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Abstract

The efficacy of T-cell therapy is inhibited by various
tumor-associated immunosuppressive ligands and soluble
factors. Such inhibitory signals turn specific T-cell signaling
pathways on or off, impeding the anticancer functions of
T cells. Many studies have focused on PD-1 or CTLA-4
blockade to invigorate T-cell functions through CD28/B7
signaling, but obtaining robust clinical outcomes remains
challenging. In this study, we use CRISPR/Cas9 to poten-
tiate T-cell function by increasing CD3 signaling via knock-
out of diacylglycerol kinase (DGK), an enzyme that
metabolizes diacylglycerol to phosphatidic acid. Knockout
of DGK augmented the effector functions of CAR-T cells
in vitro via increased TCR signaling. DGK knockout from
CAR-T cells rendered them resistant to soluble immuno-
suppressive factors such as TGFp and prostaglandin E2 and

Introduction

Chimeric antigen receptor (CAR) T cells have emerged as the
leading paradigm for treating various hematologic malignan-
cies. Treatment with CD19-targeting CAR-T cells resulted in
complete remission (CR) rates of 82% to 94% and 50% to 75%
for B-cell acute lymphoblastic leukemia (ALL) and chronic
lymphoblastic leukemia (CLL), respectively (1). However,
despite this success in blood cancers, CAR-T therapy has not
shown efficient antitumor activity against solid cancers, such as
lung, colon, breast, and brain cancers, except for a promising
clinical outcome of anti-GD2 CAR-T cells against neuroblas-
toma (2). This failure can be attributed to multiple barriers
posed by established solid tumors. The first hurdle is a mis-
match between the chemokine receptors on T cells and the
chemokines secreted by tumors, which significantly hampers
efficient T-cell trafficking to the tumor site (3). Furthermore,
even if CAR-T cells reach inside the tumors, their anticancer
activities can be compromised by multiple layers of immuno-
suppressive mechanisms induced by a range of checkpoint

ToolGen, Inc., Seoul, Korea.

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

I.-Y. Jung, Y.-Y. Kim, and H.-S. Yu contributed equally to this article.

Corresponding Author: Jungmin Lee, ToolGen, #1204, Byucksan Digital Valley
6-cha, 219 Gasan Digital 1-ro, Seoul, Seoul 08501, South Korea. Phone: 82-2-873-
8168; E-mail: jm.lee@toolgen.com

doi: 10.1158/0008-5472.CAN-18-0030

©2018 American Association for Cancer Research.

4692 Cancer Res; 78(16) August 15, 2018

sustained effector functions under conditions of repeated
tumor stimulation. Moreover, DGK knockout caused sig-
nificant regression of U87MGVIII glioblastoma tumors
through enhanced effector functions in a xenograft mouse
model. Collectively, our study shows that knockout of
DGK effectively enhances the effector functions of CAR-T
cells, suggesting that CRISPR/Cas9-mediated knockout of
DGK could be applicable as part of a multifaceted clinical
strategy to treat solid cancers.

Significance: This novel study demonstrates efficient abla-
tion of diacylglycerol kinase in human CAR-T cells that leads
to improved antitumor immunity and may have significant
impact in human cancer immunotherapy. Cancer Res; 78(16);
4692-703. ©2018 AACR.

inhibitors and soluble factors (e.g., PD-1, LAG-3, TIM-3, TGFB,
prostaglandin E2 (PGE2), and indoleamine-2,3-dioxygenase,
etc.; refs. 4-6). Lastly, although CAR-T cells effectively control
tumors, the loss of target antigen in tumors can lead to
outgrowth of tumor antigen escape variants as observed in
CD19 and CD22 CAR-T therapies, because CAR-T cells target
only specific antigen (7, 8).

To overcome the immunosuppressive tumor microenviron-
ment (TME), the CD28/B7 pathway, signal2, has been inten-
sively targeted by programmed cell death protein 1 (PD-1) or
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) block-
ade. PD-1 signal inhibition with anti-PD-1 antibody treatment
or PD-1 knockout (KO) by TALEN or CRISPR/Cas9 has been
carried out to potentiate T-cell effector functions (9-11). How-
ever, in many clinical trials, only some patients with cancer
benefited from PD-1 blockade because patients with low PD-L1
expression in tumor and TME are less responsive to PD-1
blockade (12). Also, although T cells successfully circumvent
immunosuppressive effect of the PD-1/PD-L1 pathway, other
factors in TME, such as TIM-3, TGFB, PGE2, and adenosine,
provide a multidimensional immunosuppressive mechanism
(4-6). Among those, TGFB, PGE2, and adenosine directly or
indirectly inhibit T-cell receptor (TCR) signaling, signal1, which
is distinct from PD-1-mediated signal2 suppression (13, 14).
Thus, engineering T cells to circumvent multiple signall inhib-
itory factors may yield a new strategy for promising therapeutic
effects in immunosuppressive solid tumors.

Diacylglycerol kinase (DGK) is an enzyme that phosphorylates
diacylglycerol (15) to phosphatidic acid (PA). Because DAG
interacts with essential proteins involved in CD3 signaling such
as protein kinase C (PKC) and Ras activating protein (RasGRP1),
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activation of DGK results in downregulation of TCR distal mole-
cules, including extracellular signal-related kinases 1/2 (ERK1/2;
ref. 16). Two DGK isotypes, DGKo. and DGKE, are dominantly
expressed in T cells. Although the two DGK isotypes share the
common function of DAG metabolism, they are not fully redun-
dant because their expression and activation are regulated in a
disparate manner. In recent years, many studies have revealed the
DGKao to be a potential inhibitory immune checkpoint, because
they are specifically upregulated in tumor-infiltrating anergic
T cells in human patients with renal cell cancer and xenograft
mouse models (17-19). Also, inhibition of DGKo by small
molecules reinvigorated the effector function of hypofunctional
tumor-infiltrating immune cells (18). Based on these previous
studies, it is strongly hypothesized that inhibition of DGK in
human T cells may have strong therapeutic potential for cancer
immunotherapy (17-19).

