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KEY PO INT S

l CRISPR-Cas9 CISH
deletion enhances the
metabolic fitness and
antitumor activity
of armored IL-
15–secreting CB-
derived CAR-NK cells.

Immune checkpoint therapy has resulted in remarkable improvements in the outcome for
certain cancers. To broaden the clinical impact of checkpoint targeting, we devised a
strategy that couples targeting of the cytokine-inducible Src homology 2–containing (CIS)
protein, a key negative regulator of interleukin 15 (IL-15) signaling, with fourth-generation
“armored” chimeric antigen receptor (CAR) engineering of cord blood–derived natural
killer (NK) cells. This combined strategy boosted NK cell effector function through en-
hancing the Akt/mTORC1 axis and c-MYC signaling, resulting in increased aerobic gly-
colysis. When tested in a lymphoma mouse model, this combined approach improved NK
cell antitumor activity more than either alteration alone, eradicating lymphoma xenografts

without signs of any measurable toxicity. We conclude that targeting a cytokine checkpoint further enhances the
antitumor activity of IL-15–secreting armored CAR-NK cells by promoting their metabolic fitness and antitumor ac-
tivity. This combined approach represents a promisingmilestone in the development of the next generation of NK cells
for cancer immunotherapy. (Blood. 2021;137(5):624-636)

Introduction
Natural killer (NK) cells mediate potent cytotoxicity against tu-
mor cells1 and are attractive candidates for the next-generation
cancer immunotherapies.2 Moreover, their ready availability
from various sources, such as umbilical cord blood (CB), boosts
their potential as a third-party product for widespread clinical
scalability.3,4 A recent advance in the development of NK-
cell–based immunotherapy is the demonstration that chimeric
antigen receptor (CAR) engineering can enhance their effector
function.5-7 We have shown that CB-NK cells transduced with
a fourth-generation vector encoding anti-CD19 CAR and
interleukin-15 (IL-15) induce greater in vivo expansion and
longer-term persistence than nontransduced (NT) NK cells.6

While our preclinical study using an aggressive model of NK-
resistant Raji lymphoma confirmed that this approach can pro-
long survival of mice,6 it was not curative, leading us to question

whether the antitumor activity of IL-15–secreting CAR-NK cells
could be further enhanced by inhibiting key cytokine-related
immune checkpoints.

The suppressor-of-cytokine signaling (SOCS) family of proteins
play important roles in NK cell biology by attenuating JAK-
STAT–mediated cytokine signaling and NK cell cytotoxicity
against cancer.8,9 One of its members, the cytokine-inducible Src
homology 2–containing protein (CIS), is encoded by the CISH
gene. CIS contains a central Src homology 2 that interacts with
phosphorylated tyrosine motifs in target proteins such as those
belonging to the JAK-STAT signaling pathway and a C-terminal
40-amino-acid motif known as the SOCS box that ubiquitinates
the target proteins and directs them for proteosomal
degradation.10,11 CIS is induced by cytokines such as IL-2 and IL-
1512,13 and is an important intracellular checkpoint in NK cells.10
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Given that our CAR19-specific CB-derived NK cells are designed
to secrete IL-15, we hypothesized that CIS would be a logical
checkpoint to target to enhance their antitumor potency. Here,
we show that a combined strategy of IL-15 CAR engineering and
CISH knockout (KO) in CB-derived NK cells significantly im-
proved tumor control. This gain of effector function is attributed
to enhanced IL-15 signaling secondary toCISHKO,with consequent
activation of the Akt/mTORC1/c-MYC pathway and increased NK
cell glycolysis in response to tumor. Thus, we demonstrate that
deleting a critical cytokine checkpoint in IL-15–secreting CAR-NK
cells improves their metabolic “fitness,” permitting greater in vivo
persistence and cytotoxic function. Our data support the use of a
2-step strategy that combines engineering CAR-NK cells to secrete
IL-15 with cytokine checkpoint gene editing to further enhance their
therapeutic potential in the clinic.

Materials and methods
Retrovirus transfection and transduction
The retroviral vector encoding iC9.CAR19.CD28-z-2A-IL-15
was kindly provided by Gianpietro Dotti (University of North

Carolina).14,15 CAR19.CD28-z (without IL-15) was used as a
control.

CRISPR-Cas9 gene editing of CISH
CISH KO was performed using ribonucleoprotein (RNP) com-
plex, in both NT and CAR-NK cells (for details, see supplemental
Methods, available on the Blood Web site). To assess KO effi-
ciency, we used polymerase chain reaction (PCR) gel electro-
phoresis, western blot, and Sanger sequencing. Details on the
protocols are included in supplemental Methods.

NK cell functional and cytotoxicity assays
Cytokine production, degranulation, chromium release assay,
Incucyte real-time assay, and annexin V/DRAQ7 viability assays
were used as previously described.6 Details of these assays are
provided in the supplemental Methods.

