer responded to toe-pinch. Once anes-
thesia was induced, ophthalmic ointment was applied, and mainte-
nance dosing of 2% isoflurane was used throughout the rest of the
imaging procedure. IVIS Spectrum In Vivo Imaging System was
used to acquire the images and ROI with auto exposure, measured
in radiance. For tumor imaging, D-luciferin (150 mg/kg, 100 μL vol-
ume in PBS) was administered to mice via intraperitoneal (i.p.) injec-
tion 5 min prior to image acquisition. ROI boxes were drawn around
each mouse. Mice were harvested according to the Mouse Tumor
Burden Scoring developed by our lab in conjunction with Research
Animal Resources (RAR).

Preparation of NK cells for in vivo delivery

Engineered and non-engineered donor NK cells were thawed and
injected following 1- to 2-h rest. Cell counts and viability were as-
sessed via trypan blue staining on the Countess 3 system. NK cell
concentrations were adjusted to deliver the 5E6 live NK cells
via IV injection (100 μL per injection). Matched numbers of
non-engineered cells or control NK cells from the same donor
were used.

Blood collection

Approximately 100 μL of blood was collected weekly using a 4 to
5 mm lancet from the submandibular vein and a Greiner Bio One
MiniCollect Tube K2EDTA. Blood was vortexed and kept on ice un-
til processing in a 96-well plate. For processing, blood was washed
with 1X PBS and lysed using ACK lysing buffer for a maximum of
three times. Samples were centrifuged at 1,000× g for 3 min between
rounds of washing and lysing.

Tissue dissociation

Immediately following euthanasia, calcaneal tumor fragments
(orthotopic model), lungs, and spleens were carefully dissected
out using a scalpel. Tissues were cut into small (∼2 mm3) pieces
and added to Miltenyi c-tubes containing 4.7 mL RPMI, 50 μL
DNase I (50 mg/mL = 20,000 Kunitz/mL in 1X PBS; Sigma
DN25), and 250 μL Collagenase II (20 mg/mL in PBS; Gibco
17101015). Next, we closed the c-tubes tightly, attached them to
the GentleMACS Dissociator, and ran the “m_impTumor_02” pro-
gram. After program termination, c-tubes were detached from the
GentleMACS Dissociator and incubated for 50 min at 37◦C under
continuous rotation using the MACSmix Tube Rotator. Following
incubation, c-tubes were again attached to the GentleMACS Disso-
ciator and run using the “m_impTumor_03” program twice. Once
finished, cell suspensions were passed through a 70 μm filter into a
new 50 mL Falcon tube. Filters were rinsed with 20 mL RPMI, and
the resulting suspension was centrifuged for 7 min at 300× g. After
discarding supernatant, red blood cell (RBC) lysis was performed if
the pellet had visible red blood cells. Following RBC lysis or if
the pellet was clear/opaque, samples were resuspended in 10 mL
PBS +1% BSA and counted using the Countess 3 Automated Cell
Counter and Trypan Blue.

Ingenuity pathway analysis

Differential analysis of nELISA results were performed with Limma45

empirical Bayes. Fold changes and p valueswere then used for pathway
analysis in QIAGEN IPA (QIAGEN Inc., https://digitalinsights.
qiagen.com/IPA).44 All other analyses and visualizations were per-
formed in R Statistical Software (v.4.1.0; R Core Team 2022).79

Statistical analysis

The Student’s t test was used to evaluate the significance of differ-
ences between the two groups. Differences between three or more
groups with one data point were evaluated by a one-way ANOVA
with multiple comparisons test. Differences between three or more
groups with multiple data points were evaluated by a two-way
ANOVA with Tukey’s multiple comparisons test. Differences be-
tween three or more groups with multiple data points were evaluated
by the Log rank (Mantel-Cox) test. All assays were repeated in at least
two independent donors in triplicate. A Fisher’s exact test was used
to evaluate immunohistochemistry score tables. The level of signifi-
cance was set at α = 0.05. All statistical analyses were performed us-
ing GraphPad Prism 10.
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All data relevant to the study are included in the article or uploaded as supplemental
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Engineering Condition CD70 KO (Y/N) RQR8 (Y/N) IL15 (Y/N) TGF-β DNR (Y/N) CAR (Y/N)