Despite wide recognition of immunosuppressive function of
DGK in T cells (20), there exist overarching caveats regarding
our understanding of DGK from previous studies when con-
sidering clinical applications of DGK inhibition for T cell
therapy. For example, it is uncertain which isoform predom-
inantly controls the antitumor effect between DGKa and DGK{
(21, 22). Also, T-cell response of DGKa.{ KO cells in bacterial
infection and tumor model is contradictory. Although DGKo{
KO enhanced effector function against mesothelioma (23),
it significantly impaired the T-cell response against Listeria
monocytogenes (24). Moreover, DGK KO in the mouse alters
inflammatory functions of other immune cells such as den-
dritic cells and macrophages, which may affect T-cell biology
(25, 26). In addition to these issues, immunologic differences
between human and mouse T cells exist. For instance, unlike
mouse T cells, human CD8 T cells lose CD28 expression during
the developmental process (27). This is critical because CD28
inhibits DGKa activity and DGKo-mediated anergy. Thus,
considering the disparate costimulatory signals and dysfunc-
tion mechanisms between the two species, as well as the pro-
mising therapeutic potential of DKG inhibition, studies in
human T cells are imperative for clinical applications of DGK
inhibition. However, existing methods for DGK inhibition in
human T cells are challenging. DGKo. inhibitors such as
R59022 and R59949 lack specificity, inhibiting a broad range
of DGK isotypes. Furthermore, there are no DGK inhibitors
available to date (28).

Here, we sought to characterize the effects of knocking out
DGKo (0KO) and DGKC (€KO) in human primary T cells by
specifically disrupting the DGK isotypes using CRISPR/Cas9.
Because compensatory immunosuppressive responses and
T-cell anergy in the TME limit the efficacy of CAR-T cells in
the clinic, we hypothesized that engineered CAR-T cells resis-
tant to an inhospitable TME could result in enhanced efficacy
against cold tumors, such as glioblastoma (29). We found that
disruption of DGKo and DGKC synergistically potentiates the
effector function and proliferation of CAR-T cells by activating
ERK signaling. Also, DGKaf KO (dKO) CAR-T cells were less
sensitive to T-cell hypofunction induced by tumor cell rechal-
lenge and soluble immunosuppressive factors, such as TGFf
and PGE2. Moreover, dKO CAR-T cells significantly enhanced
antitumor effect in a tumor xenograft mouse model, compared
with control and DGK single KO CAR-T cells. Collectively, our
data indicate that targeting DGK using CRISPR/Cas9 is a prom-
ising approach for cancer immunotherapies.

www.aacrjournals.org
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Materials and Methods

Tumor cell lines and media

The EGFRvIII-positive U87 MG glioblastoma cell line
(U87vlll) was purchased from Celther Polska. The A375P mel-
anoma cell line was obtained from the Korean Cell Line Bank.
Cells were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS) and penicillin/streptomycin. Mycoplasma
contamination was regularly monitored in all cell lines used
in this study using the BioMycoX Mycoplasma PCR Detection
Kit (CellSafe).

Lentivirus production

The 139 CAR, a fusion protein that contains an anti-EGFRvIII
ScFV fused with a CD8 hinge, 4-1BB, and a CD3{ domain, and
a c259 TCR construct targeting NY-ESO-1 have been previously
described (30, 31). The codon optimized sequences of the
CAR and TCR constructs were subcloned into the lentiviral
pLVX vector (Clontech). Viruses were collected from the super-
natants of 293T cells transfected with the lentivirus vector
and helper plasmids using Lipofectamine2000 (Thermo
Scientific). After harvesting the supernatant, the lentivirus was
overlaid on a 20% sucrose-containing buffer [100 mmol/L
NaCl, 0.5mmol/L ethylenediaminetetraacetic acid (EDTA),
50 mmol/L Tris-HCI, pH 7.4] at a 4:1ratio and centrifuged
at 10,000 x g at 4°C for 4 hours. Following centrifugation,
the supernatant was removed, and phosphate-buffered saline
(PBS) was added for resuspension.

Construction of DGK KO 139 CAR-T cells

CRSPR/Cas9-mediated genome editing of T cells was carried
out as described with modifications. Human peripheral blood
pan-T cells were purchased from STEMCELL Technologies. Upon
thawing, the T cells were rested overnight in RPMI supplement-
ed with FBS, hrlL2 (Peprotech, 50 U/mL) and hrIL7 (Peprotech,
5 ng/mL) prior to activation. Activation was induced by adding
Dynabeads Human T Activator anti-CD3/28 (Thermo Scientific)
at bead-to-cell ratio of 3:1 in RPMI supplemented with 10% FBS.
After 24 hours of activation, T cells were replated on cell culture
dishes coated with Retronectin (100 pg/mL) and the 139 CAR
lentivirus for 48 hours. Three days after activation, activating
beads were removed and electroporation was carried out using
an Amaxa P3 Primary Cell kit and 4D-Nucleofecter (Lonza).
Forty micrograms of recombinant S. pyogenes Cas9 (ToolGen)
and 10 pgof chemically synthesized tracr/crRNA (Integrated DNA
Technologies) were incubated for 20 minutes prior to electro-
poration to generate Cas9-gRNA ribonucleoprotein (RNP) com-
plexes. A total of 3 x 10° stimulated T cells resuspended in P3
buffer were added to the preincubated Cas9-gRNA RNP com-
plexes. Cells were nucleofected using program EO-115. Following
electroporation, cells were seeded at 5 x 10° cells/mL in RPMI
supplemented with 10% FBS, hIL2 (Peprotech, 50 U/mL) and
hIL7 (Peprotech, 5 ng/mL). The following crRNA targeting
sequences were used in the study: AAVS1: 5'-CCATCGTAAG-
CAAACCTTAG-3’, DGKo: 5-CTCTCAAGCTGAGTGGGTCC-3/,
DGKC: 5'-ACGAGCACTCACCAGCATCC-3’, PD-1: 5'- GTCTGG-
GCGGTGCTACAACT-3'.