Mass cytometry and antibody conjugation
A panel comprising 37metal-tagged antibodies was used for the
in-depth characterization of NK cells16 (supplemental Table 1
and supplemental Methods).
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Figure 1. CRISPR-Cas9–mediated deletion of CISH in iC9/CAR19/IL-15 NK cells. (A) Schematic representation of CRISPR-Cas9–mediated CISH KO using 2 guide RNAs
(gRNA) targeting exon 4 of the CISH gene. PAM, protospacer-adjacent motif. (B-C) CB-NK cells were expanded with K562 based feeder cells and IL-2 and then either left NT or
transduced with a retroviral vector expressing iC9/CAR19/IL-15 construct on day 4 (D4) of expansion. On day 7 (D7) of expansion, NT and iC9/CAR19/IL-15–expressing CB-NK
cells were nucleofected with Cas9 alone (Cas9 mock), Cas9 preloaded with gRNA targetingCISH exon 4 (CISH KO), or nonnucleofected (wild-type [WT]). TheCISH KO efficiency
was determined by PCR (B) and western blot analysis (C). (D) Sanger sequencing results showing multiple peaks reflecting nonhomologous end-joining (NHEJ) events in NT or
iC9/CAR19/IL-15 (CAR) NK cells that underwent CISH KO compared with single peaks in control (Cas9 mock). Arrows indicate the base pair position where the gene editing
started. (E) Bar graphs showing the relative mRNA expression levels of CISH determined on days 0, 7, 14, and 21 of expansion in NT (blue) and iC9/CAR19/IL-15 (red) NK cells by
reverse transcription polymerase chain reaction (RT-PCR) (n5 3). Note that on days 0 and 7 only data for NT-NK cells are included since the CAR transduction step is performed
on day 4 of expansion. 18 S ribosomal RNA (18S) was used as the internal reference gene. Bars represent mean values with standard deviation, *P # .05.
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Figure 2. Phenotype and molecular signature of iC9/CAR19/IL-15 CISH KO NK cells. (A) Comparative heatmap of mass cytometry data showing the expression of NK cell
surfacemarkers, transcription factors, and cytotoxicitymarkers in iC9/CAR19/IL-15CISH KO comparedwith iC9/CAR19/IL-15 control NK cells. Each column represents a separate
cluster identified by FlowSOManalysis, and each row reflects the expression of a certain marker for each annotation. Color scale shows the expression level for eachmarker, with
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Seahorse assays
The extracellular acidification rate (ECAR) and oxygen con-
sumption rate were measured using the Agilent Seahorse XFe96
Analyzer (Agilent) per the manufacturer’s instructions. NT-NK
cells (control or CISH KO) and CAR-transduced NK cells (control
or CISH KO) were assayed alone or purified after 2 hours of
coculture with Raji. Where indicated, NK cells were pre-
incubated with rapamycin (100 ng/mL, Miltenyi Biotec) for
4 hours prior to the Seahorse assay.

Xenogeneic lymphoma models
We used an aggressive NK-resistant Raji NOD/SCID IL-2Rgnull
(NSG) xenograft model as previously described.6 Mice (10-
12 weeks old; The Jackson Laboratory, Bar Harbor, ME) were
irradiated with 300 cGy at day 21 and engrafted with FFluc-Raji
cells. Where indicated, NT (control or CISH KO), CAR19/IL-
15 CB-NK (control or CISH KO), or CAR19 (no IL-15) CB-NK
(control or CISH KO) cells were injected through the tail vein.
Mice were subjected to weekly bioluminescence imaging
(Xenogen IVIS-200 Imaging System).17 Trafficking, persistence
and expansion of NK cells were measured by flow cytometry.
The antibodies used for flow cytometry staining are described in
detail in the supplemental Methods.

Off-target identification
The genome-wide, unbiased identification of double-stranded
breaks enabled by sequencing (GUIDE-seq) method was employed
for unbiased discovery of off-target editing events.18 Details of this
technology and target enrichment via rhAmpSeq19 are included in
supplemental Methods.

Additional detailedmethods are provided in supplemental Data.

Results
Phenotypic and molecular signaling alterations
associated with CISH deletion
The central hypothesis of this study predicts that knocking out
the CISH gene in CAR-NK cells will enhance their effector
function against tumor cells, much in the way that targeting PD-1
improves outcomes by removing a critical immune checkpoint in
T cells.20,21 Our approach for combined retroviral transduction
with the iC9/CAR19/IL-15 construct and RNP-mediated gene
editing of CISH is shown in Figure 1A-B. On day 7, we nucle-
ofected CAR-NK cells with Cas9 alone (Cas9 mock) or Cas9
preloaded with gRNA targetingCISH exon 4. The iC9/CAR19/IL-
15 transduction efficiency and cell viability on day 7 were.90%
and remained stable over time in both control and gene-edited
cells (supplemental Figure 1A-B). The efficiency of CISH KO was

high (81% to 98%) in both the nontransduced (NT) control and
CAR-expressing NK cells by PCR (Figure 1B) and western blot
(Figure 1C) and remained stable over time (supplemental
Figure 1C-D). This on-target efficiency was confirmed by Sanger
sequencing (Figure 1D). Importantly,CISH expression in NK cells
transduced with either iC9/CAR19/IL-15 or NT (control) and
cultured with IL-2 and K562 feeder cells expressing membrane-
bound IL-21, 4-1BB ligand, and CD48 (referred to as uAPC)
increased over time (Figure 1E). This indicates that CAR-
modified and NT-NK cells are subject to the same counter-
regulatory circuits leading to modulation of CIS levels.