Unedited NK Cells No No No No No

CD70 KO Yes No No No No

R15KO Yes Yes Yes No No

TR15KO Yes Yes Yes Yes No

CAR RKO Yes Yes No No Yes

CAR R15KO Yes Yes Yes No Yes

CAR TR15KO Yes Yes Yes Yes Yes

Table S1. NK cell engineering condition breakdown.

1



Synthetic Guide RNA 
(sgRNA) or Primer Name

Sequence

CD70 sgRNA TCACCAAGCCCGCGACCAAT

MND F Primer CTGAAATGACCCTGTGCCTTAT

MND R Primer GCGATCTGACGGTTCACTAAA

MND Probe /56-FAM/ACCAATCAG/ZEN/TTCGCTTCTCGCTTCT/3IABkFQ/

RNaseP Ex3 F Primer AGATTTGGACCTGCGAGCG

RNaseP Ex3 R Primer GAGCGGCTGTCTCCACAAGT

RNaseP Ex3 Probe /5HEX/TTCTGACCT/ZEN/GAAGGCTCTGCGCG/3IABkFQ/

TcB Junction F Primer GCGGAACACAGGTTGAAGAACA

TcB Junction R Primer GGTACCGAGCTCGAATTCAAGG

TcB Junction Probe /56-FAM/AGAGCTCTA/ZEN/GAGGATTCGACCCATGG/3IABkFQ/

Table S2. CD70 droplet digital polymerase chain reaction (PCR) primer and probe sequences.

2



Table S3. CD70 on- and off-target analysis primers sequences.

3

Amplicon ID Predicted off-target site Sequence Locus Forward Primer for Amplicon Reverse Primer for Amplicon
CD70_Target_01 TCACCAAGCCCGCGACCAAT chr19:+6590908 CCATCTCAACTCACCCCAAG CTGCTTTGGTCCCATTGGT