Flow cytometry staining and antibodies used in this study
Cell staining was performed at 4°C in PBS supplemented

with 1% FBS unless otherwise indicated. Antibodies and

reagents used for flow cytometry and functional studies were
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as follows: CellTrace CFSE/Far red (Thermo Scientific), 7-ami-
noactinomycin (7-AAD, Sigma), anti-CD3: UCHT1 (BD), anti-
CD45RO: UCHLI (BD), anti-CCR7: 150513 (BD), anti-PD-1:
EH12.2H7 (Biolegend), anti-FAS: Dx2 (BD), anti-Ki67: B56
(BD), anti-LAG-3: T47-530 (BD), anti-T-bet: 4B10 (Biolegend),
anti-IFNy: B27 (BD), anti-TNFo: Mab11l (BD), anti-PD-L1:
29E.2A3 (Biolegend), anti-TIM-3: 7D3 (BD), anti-EGFRVIIIL:
(Biorbyt), goat anti-human IgG: (BioRad). Data were collected
on an Attune NXT Acoustic Focusing Cytometer (Thermo Sci-
entific) and analyzed using FlowJo (FlowJo, LLC).

In vitro killing assay, cytokine release, and proliferation assay

Atotal of 2 x 10% to 5 x 10* cells from the U87vIIl and A375P
cancer cell lines prestained with CellTrace Far red (Invitrogen)
were cocultured with their cognate 139 CAR-T cells or C259 T
cells at the indicated effector:target (E:T) ratios. After 18 hours
of coincubation, cells were harvested and stained with 7-AAD
for live/dead cell discrimination. Samples were acquired on an
Attune NxT Acoustic Focusing Cytometer (Thermo Scientific)
and analyzed with FlowJo (FlowJo, LLC). Cytotoxicity was cal-
culated as [(% lysis sample — % lysis minimum)/(% lysis max
[100%] — % lysis minimum)] x 100%. Triplicate experiments
were performed. The supernatant from the coculture was ana-
lyzed using an ELISA Kit (Biolegend) or LEGENDplex (Biolegend)
to measure IL2, IFNy, and TNFo. release. For TGFB and PGE2
resistance assay, 10 ng/mL of TGFP (RND Systems) or 0.5 pg/mL
of PGE2 (Abcam) were treated with T cells for 18 hours. For pro-
liferation assays, 4 days after coincubation of CellTrace-labeled
139 CAR-T cells with U87VIII cells, the distribution of CellTrace
in the 139 CAR-T cells was assessed using flow cytometry.

Tumor cell rechallenging experiment

For serial tumor stimulation experiment, 139 CAR-T cells were
coincubated with U87VIII cells at a ratio of E:T = 1:1 in RPMI
supplemented with FBS, on day 0. On day 4, 139 CAR-T cells were
harvested and replated with new U87vVIII cells at the same E:T
ratio. Supernatants were collected 24 hours after the first and
second tumor stimulations to assess IFNy and IL2 release.

Western blot analysis

For Western blot assays, cells were harvested and lysed in RIPA
lysis and extraction buffer (Thermo Scientific, 89901) containing
proteinase inhibitors (Thermo Scientific, 78442). Generally, total
protein lysates from 1 x 10> cells were separated in 10% to 12%
acrylamide gel, transferred to nitrocellulose membrane, blocked
with 5% skim milk in TBS, blotted with each primary and
secondary antibody diluted in TBS, washed with 0.1% Tween
20-TBS, and detected with SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Scientific). Chemiluminescent
images were captured by Fusion Solo (Vilber Lourmat). Rabbit
anti-DGKo.  (Abcam, ab64845), rabbit anti-DGK{ (Abcam,
ab105195), rabbit anti-Actin (Sigma A2066), rabbit anti-phos-
pho-ERK1/2 (Tyr202/Tyr204; Cell Signaling, 9101), rabbit anti-
ERK1/2 (Cell Signaling, 9102), HRP-conjugated Goat Anti-Rabbit
IgG (Millipore, AP132P) were used for this research.

Calcium influx

Calcium influx in T cells was analyzed using a calcium assay
kit (BD) according to the manufacturer's instructions. Briefly,
T cells were washed with RPMI medium, resuspended in the
same medium, and incubated with loading dye for 1 hour at
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37°C. After acquiring the basal level of FITC signal from
nontreated cells, anti-CD3 activation beads (Miltenyi Biotec)
were added at a bead-to-cell ratio of 5:1, and the FITC signal
was measured by flow cytometry. The data collected from
flow cytometry were analyzed by FlowJo software using the
kinetic mode.

Real-time PCR

For qRT-PCR, total RNA was isolated from T cells 7 days after
CRISPR/Cas9 delivery using RNeasy Mini kit (Qiagen) follow-
ing the manufacturer's instruction. cDNA was reverse tran-
scribed from these RNAs using High Capacity cDNA Reverse
Transcription Kit (Thermo Scientific) and qRT-PCR was done
with QuantStudio3 (Applied Biosystems) using Power SYBR
Green PCR Master Mix (Thermo Scientific) or TagMan gene
expression assay kit/probe sets (Thermo Scientific). The pri-
mers used in this study were as follows: hDGKo F: 5'-AATA-
CCTGGATTGGGATGTGTCT-3’, hDGKa R: 5'-GTCCGTCGTCC-
TTCAGAGTC-3’, hDGK{ F: 5'-GTACTGGCAACGACITGGC-3/,
hDGKC R: 5-GCCCAGGCTGAAGTAGTTGTT-3/, hB-Actin F: 5’
GGCACTCITCCAGCCITC-3, hB-Actin R: 5'-TACAGGTCTTTGCG-
GATGTC-3’, ID2: Hs00747379_m1, PRDM1: Hs00153357_m1,
IL10: Hs00174086_m1, IFNG: Hs00174143_m1, IL2:
Hs00174114.

Digenome-sequencing

Digenome-sequencing, an unbiased method for profiling
Cas9 off-target effects, was performed as previously described
(32). Genomic DNA from human T cells was isolated using a
DNeasy Tissue kit (Qiagen). Genomic DNA (20 pug) was mixed
with Cas9 protein (10 pg), ctRNA (3.8 ug), and tracrRNA (3.8 ug)
in a 1,000 pL reaction volume (NEB 3.1 buffer), and incubated
for 4 hours at 37°C. The in vitro-digested DNA was then incu-
bated with RNase A (50ug/mL) for 30 minutes at 37°C and
purified with a DNeasy Tissue kit (Qiagen). Digested DNA was
fragmented using the Covaris system and ligated with adaptors
for library formation. DNA libraries were subjected to whole
genome sequencing using an Illumina HiSeq X Ten Sequencer at
THERAGEN ETEX. We used the Isaac aligner to generate a Bam
file using the following parameters: ver. 01.14.03.12; human
genome reference, hg19 from UCSC (original GRCh37 from
NCBI, Feb. 2009); base quality cutoff: 15; keep duplicate reads:
yes; variable read length support: yes; realign gaps: no; and
adaptor clipping: yes (adaptor: 5-AGATCGGAAGAGC-3/, 5'-
GCTCTTCCGATCT-3').