Next, to gain insight into the phenotypic changes that accom-
pany CISH KO in CAR-NK cells, we used cytometry by time of
flight and a panel of 37 antibodies against inhibitory and acti-
vating receptors, as well as differentiation, homing, and acti-
vation markers (supplemental Table 1). CISH KO resulted in
increased expression of markers of activation and cytotoxicity
(Figure 2A), including granzyme B, perforin, TRAIL, and CD3z;
transcription factors such as eomesodermin (eomes) and T-bet;
adaptor molecules such as DAP12; and activating co-receptors/
proliferation markers such as DNAM, CD25, and Ki67. A similar
profile of upregulated markers was identified after CISH KO
in NT-NK cells (supplemental Figure 2A). Using viSNE, a
t-distributed stochastic neighbor-embedding (t-SNE) algorithm,
we observed marked phenotypic differences between control
and CISH KO iC9/CAR19/IL-15 NK cells, with predominantly
proliferative and cytotoxic features (eg, increased expression of
CD25, Ki67, CD3z, perforin, and granzyme B) in CISH KO iC9/
CAR19/IL-15 NK cells (Figure 2B). Despite higher expression of
proliferation markers on CISH KO iC9/CAR19/IL-15 NK cells on
phenotyping, the proliferative capacity of NK cells during in vitro
expansion did not differ significantly following CISH KO (sup-
plemental Figure 3A). This is likely related to the use of uAPCs
that can optimally expand both engineered and nonengineered
NK cells in vitro.5,17 Moreover, despite the activation phenotype
associated with CISH KO, we did not observe any evidence of
activation-induced cell death in NT CISH KO or CAR19/IL-
15 CISH KO cells following stimulation with tumor targets
(supplemental Figure 3B).

To assess the consequences of CISH KO on the transcriptomic
and signaling pathway responses of NK cells, we performed
RNA-sequencing studies of CISH KO NT and iC9/CAR19/IL-15
NK cells vs their unmodified controls. CISH KO led to upregu-
lation of genes related to inflammatory and immune responses
(eg, tumor necrosis factor [TNF] and interferon [IFN] signaling
such as TNFRSF12A, MX1, and T-bet regulation such as
ZEB2) as well as cytokine signaling (eg, IL1A, IL3RA, and
CXCL8) (Figure 2C; supplemental Figure 2B) in both NT and

Figure 2 (continued) red representing higher expression and blue lower expression in iC9/CAR19/IL-15 CISH KO NK cells. The t-SNE map generated from FlowSOM
analysis in the right panel shows the 20 NK cell metaclusters (MCs) represented in the mass cytometry heatmap in the left panel. (B) Individual t-SNE maps show the
expression of selected NK cell markers for iC9/CAR19/IL-15 CISH KO compared with iC9/CAR19/IL-15 control NK cells. Color scale indicates signal intensity, ranging from
low (blue) to high (red) after arcsine transformation. (C) Global gene expression analysis by RNA sequencing. Heatmap displays the genes that were differentially expressed
in purified iC9/CAR19/IL-15 CISH KO vs iC9/CAR19/IL-15 control NK cells (n 5 4). Color scale shows the expression level of each marker, with red representing higher
expression and blue lower expression in iC9/CAR19/IL-15 control (CAR) or iC9/CAR19/IL-15 CISH KO (CAR KO) NK cells (q , 0.1 and absolute log2foldchange . 0.8). (D)
GSEA showing enrichment in IFN-g response, TNF-a signaling via NF-kB, IL-2/STAT5 signaling, IL-6/JAK/STAT3 signaling and inflammatory response in iC9/CAR19/IL-
15 CISH KO compared with iC9/CAR19/IL-15 control NK cells. (E) Representative histogram showing enhanced phosphorylation of STAT5 (p-STAT5), STAT3 (p-STAT3) and
phospholipase C g 1 (p-PLCg1) in iC9/CAR19/IL-15CISH KO vs iC9/CAR19/IL-15 control NK cells after coculture with Raji cells for 30 minutes. Blue histograms represent CAR
control, and red histograms represent CAR CISH KO. (F) Bar graphs showing mean fluorescence intensity (MFI) of p-STAT5, p-STAT3, and p-PLCg1 in iC9/CAR19/IL-15 CISH
KO vs iC9/CAR19/IL-15 control NK cells (n5 3). Blue bars represent CAR control and red bars represent CAR CISH KO. Bars represent mean values with standard deviation.
**P # .01.
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iC9/CAR19/IL-15 NK cells. Gene set enrichment analysis (GSEA)
supported enrichment of pathways involved in TNF-a, IFN-g,
IL-2/STAT5, and IL-6/JAK/STAT3 signaling, as well as in those
related to inflammatory immune responses (Figure 2D; sup-
plemental Figure 2C). We confirmed our findings at the protein
level by showing enhanced phosphorylation of STAT5, STAT3,
and phospholipase C g 1 (PLCg1) in CISH KO iC9/CAR19/Il-15
NK cells (Figure 2E-F). It is worthwhile to note that CIS and other
SOCS proteins have been reported to downregulate CD3z22 and
PLCg123 in T cells, and our data support a similar effect in NK
cells after CISH KO for both CD3z (Figure 2A-B) and p-PLCg1
(Figure 2E-F). Considered together, these phenotypic and
molecular signaling results support the hypothesis that targeting
CIS in CAR-NK cells removes an important immune checkpoint.