CD70_OffTarget_02 TCTCCCAGCCCCCGACCATT chr15:-93693962 TGTAAAAGAGTGGGCAAGTGG TCCTTCATGGACAAACCTACG

CD70_OffTarget_03 TTGCCAAGCCTGAGACCAAT chr17:+35343729 AACACACGTTATGCCTGCTT AAGGTTGATATCCCTACCCAGAA

CD70_OffTarget_04 TCAGCAAGCCCACGGCCATT chr2:-200382610 ATTCCCCTGGTGGAGTTCTT TAAGGCAGTCCAACTCAGCA

CD70_OffTarget_05 TCACCAAGCACG-GACCAAT chr16:-80481970 GAATGTGGGGGCTTATTGGT GGCTTTACCTAAATAGATTGGCTTT

CD70_OffTarget_06 ACTCCAAGCCCGTGTCCAAT chr7:+129882447 TGAAATTAAATATTTGGCACTCCA GGCCTCTTGCAGTCAGTTCT

CD70_OffTarget_07 TCACC-AGCCCGCGGCAAAT chrX:+65586737 GGCTGCATTTGCAGGACTA CAGCTCCCATAATGCCTCAG

CD70_OffTarget_08 TCACAGAGCCCCGCGACCAAT chr1:+221742196 GGGTTGGGCCAATAAGAATC ATGAGGCCACGCCTTCTTAC

CD70_OffTarget_09 CCACCAAGCCAGCAACCACT chr8:-28072286 CGGTTTGAGGACTGCCTTAG TCTTTGCCTCTTCCTCTCCA

CD70_OffTarget_10 GCAGCAAGCCCACGACCCAT chr3:+49340369 CTCAGGATGGCGCTACACTT AGGACCACGATAACCTCGAA

CD70_OffTarget_11 TCTCCAAGCCCTCG-CCAAT chr17:-78344050 GCTCCGGGAAAGACGTTTA AAAGCCCTGTCTGGTCTTCA

CD70_OffTarget_12 TCACAAAGGCGGCGGCCAAT chr8:+144331939 GGGTAGGATCGGGAGGAG AACTTTCGCCCGTCTATGC

CD70_OffTarget_13 CCACCACGCCCGGGGCCAAT chr19:-47185952 AAGCCCCCAAAATCTGAAAT ACCTAGGCCTCCCAAAGTG

CD70_OffTarget_14 CCACCAGGCCCGCGCCCAAT chr17:-4498815 SEQUENCE TOO COMPLEX FOR <200BP PRIMING

CD70_OffTarget_15 TCACCAAGCCAGCAGCCAGT chr14:+98648940 TAGCCAACAGCCTACCAACC TCTCCTGACCCTCTGGAAAG

CD70_OffTarget_16 TCCCCTAGCCCGCAACCAAG chr8:+97263125 AGGCCATACCATGTTGGG CTGTTATATTATCCTCCCAGAAAAGC

CD70_OffTarget_17 TCACCAACCCTGCTGCCAAT chr16:+3739105 ACCCAAAAACCAACCAGTCA GAGTGGTGCCATTCATCCTT

CD70_OffTarget_18 TCAACAAGCCTGAGAACAAT chr6:+116483052 GGGATGTGTCAGCAAATGAA CCCTCAAGTAAAATGGCACAA

CD70_OffTarget_19 TCACCAAGCACGAGGCCAAG chr17:-2925125 GAGGCAGGAGCTGTTGTTCT CCTCACGGCCATTATGTCTT

CD70_OffTarget_20 TCACCAAGCCCCTCACCATT chr11:-120173751 GAACAGTCATCAGATCACACC CAGCCCTGAGGTCAGTTAGC

CD70_OffTarget_21 TCACAAAGACTGCGACCAAA chr14:+64565830 GCTCTATGCAAGCCATCCTC GGCTTCCTCTCCCTGACTCT

CD70_OffTarget_22 TCAGCAAACCCGCGACCTGT chr17:-79391922 CTTCCCGGTTCTGAAGCTC GGAGCGTTGCCATACAAGTT

CD70_OffTarget_23 CCACCAAGCCAGCCACCACT chr2:-237336144 CTGGAGCAGGAAATGAGGAT AGGCAGCCAAACCAGC

CD70_OffTarget_24 TCACCAATGCAGCCACCAAT chr18:-30922014 TTCTCAGCCCAGAATTCCAC ATGGGAGCAGGTGATAGTGC

CD70_OffTarget_25 TCTCCAAGCCCACCACCAAA chr5:-171239767 TTCTGTAAGTGTGCTACCACC AGAACTACCAGCCCTGCTGA