Mouse xenograft studies

All the mice used in this study were maintained in the speci-
fic pathogen-free facility of Genexine, Inc., and the experiments
were conducted under the SOP and followed the guidelines of
the animal ethics committee. All animal experiments were
approved by the Genexine's Institutional Animal Care and Use
Committee (study 17-09-12). The mouse xenograft studies are
conducted as below with modifications. In the U87VIII tumor
model, 6- to 8-week-old female NSG mice were injected subcu-
taneously with 1 x 10° U87vIII cells into the right flank, in a
volume of 100 uL PBS, on day 0. 28 days after implantation, when
tumor sizes reached 250 + 100 mm?, the mice were randomized
and divided into groups. Each group consists of 6 to 8 mice and
tumor sizes were similar among groups. For each group, 5 x 10°
T cells were infused on day 28 and day 32. All mice received

Cancer Research

220z ¥snbny 2z uo ysenb Aq ypd z69v/02.€112/269v/91/8./4Pd-0|011E/S81190UBD/610"S|BUINO[IORE//:d)RY WO pOpeojumOq



daily intraperitoneal administration of temozolomide (TMZ;
Sigma; 0.33 mg/mouse/day) on days 32 to 35. Surface CAR
expression levels on AAVS1 KO 139 CAR-T cells and DGKa{ KO
139 CAR-T cells were identical. Tumor sizes were monitored with
calipers twice a week, and tumor volumes were calculated using
the formula V = (L x W?)/2, where V is the tumor volume, L is the
tumor length, and W is the tumor width. The animals were
sacrificed when the tumor diameter reached 2000 mm?. For
further investigation of CAR-T cells after in vivo delivery, periph-
eral blood, spleen, and tumor tissues were isolated from each
mouse. To dissociate tumor tissue, tumor samples were minced
with scissors and treated with collagenase IV (100 U/mL) and
DNase I (20 U/mL) for 1 hour in 37°C water bath. Cells were then
passed through a sterile cell strainer for further investigations.
To isolate cells from spleen, tissue was crushed with sterile
plungers and passed through strainers. For lysis of red blood
cells, cell suspensions were further treated with ACK buffer
(150 mmol/L NH4Cl, 10 mmol/L KHCO3, 1 mmol/L EDTA,
pH 7.2) for 5 minutes. To analyze effector function of tumor-
infiltrating T cells, cells dissociated from tumor tissue were reac-
tivated with phorbol 12-myristate 13-acetate (PMA, 50 ng/mL)
and ionomycin (1 pg/mL) in the presence of GolgiStop (BD) for
5 hours in a CO, incubator and intracellular staining of IFNy
and TNFa was conducted.

Immunohistochemistry

For immunohistochemistry, tumor samples were excised and
placed in 4% paraformaldehyde at 4°C for overnight. After
another overnight washing with tap water, samples went through
serial dehydration, were embedded in paraffin, and then were cut

A B
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at a thickness of 4 pm. Sections were deparaffinized in xylene,
rehydrated in absolute and 90% ethanol serially, and washed with
running distilled water. After antigen retrieval in citrate buffer
(0.01 mol/L, pH 6.4), they were incubated in blocking solution
(5% horse serum, 3% BSA, 0.1% Tween 20 in PBS) for 4 hours at
room temperature and then incubated with mouse anti-human
CD3 antibody (Biolegend, Clone: OKT3) at 4°C, for overnightina
humidified chamber. Sections were then washed 4 times with
PBS, incubated 1 hour at room temperature with Alexa Fluor
594 goat anti-mouse IgG H&L antibody (Molecular probe,
ab150116), and then washed with PBS several times. Hoechst
33342 (BD, 561908) was added to the sections, and after 3 times
of washings, slides were mounted using Vectashield (Vector
Laboratories, H-1000). Images were taken with a Zeiss Axio
Imager A2 microscope and Diagnostic SPOTFlex camera. Images
were analyzed using the Image] software.

Results

Efficient disruption of DGK by CRISPR/Cas9 in primary
human T cells

We tested guide RNAs (gRNA), which targeted sequences in
exons 5 to 7 in the case of DGKa. (tKO) or exons 3 to 12 in the
case of DGK{ (£KO), by electroporating CRISPR/Cas9 RNP
(ribonucleoprotein) complexes into Jurkat human T cells (Sup-
plementary Fig. S1A and S1B). After optimization of CRISPR/
Cas9 RNP delivery via electroporation and the lentiviral trans-
duction process (Fig. 1A), CRISPR/Cas9-treated 139 CAR-T
cells exhibited robust expression of the CAR (Fig. 1B), which
is highly selective against EGFRVIII and is designed to target

C
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Figure 1.

Efficient DGK KO by CRISPR/Cas9 RNP delivery to primary human T cells. A, Schematic of the experimental strategy to express CAR in and to deliver
CRISPR/Cas9 RNPs (ribonucleoproteins) to primary human T cells. B, Expression of 139 CAR was assessed by flow cytometry. C, KO efficiency was analyzed
by targeted deep sequencing using the Mi-seq system (left). Representative out-of-frame rates were evaluated based on sequence analysis of DGKo
and DGKE KO cell populations (IF, in-frame; OF, out-of-frame, right). D, Representative Western blot analysis for DGK. E, Digenome-seq was used for unbiased
analysis of off-target effects. Left, circos plots of genome-wide in vitro DNA cleavage scores. Arrows, on-target cleavage site. Right, Targeted deep
sequencing aimed at potential off-target sites for which the cleavage score was higher than 10 (cutoff criteria: indel frequency < 0.1%). N = 3. Error bars,
SEM; ns, not significant by Student t test. B=D, Experiments were done with T cells from three independent healthy donors.
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glioblastoma cells as described elsewhere (31). The small
insertion/deletion (indel) rate in the oKO and {KO experi-
ments ranged from 80% to 90% (Fig. 1C). A detailed sequence
analysis at the cleavage sites revealed that the frequency of
out-of-frame mutations induced by nonhomologous end join-
ing (NHE]J) repair was 66.7% and 59.6% in oKO and {KO 139
CAR-T cells, respectively, which corresponds to the reduction
of the DGK mRNA and protein level (Fig. 1D; Supplementary
Fig. S2A and S2B). Double and single KO showed comparable
knockout efficiency in primary human T cells (Fig. 1C). The KO
process did not significantly affect cell proliferation or viability
(Supplementary Fig. S2C and S2D). To investigate off-target
effects of DGK-targeting CRISPR/Cas9, we conducted mismatch-
based in silico analysis and Digenome-seq., an unbiased genome-
wide method for profiling off-target effects (32). Targeted deep
sequencing of potential off-target sites identified by both in silico
analysis and Digenome-seq. demonstrated no significant off-
target effects in either aKO or (KO 139 CAR-T cells (Fig. 1E;
Supplementary Fig. S3A and S3B). Collectively, the results indi-
cate that CRISPR/Cas9 allows efficient and isotype-specific
DGK KO without affecting cell physiology and the level of CAR
expression in primary human T cells.