CISH ablation enhances the antitumor activity of
iC9/CAR19/Il-15 NK cells
When tested against CD191 Raji lymphoma cells, our CISH KO
NT or iC9/CAR19/IL-15 NK cells produced more IFN-g and TNF-
a, and displayed greater degranulation (CD107a) and cytotox-
icity against their targets than did their respective NT and iC9/
CAR19/IL-15 NK controls (Figure 3A-D). Furthermore, CISH KO
iC9/CAR19/IL-15 NK cells killed Ramos lymphoma cell line and
primary chronic lymphocytic leukemia targets cells (n 5 3) more
efficiently than controls (supplemental Figure 4A-B). This out-
come was reinforced by the effect of CISH KO on the formation
of the immunologic synapse (IS) between NT or iC9/CAR19/IL-
15 NK cells and tumor cells. Indeed, polarization of perforin-
centroid defined microtubule-organizing center (MTOC) was
augmented by CISH deletion as reflected by a shortened
MTOC-to-IS distance compared with controls (Figure 3E-F), a
finding that typically correlates with increased effector cell
function and cytotoxicity.24 While we did not observe an up-
regulation in the expression of adhesion molecules (eg, LFA-1,
CD11b, or CD2), CISH deletion resulted in an increase in the
CAR mean fluorescence intensity (supplemental Figure 5). Up-
regulation of CAR expression following CISH KO is likely related
to the increased activation state of the iC9/CAR19/IL-15 NK cells
and supports prior reports that cell activation can increase ex-
pression of SFG retroviral vector–encoded transgenes.14,25

Robust metabolic changes associated with CIS
checkpoint elimination
Although blocking the cytokine checkpoint CIS seemed like a
logical approach, we remained concerned over the possible
impact of increased IL-15 signaling on prominent metabolic
pathways in NK cells. In one negative scenario, long-term ex-
posure to IL-15 could suppress rather than boost metabolic
rates, leading to NK cell exhaustion.26 In another scenario, it
might produce undue systemic toxicity.27,28 We therefore eval-
uated the effects of CISH KO, with or without iC9/CAR19/IL-15
transduction, on 2 major regulators of NK cell metabolism:
mTORC1, which controls pathways responsible for proliferation
and cytotoxicity,29,30 and MYC, which upregulates glucose
transporters and glycolytic enzymes that promote glycolysis.31

Indeed, GSEA revealed an enrichment of genes involved in
phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR, mTORC1,
c-MYC, and glycolysis (Figure 4A).

The above results raise a pivotal question: are the metabolic
gene expression patterns seen with CISH KO distinct, or do they
overlap with those seen with unmodified or CAR19/IL-15 NK

cells? The heatmap in Figure 4B displays the various hallmark
pathways and how they change (upregulated or downregulated)
among the various comparisons. In general, compared with NT-
NK cells, each engineering strategy (CISH KO or CAR trans-
duction) alone or in combination led to enrichment of metabolic
pathways (Figure 4B). We observed some overlap between the
pathways upregulated by CISH ablation or iC9/CAR19/IL-15
transduction alone; however, the combination of both approaches
clearly led to more robust metabolic changes (Figure 4B). Of note,
certain pathways were specifically activated after CISH KO and
were not induced with CAR transduction alone; these included
pathways related to cytokine signaling and inflammatory response
(Figure 4B).