CD70_OffTarget_26 TCACCAAGCCAGCAATCAAG chr6:-2820416 GGAACACAGGCACCTTTCAT GCCAAACAATTGCTTAATTTATTTTGC

CD70_OffTarget_27 TGATCAAGCCAGCGACCTAT chr3:+65175634 CCAGACCTCACCACTTACAG CCACCATTTCTCCTGCTCC

CD70_OffTarget_28 TCACCAAGGCCATGACCAAG chr13:-25551417 AGATCCTGGTGTTGTTTGGC TCACCATGAGACCTGTTCCA

CD70_OffTarget_29 CCACCAAGCCCACGCCCACT chr7:+23194028 CAGCCGGCAGCTCTGAGT TTGCTGGCCAGCTGG

CD70_OffTarget_30 CCACCAAGCCCACGCCCACT chr3:-130010700 GCTATGCGTGCTGCTTGC GGTGCTAAGTCCCTCACTGC

CD70_OffTarget_31 CCACCAAGCCCACGCCCACT chr1:+1018614 GCTAAGCCCCTCATTGCTC TTGCGGGCCAGCTGG

CD70_OffTarget_32 TCACCAAGGCCAAGACCACT chr5:-4531274 CCCTTGCTGACACAGAGGAT TGTCCCCAGCACAATCACC

CD70_OffTarget_33 CCACCAAGCCCGCACCCACT chr8:+75178701 GCTCATCCCTCGATCAAGAC AGCACTCACAGGCCAGCAC

CD70_OffTarget_34 TCACCTACCCGGCCACCAAT chrX:+152552723 GCTCCCACTTGCAAACAGAG TACAATTAGGCTGAGAAGC

CD70_OffTarget_35 TCACCAAGCCAGATACCAAG chr19:-15203126 ACGTGTACAGGCCAGAGG CCTCCACCCAACCCATTCC

CD70_OffTarget_36 GCACCAAGCCCTCAAGCAAT chr6:+44109762 CCCACTGGCCAGAGGTCC AGATGGAACCCTGCTGCTAA

CD70_OffTarget_37 TCACCCAGCCCCCCACCCAT chr20:-5943370 AGGACAATTGCCATGGGTTT CCTAGCATGGGGACCTTCTT

CD70_OffTarget_38 TGGCCAGGCCTGCGACCAAT chr1:-203494073 GGAAAGAGGAGGGGAAACAG AACTGGGGCTTGGGTTAGAC

CD70_OffTarget_39 CCACCAAGCCCACGCCCAAC chr6:+27381359 GGGTGCTAAGCCCCTCATT TGCGCGCGGTGCTTG

CD70_OffTarget_40 TCACCAATCCCGCGCTCAAG chr19:-56027556 ATCTCCGGGGAACAAAGAAT ACGCAACCCTTGTGTCTTCT

CD70_OffTarget_41 TCATCAAGCCTGCTACCACT chr20:-44761604 GGGGATAATGCAGGTGAATG GGGGAGCTAATAACGGATGC

CD70_OffTarget_42 TTACCAGGCCCTCCACCAAT chr10:+107340760 GGGTGTCTCAGCTCCAGAAG CCCTCACCCAATGTGGG

CD70_OffTarget_43 TCACCTAGCACACTACCAAT chr11:+79831532 TATTGCCGTCACCTAGCACA AACAAGCAAAAACACACACTGAA

CD70_OffTarget_44 TCACCAAGCCCCTGTCCCAT chr15:+66143445 CCCTCAGTCTACTCCCTGTCC TCTGTCTGCACCCGAGAAG

CD70_OffTarget_45 TCACCAAGGCCACAACCAAC chr16:-57320235 TTGGTTCTGGCTATAACCCCTA CCAGTAACCCATCACCAAGG

CD70_OffTarget_46 TGAGCAAGCCCACCACCAAT chr3:-127131521 ATTATCTGCTTGGCTGTCTGC CACTCCTGACAGGCTCACTG

CD70_OffTarget_47 TCAACAAGCCCAGGACCTAT chr2:-11562351 GCTTGTTAAGGATGGGTGGA CAGGGCCTTTCCTCTGCC

CD70_OffTarget_48 CCACCAAGCCGGCGACCACC chr1:+239925072 AAGCCGGCGACCACCT GGGAGGTGTAGAGGGAGAGG

CD70_OffTarget_49 CCACCAAGCCCGCGCCCACC chr10:+80359792 SEQUENCE TOO COMPLEX FOR <200BP PRIMING

CD70_OffTarget_50 CCACCGAGCCCGCCACCCAT chr19:+4064714 SEQUENCE TOO COMPLEX FOR <200BP PRIMING