DGK KO improves effector functions of 139 CAR-T by
amplifying TCR distal signal.

Because enhanced cytokine secretion by LKO mouse T cells
was previously reported by other groups, we assessed the
antitumor function of DGK KO 139 CAR-T cells (23, 33). In
in vitro characterization studies, we used AAVS1 KO 139 CAR-T

cells (AAVS1 139 CAR-T) as a negative control. Compared with
the AAVS1 139 CAR-T cells, the DGK KO 139 CAR-T cells
showed a superior effector function as demonstrated by signif-
icant increase in cytotoxicity and cytokine secretion after coin-
cubation with U87vIII cells (the U87MG glioblastoma cell line
expressing EGFRVIII; Fig. 2A and B). Expression levels of CAR
indicate that the enhanced effector function of DGK KO 139
CAR-T cells does not attribute to CAR expression per se (Sup-
plementary Fig. S4A). Moreover, DGK KO 139 CAR-T cells did
not have nonspecific activity against U87MG, which does not
express EGFRVIII, confirming specificity and safety of DGK
KO 139 CAR-T (Supplementary Fig. S4B-S4D). Interestingly,
dKO 139 CAR-T cells produced more IFNy and IL2 than did
oKO or LKO 139 CAR-T cells, suggesting synergistic effect of
dKO in antitumor activity. We also examined whether PD-1
blockade would further increase the effector function of DGK
KO 139 CAR-T cells by using PD-L1-positive U87VIII cells
(Supplementary Fig. S5A). Although both AAVS1 139 CAR-T
cells and dKO 139 CAR-T cells expressed PD-1 after coincuba-
tion with U87vIIl (Supplementary Fig. S5B), we observed no
further increase in cytotoxicity or IFNy secretion when cells
were treated with anti-PD-1 antibody, except for aKO 139
CAR-T cells with only slight increase in IFNYy secretion (Fig.
2C and D). We next examined the activation of the TCR down-
stream signal in DGK KO cells. We stimulated AAVS1 and
DGK KO 139 CAR-T cells with anti-CD3 beads for the indicated
time and measured calcium influx and TCR distal signal,
phospho-ERK (pERK; Fig. 2E and F). Although calcium influx
was unaffected by DGK KO (Fig. 2F), ERK phosphorylation
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DGK KO improves effector functions of 139 CAR-T by amplifying TCR distal signal. Engineered 139 CAR-T cells and CellTrace-treated U87vlll cells

were incubated at a ratio of E:T = 1:2 in a 96-well plate for 20 hours. A, The killing activity of 139 CAR-T cells was assessed by measuring the
percentage of 7-AAD-positive U87vIII cells using flow cytometry. B, IFNy and IL2 release were analyzed by ELISA. C and D, The 139 CAR-T cells and U87vlII
cells were incubated at a ratio of E:T = 1:2 for 20 hours with or without anti-PD-1 antibody (20 pg/mL). C, Killing activity. D, IFNy release. E, T cells
were stimulated with CD3/CD28 beads for the indicated time and assessed for phosphorylated ERK by Western blot. Left, representative Western

blot; right, relative expression of pERK1/2 to ERKI1/2. Experiments were conducted using T cells from three different healthy donors, and a representative
Western blot result is presented. F, CD3-mediated calcium influx was determined by flow cytometry during activation of T cells with CD3 beads

(arrow, time point of T-cell activation). N = 3. Error bars, SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.007; ns, not significant by Student t test. A=D,
Representative data of two independent experiments carried out in triplicate. MFI, mean flourescence intensity.
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was amplified and lasted longer in {KO and dKO T cells
(Fig. 2E). A marked increase in phosphorylated ERK signaling
in dKO T cells is consistent with the dKO synergistic effector
function seen in Fig. 2B. These data indicate that DGK KO
augments TCR distal signaling and thereby increases the effec-
tor functions of 139 CAR-T cells.

CRISPR/Cas9-mediated DGK KO CAR-T cells circumvent
the immunosuppressive effects of TGFf and PGE2 in
139 CAR-T cells

Based on the data showing that DGK KO effectively invigo-
rated TCR distal signaling, we examined whether DGK KO
could reduce the sensitivity of 139 CAR-T cells to signall inhib-
itors. Among different inhibitory factors, we focused on TGF3
and PGE2, because the therapeutic effects of CAR-T cells have
been limited due to the elevated level of TGFP and PGE2 in the
immunosuppressive TME (13, 29, 34). First, we investigated the
inhibitory effect of TGFp on 139 CAR-T cell activity against
U87vlIIl cells. AAVS1, oKO, and {KO 139 CAR-T cells exposed
to high physiologic concentrations of TGFf (10 ng/mL) showed
reduced IFNy and IL2 production (Fig. 3A-D; Supplementary
Fig. S6A-S6D). In contrast, dKO 139 CAR-T cells maintained
their effector function upon TGFf treatment. Likewise, dKO
139 CAR-T cells were relatively insensitive to the inhibitory
factor PGE2 compared with AAVS1, oKO, and {KO 139 CAR-T
cells (Fig. 3E-H; Supplementary Fig. S6E-S6H). Normalization
data showed that although AAVS1 139 CAR-T cells showed a
remarkable loss of responsiveness to tumor cells, dKO 139
CAR-T cells exhibited sustained antitumor function, maintain-
ing their effector function under the exposure to TGFf and