We next focused on themetabolic pathways that are functionally
relevant for NK cell antitumor activity; overall, our linear re-
gression model showed an additive effect of CISH ablation and
CAR transduction, with the largest increase in PI3K/Akt/mTOR
and glycolysis pathways being achieved with a combination of
the 2 strategies, suggesting that both genetic manipulations are
needed to achieve optimal NK cell effector functions (Figure 4C).
This interpretation was confirmed by a greater phosphorylation
of Akt and ribosomal protein S6 (S6), a downstream target of
mTORC1, and increased expression of c-MYC, an important
mediator of glycolysis, in particular in CISH KO CAR19/IL-15 NK
cells in response to Raji targets (Figure 4D; supplemental Fig-
ure 6). Notably, p-S6 and p-Akt were upregulated in CISH KO
CAR19/IL-15 NK cells even in the absence of Raji, although this
was not associated with increased tonic signaling (supplemental
Figure 7). It is likely by removing the CIS brake, the endoge-
nously secreted IL-15 by CAR19/IL-15 NK cells can trigger the
mTORC1/Akt pathway with a lower threshold of activity. In
contrast c-MYC, which is the precursor of glycolysis, was only
upregulated in response to Raji tumor. To pursue the functional
implications of these findings, we first blocked the mTORC1
pathway by treating the CAR19/IL-15 NK cells (6CISH KO) with
rapamycin and observed a decrease in their cytotoxicity against
Raji lymphoma compared with untreated cells (supplemental
Figure 8A), which asserts the importance of the mTORC1
pathway as part of the mechanism by which CISH KO enhances
the cytotoxicity of CAR19/IL-15 NK cells. We then used Seahorse
assays to measure the glycolytic response of NK cells to tumor
targets and showed that in response to Raji cells, either CISH KO
alone or CAR transduction alone in NK cells could increase
glycolysis, as measured by ECAR, although the best result (and
the only statistically significant one) was achieved by combining
CISH KO and CAR19/IL-15 transduction (Figure 4E-F). Consis-
tent with these findings, CAR-NK cells with CISH deletion
showed the greatest glucose consumption, when cocultured
with Raji, compared with controls (Figure 4G). The addition of
rapamycin completely abrogated any glycolytic advantage of
CISH KO in CAR19/Il-15 NK cells or NT-NK cells (supplemental
Figure 8B-C), further supporting the importance of the mTORC1
pathway as an upstream regulator of glycolysis in this setting.
Importantly, in the absence of Raji targets, there was no dif-
ference in glycolysis among the different NK conditions (sup-
plemental Figure 8D-E) which parallels the c-MYC expression
profile. CISH KO iC9/CAR19/IL-15 NK cells also had higher
oxygen consumption rate compared with control iC9/CAR19/IL-
15 NK cells (supplemental Figure 9A) and induced an increase in
mitochondria numbers and the mitochondrial/nuclear volume
ratio as assessed by confocal microscopy (supplemental Figure 9B-C).
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Figure 3. CISH deletion improves function and cytotoxicity of NT and iC9/CAR19/IL-15 NK cells. (A) Representative FACS plots of cytokine production (IFN-g and TNF-a)
and CD107a degranulation by NT control, NT CISH KO, iC9/CAR19/IL-15 control, or iC9/CAR19/IL-15 CISH KO NK cells after coculture with Raji target cells for 6 hours. Inset
values indicate the frequency of IFN-g–, TNF-a–, and CD107a-positive cells from each group. (B) Bar plots summarize the flow cytometry data on cytokine production (IFN-g and
TNF-a) and CD107a degranulation by NT control (blue bars), NT CISH KO (green bars), iC9/CAR19/IL-15 control (purple bars) or iC9/CAR19/IL-15 CISH KO NK cells (red bars)
after coculture with Raji target cells for 6 hours (n 5 3). Statistical significance is indicated as *P # .05, **P # .01, and ****P # .0001; bars represent mean values with standard
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ratios, as measured by 51Cr-release assay (n 5 3). The bars represent mean values with standard deviation. The red asterisks represent the statistical significance between iC9/
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(***P# .001; **P# .01). (D) Cytotoxicity of NT control, NT CISH KO, iC9/CAR19/IL-15 control, or iC9/CAR19/IL-15 CISH KO NK cells against Raji targets over 24 hours at 1:1 E:T
ratio as measured by Incucyte live-imaging cell killing assay (n 5 3). Bars represent mean values with standard deviation. At 10 hours, NT CISH KO vs NT control (P 5 .04),
iC9/CAR19/IL-15 CISH KO vs iC9/CAR19/IL-15 control (P5 .007). (E) Confocal microscopy showing representative synapse images of NT control, NT CISH KO, iC9/CAR19/IL-15
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phalloidin-F-actin (blue), and anti-CAR (gray), and an overlay of fluorescence channels are also shown. (F) NT control, NT CISH KO, iC9/CAR19/IL-15 control, or iC9/CAR19/IL-
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These data suggest that CISH KO can also enhance the
metabolism of CAR-NK cells by increasing mitochondrial
activity.

Finally, we propose a model (visual abstract), in which CISH KO
in CAR-NK cells enhances IL-15 signaling by releasing a
checkpoint brake, in turn leading to increased activation of the
Akt/mTORC1 axis and in the presence of tumor ensuing c-MYC
activation, culminating in greater glycolytic capacity of CAR-NK
cells and a resultant increase in their ability to respond to tumor
targets.

CIS checkpoint disruption combined with iC9/
CAR19/IL-15 transduction improves tumor control
in a Raji lymphoma model
Using an aggressive Raji lymphoma mouse model (Figure 5A),
we next investigated whether adoptive transfer of CISH KO NK
cells in the absence of CAR transduction could boost the control
of disease in tumor-bearing mice. First, mice received a single
IV infusion of NK cells (10 3 106/mouse) that were either
unmodified (NT control) or electroporated with Cas9 alone
(Cas9 control) or had CISH KO. The tumor burden, monitored
by bioluminescence imaging (BLI), increased in all animals
through day 28 of the study, with no significant differences in
survival noted between the CISH KO group and controls (sup-
plemental Figure 10). We next investigated the in vivo antitumor
activity of NK cells modified with both CISH KO and iC9/CAR19/
IL-15 transduction. Mice received iC9/CAR19/IL-15 or CISH KO
iC9/CAR19/IL-15 NK cells, and tumor growth was followed by
weekly BLI imaging. Survival was monitored and all surviving
animals were sacrificed at day 35 and their organs examined for
evidence of lymphoma. While animals treated with iC9/CAR19/
IL-15 NK cells had evidence of tumor in their organs and suc-
cumbed to lymphoma, those treated with CISH KO iC9/CAR19/
IL-15 were tumor free and did not have evidence of lymphoma in
their spleen, liver, or bone marrow (Figure 5B-D; supplemental
Figure 11A-B). Since dual-engineered cells had shown greater
potency than either modification alone, even at low E:T ratios
in vitro, we hypothesized that it would also be more effective at
controlling Raji lymphoma cells at lower infusion doses. Indeed,
when as few as 33 106 CISH KO iC9/CAR19/IL-15 NK cells were
administered, they significantly improved survival (P5 .003) and
the control of Raji lymphoma compared with control NK cells,
although the mice eventually succumbed to tumor by day 46
(Figure 5E-G). The higher dose (10 3 106) of the CISH KO iC9/
CAR19/IL-15 NK cells eradicated lymphoma in mice, as dem-
onstrated by BLI and pathologic examination, and led to sig-
nificantly prolonged survival times (Figure 5E-H). This result was
associated with improved NK cell persistence (up to 7 weeks
after infusion) in mice that received the CISH KO iC9/CAR19/IL-

15 cells compared with iC9/CAR19/IL-15 NK controls (Figure 5I;
supplemental Figure 11C).