CD70_OffTarget_51 TCACCAAGACCACCACCACT chr11:+70787439 SEQUENCE TOO COMPLEX FOR <200BP PRIMING

CD70_OffTarget_52 TCACCAAGCCCTCAACCTCT chr3:+142484720 AGGCCCAGACTTGCAACTAA TCTACCTGGAGACGGTGTCA

CD70_OffTarget_53 TCACCAAGCACTCGCCCAAG chr2:-96283629 ACGGCACAAAGACAATGACA GGGCTTCAACATCAGCCATA

CD70_OffTarget_54 TGACCAAGCCTGCTATCAAT chrX:-30897876 GGCCTCCCTGAAGGAATAGT TGGACAAATTCCACTGACCA

CD70_OffTarget_55 TCACCAAGCCGTGGACCAAA chrX:-38484637 TTTTCCCTCTCAGCCTAGCA GCCTGAGCTTCTCAACATCC

CD70_OffTarget_56 TCACCAAGCCCAGTACCGAT chrY:-15451805 GTCTCAAGCAGCCCACAATC TGTAAGTGCCTGCCTCACTG
CD70_OffTarget_57 TCACCGAGCCCGCGACGTAG chr12:-11171511 CGCATGAACTTCCCGTACTT GGCCGTTAGCTTAGTCATGG
CD70_OffTarget_58 TCACCAAGCCTGGCACCAGT chr3:-58646996 CAGGAAAATGCACCCCTCT GGGGCACCTTTACCTACTCA

CD70_OffTarget_59 TCACCAAGCCCGGCACAAAG chr2:-24219546 CAGGGAAGAGTCTGGCTGTC TCCCATCTGCTTACCTCACC



Antibody, Protein, Dye, Bead Target Species Clone Source Catalogue #

TruStain FcX Human N/A BioLegend 422302

TruStain FcX Plus Mouse S17011E BioLegend 156604

Fixable Viability Dye eFluor 780 N/A N/A eBioscience 65-0865-18

PE CD70 Human 113-16 BioLegend 355104

Brilliant violet 605 CD45 Mouse 30-F11 BioLegend 103139

Brilliant violet 421 CD45 Human 2D1 BioLegend 368522

APC CD56 (NCAM) Human HCD56 BioLegend 318310

PE/Cyanine7 CD276 (B7H3) Human MIH35 BioLegend 135614

PE CD34 Human QBEND/10 Invitrogen MA1-10205

Biotinylated CD27 Ligand / 
CD70 Protein, His, Avitag Human N/A ACRO Biosystems CDL-H82Q9

APC Streptavidin (High 
Concentration) N/A N/A Biolegend 405243

eFluor IFNy Human 4S.B3 Invitrogen 48-7319-42

Brilliant Violet 510 CD107a Human H4A3 BioLegend 328632

APC TNF-ɑ Human MAb11 BioLegend 502912

Alexa Fluor 700 CD16 Human 3G8 BioLegend 302026

FITC NKG2D Human 1D11 BioLegend 320820

PE/Dazzle 594 CD69 Human FN50 BioLegend 310942

PE Lag3 Human 11C3C65 BioLegend 369306

PE/Cyanine7 TIGIT Human 1G9 BioLegend 142108

Brilliant Violet 510 PD-1 Human EH12.2H7 BioLegend 329932

Brilliant Violet 421 Tim-3 Human F38-2E2 BioLegend 345008

Brilliant Violet 605 NKG2A Human 131411 BD Bioscience 747921

Brilliant Violet 650 NKG2C Human 134591 BD Bioscience 748165

Table S4. Commercially utilized antibodies, proteins, and dyes.
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Figure S1. CD70 CRISPR/Cas9 knockout editing efficiency at the genomic level and off-target analysis.