DGK Knockout for Improved Antitumor T-cell Function

PGE2 (Fig. 3D and H; Supplementary Fig. S6D and S6H). The
marginal decrease in the antitumor activity of dKO 139 CAR-T
cells in the presence of TGFf or PGE2 treatment might be a
result of incomplete disruption of the DGK genes in the dKO,
given that the out-of-frame rate in aKO and {KO was 66.7%
and 59.6%, respectively (Fig. 1C). These data indicate that the
DGK double KO enabled 139 CAR-T cells to overcome immu-
nosuppression of signall inhibitors. We also examined the
beneficial role of the dKO in ¢259 TCR-T cells, selectively
targeting NY-ESO-1. When cocultured with A375P cells expres-
sing NY-ESO, effector function of dKO ¢259 TCR-T cells treated
with TGFP or PGE2 was comparable with that of AAVS1 KO
€259 TCR-T without inhibitor treatment (Supplementary Fig.
S61-S6N). These data demonstrate the versatility of the dKO
approach in adoptive cell transfer.

CRISPR/Cas9-mediated DGK KO renders T cells less
hypofunctional during repeated tumor stimulation

Upon repetitive antigen recognition, T cells often exhibit loss
of IL2 secretion and cytotoxicity and enter a hypofunctional
state. DAG metabolism is a key determinant that regulates
T-cell activation and anergy (35, 36). Because previous studies
have reported that an anergic state in mouse T cells can be
reversed by pharmacologic inhibition of DGKo., we investigat-
ed whether DGK KO would allow human T cells to overcome
dysfunctional state (19, 36). First, we assessed the proliferative
capacity of dKO 139 CAR-T cells upon tumor cell rechallenge.
After AAVS1 and dKO 139 CAR-T cells were incubated with
u87vlll cells for 96 hours, the 139 CAR-T cells were rechal-
lenged with U87VIII cells and expansion of the 139 CAR-T
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Figure 3.

CRISPR/Cas9-mediated DGK KO CAR-T cells circumvent the immunosuppressive effects of TGFB and PGE2. The 139 CAR-T cells and CellTrace-treated
U87vlll cells were incubated at a ratio of E:T = 3:1 for 18 hours. A-C, Killing activity (A), IFNy secretion (B), and IL2 secretion (C) by 139 CAR-T cells
were assessed in the presence or absence of TGFB (10 ng/mL). E-G, Killing activity (E), IFNy secretion (F), and IL2 secretion (G) by 139 CAR-T cells
were assessed in the presence or absence of PGE2 (0.5 ug/mL). D and H, The fold changes in cytotoxicity, IFN y secretion, and IL2 secretion are
represented by TGFB/PBS treated (D) and PGE2/PBS treated (H). N = 3. Error bars, SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.007; ns, not significant
by Student t test. Representative data of two independent experiments carried out in triplicate are shown.
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Figure 4.

CRISPR/Cas9-mediated DGK KO renders T cells less hypofunctional during repeated tumor stimulation. A, Schematic of tumor cell rechallenge
experiment. CellTrace-labeled 139 CAR-T cells were incubated with tumor cells at a ratio of E:T = 3:1 on days 0 and day 4. B, T-cell proliferation between
days 0 and 10. C, Frequency of dividing 139 CAR-T cells on day 4. Left, percentage of dividing cells in the presence of U87 or U87vlll tumor cells.
Right, representative proliferation histogram. D, U87vlII cells were coincubated with 139 CAR-T cells at a ratio of E:T = 1:1 on day 0. On day 4, T cells were
replated with U87vlIl cells at the same E:T ratio. Supernatants were collected 24 hours after each tumor cell challenge to assess IL2 (E) and IFNy (F). N =3,
Error bars, SEM. **, P < 0.01; ***, P < 0.0071; ns, not significant by Student t test. Representative data of two independent experiments carried out in

triplicate are shown.

cells was measured by CellTrace distribution and cell counting
(Fig. 4A). In contrast to AAVS1, aKO, and {KO 139 CAR-T cells
that exhibited marginal proliferation, dKO 139 CAR-T cells
successfully proliferated upon repeated tumor stimulation (Fig.
4B and C; Supplementary Fig. S7A and S7B). To determine
whether the superior expansion of dKO 139 CAR-T cells is
attributed to an enhanced proliferation or reduced AICD (acti-
vation induced cell death), we assayed for apoptotic cells using
7-AAD. When 139 CAR-T cells that had encountered U87vIII
cells stained with 7-AAD, the frequency of 7-AAD-positive T
cells was slightly higher in the dKO 139 CAR-T population than
in the AAVS1 139 CAR-T population (Supplementary Fig. S7C).
Because it was reported that inhibition of DGKo induces
FAS-dependent apoptosis in T cells (37), we assessed FAS
expression in T cells, which revealed that FAS surface expression
was increased in dKO 139 CAR-T cells compared with AAVS1
139 CAR-T cells (Supplementary Fig. S7D). These data indicate
that enhanced dKO 139 CAR-T cell growth upon repeated
tumor stimulation is primarily due to increased cell prolifer-
ation, which offsets the slight increase in AICD, presumably
mediated by FAS expression. We then analyzed levels of cyto-
kine secretion from dKO 139 CAR-T cells after second tumor
stimulation (Fig. 4D-F). Although AAVS1 139 CAR-T cells
produced IFNy and IL2 robustly on the first U87vIII stimula-
tion, they showed a significant loss of cytokine secretion after
the second U87vIII stimulation (Fig. 4E and F). In contrast,
dKO 139 CAR-T cells sustained cytokine secretion in respond to
the second U87vlll-mediated activation. We also examined
whether cytokine level of dKO 139 CAR-T upon second tumor
stimulation is attributed to sustained CAR expression, because
antigen-induced CAR internalization can limit antitumor effi-
cacy (38). However, we observed a similar level of reduction in
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CAR expression in both AAVS1 and dKO 139 CAR-T after
antigen encounter (Supplementary Fig. S7E). These results
indicate that dKO 139 CAR-T maintains effector function
during repeated tumor stimulation by regulating anergic path-
way not CAR expression.