CISH KO was not associated with signs of increased toxicity in
mice, including organ damage or increase in systemic in-
flammatory cytokines or increased weight loss compared with
control groups (Figure 5D,H,J; supplemental Figure 12). After
the initial weight loss observed in all groups after irradiation,
mice treated with CISH KO iC9/CAR19/IL-15 cells recovered
their weight to baseline over an extended period of follow-up
(Figure 5J). Moreover, CAR-NK cells were not detectable in the
organs of animals at autopsy, indicating that CISH KO does not
induce uncontrolled expansion and persistence of CAR-NK cells.
We conclude that silencing CISH in the context of CAR19/IL-15
transduction in NK cells can secure robust control of tumor cells
in vivo without appreciable toxicity.

The presence of IL-15 in the CAR construct is
necessary for CISH KO–mediated improvement in
NK cell function
Since our CAR construct expresses both CAR19 and IL-15, it was
important to understand whether the improvement in NK cell
function following CISH KO is dependent on the presence of IL-
15 in the CAR construct. To address this question, we transduced
NK cells with a vector expressing CAR19 without the IL-15
transgene (referred to as CAR19 NK cells) and analyzed their
CISH expression after culture with IL-2 and uAPC. CAR19 NK
cells showed a time-dependent increase in CISH expression to
the same extent as observed with NT control, but to a lower
magnitude than in iC9/CAR19/IL-15 NK cells (supplemental
Figure 13A). The efficiency of CISH KO in CAR19 NK cells was
similar to what was achieved in CAR19/IL-15 NK cells (supple-
mental Figure 13B) and improved their cytotoxicity against Raji
in vitro (supplemental Figure 13C) similar to NT-NK cells fol-
lowing CISH KO. However, when tested in our Raji lymphoma
mouse model, CISH KO failed to improve the antitumor activity
of CAR19 NK cells in vivo (supplemental Figure 13D-F), pointing
to the essential role of IL-15 in mediating the effect of CISH KO
on CAR-NK cell antitumor activity.

Safety evaluation of CISH KO iC9/CAR19/IL-15 NK
cells for relapsed/refractory B-cell malignancy
To investigate the possibility that enhanced IL-15 signaling may
result in autonomous dysregulated growth of CISH KO CB-NK
cells, we cultured NT (control or CISH KO) or iC9/CAR19/IL-
15 CB-NK cells (control or CISH KO) in media in the absence of
exogenous IL-2 or feeder cells for 45 days. CulturedCISH KONT
or iC9/CAR.19/IL-15 CB-NK cells did not show signs of abnormal
growth over 6 weeks (supplemental Figure 14A), after which the
cells stopped expanding. Moreover, we did not observe an

Figure 4 (continued) each annotation. Color scale indicates signal intensity, ranging from lower (blue) to higher (red) expression. (C) Violin plots showing PI3K/Akt/mTORC1 and
glycolysis signaling in NT (blue), NT-KO (green), CAR (purple), or CAR-KO (red) NK cells after correction for donor effect. Pathway activity of samples is regressed against donor
and the residual is the corrected pathway activity. P values reported are computed relative to NT using the linear regression approach discussed in Materials and methods.
**P # .01. (D) NT control (NT), NT CISH KO (NT-KO), iC9/CAR19/IL-15 control (CAR), or iC9/CAR19/IL-15 CISH KO (CAR-KO) NK cells were cultured without (2) or with (1) Raji
cells for 30minutes, 1 hour, or 2 hours; NK cells were then purified, and the protein expression levels of p-Akt, Akt, p-S6, S6, c-MYC, and a-tubulin in NK cells were determined by
western blot analysis. Representative blots from 2 independent experiments are shown. (E) A series of ECARs was calculated for NT control (blue lines), NTCISH KO (green lines),
iC9/CAR19/IL-15 control (purple lines), or iC9/CAR19/IL-15 CISH KO (red lines) NK cells cocultured with Raji targets for 2 hours and subsequently purified and treated with 2 g/L
D-glucose, 1 mM oligomycin, and 100 mM 2-deoxyglucose (2-DG). A representative graph from 5 independent experiments is shown. (F) Box plots summarize the ECAR data by
NT control (blue box), NT CISH KO (green box), iC9/CAR19/IL-15 control (purple box), or iC9/CAR19/IL-15 CISH KO (red box) NK cells cocultured with Raji (n 5 5). Statistical
significance is indicated as *P# .05; bars represent mean values with standard deviation. (G) Bar graph summarizes the glucose concentration in the supernatant of the different
NK cell conditions cocultured with Raji for 2 hours: NT control (blue), NT CISH KO (green), iC9/CAR19/IL-15 control (purple), or iC9/CAR19/IL-15 CISH KO (red) NK cells (n5 3).
Bars represent mean values with standard deviation (**P # .01).
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Figure 5. CISH KO iC9/CAR19/IL-15 NK cells improve tumor control and survival in a Raji lymphoma mouse model at low infusion doses. (A) Schematic diagram
representing the timeline of the in vivo experiments. (B) BLI imaging of an independent mouse experiment where mice received either Raji alone or Raji plus 103 106 CAR19/IL-
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increase in the expression of genes related to chromosomal
instability32 such as aurora kinases or genes associated with DNA
damage following CISH KO (supplemental Figure 14B).