(A) Schematic showing pipeline of off-target analysis. Cells treated with sgRNA (“Sample”) and NK cells

electroporated with non-targeting reagents (“Control”) were assessed. PCRs were performed using the predicted

off-target sites as amplicons (59 sites total, including the target site CD70_01). Libraries were super-pooled and

sequenced; resulting reads were mapped to the reference genome. (B) Bar graph showing CD70 knockout editing 

efficiency at the genomic level (n = 2 donors). Each point is an average of indel rates for sequencing samples using 

the forward and reverse primers for each donor (n = 2). Bars represent the average between the two donors with 

error bars representing standard error of the mean. (C) Pie chart showing the frequency of each insertion or 

deletion detected in the samples from both donors (n = 2). (E) Top 58 predicted off-target sites and their editing 

rates as assessed by PCR and NGS (n = 1 donor; 2 technical replicates)
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A

Figure S2. SaOS-2 co-culture luciferase-based killing assays multiple comparisons.

(A) Co-culture experiments were analyzed using two-way ANOVAs with Tukey's multiple comparisons tests. P-

values from the Tukey’s multiple comparisons were used to generate heat maps in GraphPad Prism 10. Heat 

maps for co-cultures against SaOS-2 for each time point and effector-to-target ratio are shown (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001). 6
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Figure S3. 143B co-culture luciferase-based killing assays multiple comparisons.

(A) Co-culture experiments were analyzed using two-way ANOVAs with Tukey's multiple comparisons tests. P-

values from the Tukey’s multiple comparisons were used to generate heat maps in GraphPad Prism 10. Heat 

maps for co-cultures against 143B  for each time point and effector-to-target ratio are shown (*p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001).
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Figure S4. Co-culture intracellular cytokine staining  assays multiple comparisons.

(A) Engineered NK cells from 1:1 effector-to-target ratio co-cultures with OS target cells were assessed using 

intracellular cytokine staining. These results were analyzed using two-way ANOVAs with Tukey's multiple 

comparisons tests. P-values from the Tukey’s multiple comparisons were used to generate heat maps in 

GraphPad Prism 10. Heat maps for the three different intracellular cytokine stains (CD107a, IFN-γ, and TNF-α) 

are shown (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
8
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Figure S5. Z-score heat maps from co-culture cytokine and chemokine activity.

(A-B) Heat maps showing z-scores of cytokines and chemokines in co-culture experiments of engineered NK cells 

against OS target cells, 143B (A) and SaOS-2 (B) at indicated effector-to-target ratios. 9



A

Figure S6. Heat map of ingenuity pathway analysis (IPA) canonical pathways for nELISA data.

(A) nELISA cytokine and chemokine data was run through IPA comparing CAR TR15KO NK cells to unedited NK 

cells co-cultured with OS cell lines 143B or SaOS-2. Effector to target ratios assessed include 1:2, 1:4, 1:8, 1:16, 

and 1:32 and are represented by the number of target cells shown above the heat map. IPA results in the form of 

a heat map of canonical pathways are shown with upregulated pathways in red and downregulated pathways in 

blue (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Figure S7. Engineered NK cell flow cytometry gating strategy. 

(A) FSC vs SSC dot plots of representative gating strategy analyzing CD70 expression. A healthy donor (upper 

panels) and the same donor with a CD70 KO (lower panels) are shown. (B) FSC vs SSC dot plots of 

representative gating strategy analyzing CD70 protein expression. A healthy donor (upper panels) and the same 

donor with a CD70 CAR (lower panels) are shown. (C) FSC vs SSC dot plots of representative gating strategy 

analyzing RQR8 expression. A healthy donor (upper panels) and the same donor with a CD70 KO (lower panels) 

are shown. 11
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Figure S8. NK cell intracellular staining flow cytometry gating strategy. 

(A) FSC vs SSC dot plots of representative gating strategy analyzing CD107a (top), TNF-α (middle), and IFN-γ

(bottom).
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Figure S9. Orthotopic in vivo study flow cytometry gating strategy. 

(A) FSC vs SSC dot plots of representative gating strategy analyzing RQR8 expression. Blood from mice treated 

with TR15KO NK cells (upper panels) and mice treated with CAR TR15KO NK cells (lower panels) are shown. 
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