CRISPR/Cas9-mediated DGK KO reprograms T cells toward the
effector memory subset

Loss of both DGKa. and DGK has been reported to skew
mouse CD8 T-cell differentiation toward short-lived effector cells
and an effector memory population. Because the composition of
the memory T-cell population affects clinical outcomes (39), we
examined whether DGK KO induces changes in 139 CAR-T cell
subsets. We characterized dKO 139 CAR-T subsets after coincu-
bating these cells with U87vIII cells for 4 days. Before the tumor
stimulation, the dKO 139 CAR-T cells showed a smaller naive
T-cell population than did the AAVS1 139 CAR-T cells (Fig. 5A).
After 4 days of tumor encounter, the naive dKO 139 CAR-T cell
population preferentially differentiated into effector memory
cells, which resulted in smaller naive and central memory T-cell
populations (Fig. 5A and B). We next investigated whether dKO
reprograms 139 CAR-T cells transcriptionally. After 2 days of T-cell
activation using CD3/28 dynabeads, there was a dynamic increase
in the expression of transcription factors that regulate effector
memory cells, such as ID2 and PRDM1, in DGKa{ T cells (Fig. 5C
and D). Also, IL10, a type II cytokine, was significantly reduced in
dKO 139 CAR-T cells (Fig. 5E), whereas levels of type I cytokines,
such as IFNy and IL2, were markedly elevated (Fig. 5F and G).
Finally, we examined the exhaustion markers PD-1 and TIM-3 in
dKO 139 CAR-T cells to ensure that the effector memory popu-
lation induced by dKO is not dysfunctional. After activation of
139 CAR-T cells with U87VIII for 7 days, dKO and AAVS1 139
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Figure 5.

DGK KO reprograms 139 CAR-T cells toward an effector memory phenotype. Subsets of 139 CAR-T and dKO 139 CAR-T cells were examined before and
after coincubation with U87vlIl cells. CD45RO"CCR7™, Tnaive; CD45ROTCCR7™, Tcm (central memory T); CD45ROTCCR7 ™, Tem (effector memory T).
A, Representative histograms of T-cell memory subsets before and after activation. B, Summary of T-cell subsets in populations of each KO variant.

C-G, gRT-PCR analysis of AAVST 139 CAR-T and dKO 139 CAR-T cells after activation using CD3/CD28 dynabeads to determine /D2 (C), PRDM1 (D), IL10

(E), IFNG (F), and /L2 (G) expression levels. Exhaustion markers PD-1 (H) and TIM-3 (I) were analyzed in 139 CAR-T cells 7 days after activation with
U87vlll cells. N = 3, Error bars, SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant by the Student ¢t test.

CAR-T cells showed a similar level of PD-1 and TIM-3 expression
(Fig. 5H and I). Based on these results, we conclude that KO of
DGK transcriptionally reprograms 139 CAR-T cells toward an
effector memory phenotype without exacerbating exhaustion,
which results in robust antitumor effects in vitro.

CRISPR/Cas9-mediated DGK KO improves tumor clearance
by enhancing in vivo effector function.

To optimize injection route of 139 CAR-T cells and inves-
tigate antitumor effect of DGK KO in vivo, we transferred T cells,
AAVS1 139 CAR-T cells, and dKO 139 CAR-T cells into U87vIII-
implanted NSG mice, intravenously (i.v.; Fig. 6A) or intratu-
morally (i.t; Fig. 6B), respectively. Because the effectiveness
of adoptive cell transfer can vary dramatically depending on
the tumor burden and the number of immune cells that are
injected, we adopted a "high tumor burden with low T-cell
dose" model to clearly distinguish the in vivo efficacy of dKO
139 CAR-T cells from that of the control AAVS1 139 CAR-T
cells (9). We injected the first dose of 139 CAR-T cells 28 days
after tumor injection when the tumor volume reached 250 +
100 mm?, and the second dose of 139 CAR-T cells 4 days after
the first 139 CAR-T injection. The approximate E:T ratios of the
first and second injections were 1:10 and 1:20, respectively.
The adjuvant TMZ was administered daily from the day of
second 139 CAR-T cell infusion for 4 days to promote tumor
regression as previous studies have shown that anti-EGFRvIII

www.aacrjournals.org

CAR-T cell therapy is often ineffective without TMZ (40, 41).

All iv. injection groups showed tumor growth retardation
after TMZ treatment after day 32; however, AAVS1 139 CAR-T

cells failed to control tumor regression (Fig. 6A and C).

In contrast, dKO 139 CAR-T cells caused significant tumor
regression on day 56 in tumor xenograft mice and showed

increased number of tumor-infiltrating T cells (Fig. 6A, C-E).

Tumor growth profile and number of tumor-infiltrating T
cells in i.t. injection setting were consistent with those of the
i.v. injection experiment, showing that i.v. injected 139 CAR-T
cells can effectively traffic to tumor microenvironment and

exert their antitumor effect (Fig. 6B-E).

To further characterize the in vivo function of DGK KO 139
CAR-T cells, we i.v. injected AAVS1, aKO, (KO, and dKO 139
CAR-T cells as described above and analyzed effector function
and proliferative capacity of those cells. Although we again

confirmed that dKO 139 CAR-T cells showed superior tumor

control and tumor infiltration, «KO and KO 139 CAR-T cells
failed to improve antitumor effect in vivo (Fig. 6F and G). We

also found that {KO and dKO 139 CAR-T cells significantly

increased polyfunctional tumor-infiltrating T cells that secrete
cytokines and show enhanced T-cell proliferation (Fig. 6H and
I). Interestingly, we observed that both tumor-infiltrating and
circulating dKO 139 CAR-T cells highly expressed multiple
inhibitory immune checkpoints such as PD-1, TIM-3, and
LAG-3, which can be either T-cell exhaustion or activation

Cancer Res; 78(16) August 15, 2018
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Figure 6.