Even though CISH KO CAR-NK cells lacked evidence of serious
toxicity in our in vivo model, we planned additional in vitro and
vivo experiments to ascertain that CISH KO CAR-NK cells could
be swiftly eliminated in the event of toxicity in early phase clinical
testing. Thus, we relied on the presence of iC9 as a suicide gene
in our vector to confirm that CISH KO CAR-NK cells could
be induced to undergo apoptosis in the presence of a
small-molecule dimerizer, AP1903. The addition of as little as
10 nM of AP1903 to cultures of CAR-NK cells induced their
apoptosis within 4 hours, and CISH KO did not affect the
action of the dimerizer (supplemental Figure 15A). The suicide
gene was also effective at eliminating the CAR-NK cells in vivo
(supplemental Figure 15B-C). Mice engrafted with Raji tumor
received either control or CISH KO CAR-NK cells (n 5 5 mice
per group) followed by treatment with the dimerizer on
days 7 and 9 after NK cell infusion. The animals were then
sacrificed on day 12. Administration of the small-molecule
dimerizer resulted in a striking reduction of the transduced
cells (both control and CISH KO) in the blood and tissues (liver,
spleen, and bone marrow) in all treated mice (supplemental
Figure 15B-C).

Identifying possible off-target editing events mediated by the
CRISPR-Cas9 RNP complexes is crucial before the approach
described here can bemoved to the clinic. Thus, we usedGuide-
seq and rhAmpSeq technologies (Integrated DNA Technologies
[IDT]) to assess genome-wide off-target effects for our CISH
gRNAs. Guide-seq experiments were performed using HEK293
cells that constitutively express Streptococcus pyogenes Cas9
nuclease paired with highly modified synthetic gRNAs18 to
identify off-target sites with the highest potential to be edited for
each CRISPR RNA (crRNA) (Figure 6A-B). Potential Cas9 off-
target cleavage sites were then quantified in NK cells electro-
porated with RNP complexes targeting the CISH locus using
rhAmpSeq technology. Cells treated with wild-type S pyogenes.
Cas9 protein had a low frequency of off-target editing events
with either crRNA1, crRNA2, or the combination of both crRNAs
(Figure 6C-D). The use of a high-fidelity Cas9 protein (Alt-R HiFi
Cas9 v3; IDT)33 further reduced the off-target events to , 0.5%
(Figure 6C-D). These data support the translation of this ap-
proach to the clinic.

Discussion
NK cell differentiation, effector function and survival, defined as
‘fitness’, are coupled to metabolic reprogramming processes.
However, signals and checkpoints that regulate NK cell fitness

and function in the tumor microenvironment are not well de-
fined. Our study focuses on the impact of targeting CIS, a
negative regulator of cytokine signaling10,34 in CAR-NK cells
engineered to constitutively express IL-15.

Having demonstrated the antitumor activity of armored CAR-NK
cells preclinically and in the clinic,5,6 we exploited the potential
mechanistic synergy that could be achieved by deleting a cy-
tokine checkpoint in IL-15–secreting CAR-NK cells. Here we
report that combining IL-15-secreting CAR-NK cells with CISH
deletion enhances antitumor activity more than either strategy
alone. Using a xenograft mouse model of NK-resistant Raji
lymphoma, we showed that CISH KO CAR19/IL-15 CB-NK cells
persist twice as long as control CAR19/IL-15 NK cells. We at-
tribute this gain of function to IL-15–driven Akt/mTORC1 and
MYC signaling secondary to removal of the CIS checkpoint, with
a consequent increase in glycolytic activity. These data are
consistent with a recent report showing that deleting CISH in
iPSC NK cells improves their metabolism and antitumor activ-
ity.34 Our findings have clinical relevance because they establish,
to our knowledge for the first time, proof-of-principle that tar-
geting a critical cytokine checkpoint in cytokine-secreting ar-
mored CAR-NK cells promotes their fitness and endows them
with superior antitumor function.

This increased antitumor activity was not associated with higher
toxicity in the animals. While the NSG mouse model has limi-
tations for the study of cytokine release syndrome,35 the absence
of overt toxicity such as rapid weight loss and early deaths
support the safety of our approach. A legitimate concern with
CISH KO is that in the absence of a cytokine checkpoint, IL-15
may drive malignant transformation of CAR-NK cells. However,
our extensive studies using transcriptomic analysis, autonomous
growth experiments, and in vivo studies did not show any evi-
dence of long-term toxicity or malignant transformation of CISH
KO CAR19/IL-15 NK cells.

Previous reports have shown that CISH deletion in NK cells is
beneficial only in murine tumor models where IL-15 or IL2
was present in the tumor microenvironment or administered
exogenously.10,36 In our study in xenografted mice, there was no
appreciable increase in the activity of NT NK cells or CAR19 NK
cells (without IL-15 transgene) after CISH KO; the only im-
provement was noted in mice treated with CISH KO CAR19/IL-
15 NK cells. This suggests that the robust antitumor activity of
CISH KO CAR-NK cell depends upon the availability of IL-15 in
the tumor microenvironment. Thus, incorporation of the IL-15
gene in the CAR construct, which avoids the toxicities seen with
systemic IL-15,27,28 likely played an important role in the en-
hanced antitumor activity of CISH KO iC9/CAR19/IL-15 NK cells
in our tumor model. Given the absence or limited concentration

Figure 5 (continued)groups described in panel B. Bars representmean values with standard deviation. (E) BLI data from 5 groups of NSGmice treatedwith Raji alone (n5 5), Raji
plus 1 dose of 33 106 of iC9/CAR19/IL-15 control NK cells (n5 5) or iC9/CAR19/IL-15CISH KONK cells (n5 5), or Raji plus 1 dose of 103 106 of iC9/CAR19/IL-15 control NK cells
(n 5 5) or iC9/CAR19/IL-15 CISH KO NK cells (n 5 3). (F-G) The average radiance (F) and survival curves (G) are shown for the 5 groups of mice described in panel E. Statistical
significance is represented by *P # .05 or **P # .01. (H) Photomicrographs of hematoxylin and eosin (H&E) and immunohistochemical CD20 staining of liver (top) and bone
marrow (BM) (bottom) frommice engraftedwith Raji B cell lymphoma either untreated or treated with iC9/CAR19/IL-15CISH KOor iC9/CAR19/IL-15 CTLRNK cells (103 106 dose
level). Representative images show absence of neoplastic B cells in liver and bonemarrow of a mouse treated with iC9/CAR19/IL-15CISH KONK cells in comparison with similar
treatment with iC9/CAR19/IL-15 NK cells retainingCISH expression. Images were taken at 103 (liver) and 53 (bonemarrow) using a Leica DFC 495 camera. (I) Bar graph showing
the percentage of NK cells (CD32CD561CD451) present in peripheral blood frommice treated with iC9/CAR19/IL-15 control vs iC9/CAR19/IL-15CISH KONK cells at days 7, 14,
21, and 28. Bars represent mean values with standard deviation. Statistical significance is represented by *P # .05 or **P # .01. (J) Graph showing body weights of NSG mice
groups described in panel E over time.
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of IL-15 in the microenvironment of some cancers, expressing
this cytokine in the CAR construct is essential to achieving an
optimal therapeutic effect from CISH KO.

Our results suggest that removal of the CIS checkpoint may
increase the metabolic fitness of armored CAR-NK cells by
enhancing the activity of downstreammetabolic pathways. In the
model we propose (visual abstract), CISH KO releases the brake
on IL-15 signaling, which in turn enhances Akt/mTORC1
activity,30 leading to upregulation of c-MYC and therefore gly-
colysis, specifically in response to tumor targets. We have
previously shown that upon activation, CAR19/IL-15 NK cells
secrete more IL-15.6 We now propose that upon activation by
the tumor, the higher levels of IL-15 in the microenvironment
leads to increased IL-15/Akt/mTORC1 and c-MYC signaling in
CISH KO CAR19/IL-15 NK cells. We would emphasize that in our
studies, c-MYC expression and the resultant shift in metabolism
toward aerobic glycolysis31 in CISH KO iC9/CAR19/IL-15 CB-
derived NK cells were only apparent when the NK cells were
cultured with tumor targets. This observation is important, as an
exaggerated increase in glycolysis in ex vivo–expanded T cells
has been reported to severely impair the ability of CD81 T cells
to persist long-term and form memory cells in vivo.37 Hence,
careful tuning of NK cell metabolism to ensure a timely increase
in aerobic glycolysis in response to tumor stimulation would be
desirable.

In summary, this is the first report of a genetic engineering
strategy combining armored CAR engineering and CISH de-
letion in CB-derived NK cells. When tested in a preclinical tumor
model, this cellular product eliminated CD191 lymphoma cells
without signs of serious toxicity. Our findings support the
merging of armored CAR engineering and cytokine checkpoint
gene editing to enhance the therapeutic potential of NK cells in
the clinic.
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Figure 6. Identification of Cas9 off-target sites byGUIDE-seq and quantification of potential Cas9 off-target cleavage sites using rhAmpSeq technology. (A) Sequences
of off-target sites identified by GUIDE-seq for 2 guides targeting the CISH locus. The guide sequence is listed on top with off-target sites shown below. The on-target site is
identified with a black square. Mismatches to the guide are shown and highlighted in color with insertions shown in gray. The number of GUIDE-seq sequencing reads are shown
to the right of each site. 10 mM Alt-R crRNA XT complexed to Alt-R transactivating CRISPR RNA was delivered into HEK293 cells that constitutively express Cas9 nuclease by
nucleofection. (B) Pie charts indicate the fractional percentage of the total unique, CRISPR-Cas9–specific read counts that are on-target (red) and off-target (blue). Total editing at
the on- and off-target sites identified by GUIDE-Seq was measured using rhAmpSeq, a multiplexed targeted enrichment approach for next-generation sequencing. For each of
the 2CISH targeting guides, ampliconswere designed around eachCas9 cleavage site with reads.1%of the on-target GUIDE-seq reads. RNP complexes formedwith eitherWT
Cas9 (blue) or Alt-R HiFi Cas9 (red) were delivered via electroporation into expandedNK cells. (C) Insertion/deletion formation at each targeted loci forCISH guide 1 (panel 1, 11-
plex) and CISH guide 2 (panel 2, 70-plex) when a single RNP complex was delivered. The on-target locus is indicated with a black asterisk underneath the first 2 bars of each
graph. (D) Insertion/deletion formation at each targeted loci when CISH guide 1 and CISH guide 2 were codelivered. The on-target locus is indicated with a black asterisk
underneath the first 2 bars of each graph.
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