CRISPR/Cas9-mediated DGK KO improves tumor clearance by enhancing in vivo effector function. A=E, NSG mice were injected with 1 x 10° U87vlIl
cells subcutaneously. On days 28 and 32, 5 x 108 T cells, AAVS1 139 CAR-T cells, and dKO 139 CAR-T cells were infused i.v. (A) or i.t. (B) All mice
received daily intraperitoneal administration of TMZ (0.33 mg/mouse/day) during days 32 to 35. Tumor regression induced by dKO 139 CAR-T cells

was observed after i.v. injection (A) and i.t. injection (B; n = 6-8 for each i.v. and i.t. experiment). The values and error bars represent mean tumor size (mm?> +
SEM). C, Microscopic images of tumors. Scale bars, 1cm. D, Infiltrating T cells were visualized by immunohistochemistry using anti-human CD3 antibody. CD3,
red; Hoechst, blue. Scale bars, 300 um. E, Infiltrating human T cells were calculated from captured images by following formula. Infiltrating T-cell number in 10%
cells = [(CD3™ T cells)/(Hoechst™ cells)] x 10,000. F-L, NSG mice were injected with 1 x 10° U87vllI cells subcutaneously, and then AAVS1, aKO, CKO, and dKO
139 CAR-T cells along with TMZ were injected as described above. F, Tumor volume at day 55 after U87vlll injection (n = 5-7). G, Number of tumor-infiltrating
CD3" human T cells (n = 5-7). H, IFNy and TNFa expression in tumor-infiltrating CD3* human T cells after reactivation for 5 hours (n = 5-7). 1, Ki-67
expression in circulating CD3™ human T cells (n = 5-7). J, PD-1and TIM-3 expression in circulating CD3™ human T cells (n = 6-7). K, PD-1and LAG-3 expression
in circulating and tumor-infiltrating CD3* human T cells (n = 6-7). L, T-bet expression in circulating and tumor-infiltrating CD3™ human T cells (n = 6-7). PB,
peripheral blood; TIL, tumor-infiltrating lymphocytes. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant by the Student ¢ test.

markers (Fig. 6] and K). Of note, dKO 139 CAR-T cells express
much more T-bet in peripheral blood compared with other
groups, suggesting they sustain more effector function (Fig. 6L).
Given that dKO 139 CAR-T cells are largely T-bet positive with
enhanced effector function and proliferation capacity, it is

4700 Cancer Res; 78(16) August 15, 2018

suggested that the increased multiple inhibitory immune check-
points are markers for functional effector T cells, not exhausted
T cells (Fig. 6H, I, and L).

Because dKO 139 CAR-T cells highly upregulated PD-1 in
tumor-infiltrating population, we knocked out endogenous
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PD-1 of 139 CAR-T cells to further enhance antitumor efficacy
as conducted by previous studies (9-11, 42). Using optimized
knockout process, we achieved more than 75% of indel in PD-1
target locus in 139 CAR-T cells, in vitro (Supplementary
Fig. S8A). We then injected 139 CAR-T cells 22 days after tumor
infusion without coadministrating TMZ, and isolated T cells
20 days after T-cell injection to analyze PD-1 expression.
Consistent with our previous in vivo experiments, dKO 139
CAR-T cells highly upregulated PD-1 (Supplementary Fig. S8B)
and PD-1 KO 139 CAR-T cells and PD-1/DGKo{ KO 139 CAR-T
cells successfully suppressed PD-1 expression (Supplementary
Fig. S8B). Interestingly, contrary to the previous studies that
have reported beneficial effect of PD-1 inhibition, PD-1 KO 139
CAR-T cells failed to improve antitumor effect, while dKO 139
CAR-T cells successfully enhanced tumor control and effector
function in our xenograft mouse model (Supplementary Fig.
S8C and S8D). Likewise, PD-1 disruption in dKO 139CAR-T
cell did not further increase antitumor effect (Supplementary
Fig. S8C and S8D).

Collectively, our results indicate that knocking out both DGKa.
and DGK{ using CRISPR/Cas9 synergistically improves in vivo
antitumor efficacy where inhibition of PD-1 fails to invigorate
antitumor effect of CAR-T cells.

Discussion

The CRISPR/Cas9 system has enabled manipulation of
immune checkpoint inhibitors in T cells to enhance the antitumor
activity (9). However, considering the multiple layers of immu-
nosuppression in the inhospitable TME and current pitfalls asso-
ciated with T-cell therapy in the clinic, there is a strong need to find
new targets to manipulate to increase the effectiveness of such
approaches.

Downregulation of DGK in T cells could be a promising
strategy for immunotherapy because DGK is specifically upre-
gulated in nonresponsive tumor-infiltrating lymphocytes and is
a master regulator of T-cell hypofunction (35, 36, 43). How-
ever, despite its therapeutic potential for improving T-cell
activity in cancer, current trials to downregulate DGK are highly
limited by the following restrictions. First, because DGKs are
intracellular molecules, they are not suitable antibody targets.
Second, there are not yet any specific inhibitors of DGKa or
DGKC. For example, the most commonly used DGKa inhibi-
tors, R59949 and R59022, broadly attenuate other DGK iso-
types, such as DGKe, DGK8, DGKy, DGKx, and DGKS$ (28).
Thus, clinical application of such inhibitors would probably be
associated with undesirable effects; it is known that mutations
in some of the isotypes, such as DGKO® and DGKS, cause
neuronal defects (44, 45). Lastly, systemic administration of
DGK inhibitors would also pose significant safety concerns,
given that systematic deficiency of DGKo. and DGKE has been
shown to significantly impair T-cell development in mice and
that DGKC has been suggested to protect hippocampal neurons
from ischemia (46, 47). For these reasons, deploying CRISPR/
Cas9 could be a compelling technology, providing a safe and
precise method to knock out specific DGK isotypes without
causing significant off-target effects (Fig. 1E; Supplementary
Fig. S3A and S3B). Additionally, ex vivo engineering of T cells
does not alter DGK activity in other tissues in the body.
Moreover, our approach of using CRISPR/Cas9 can be used
combinatorially to knock out multiple genes simultaneously.

www.aacrjournals.org
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For instance, because dKO 139 CAR-T cells have been shown to
exhibit increased apoptosis-inducing FAS expression (Supple-
mentary Fig. S7D), the combination of FAS KO with DGK
dKO would be a promising engineering approach to further
increase the efficacy of CAR-T cells in the clinic.

In this study, we demonstrate highly effective CRISPR/Cas9-
mediated gene editing without a need for selection to enrich the
DGK KO cells. Because 5'-triphosphate group in guide RNA
induces type I interferon responses, causing cell death and low
editing efficiency, we deployed modified guide RNA in our RNP
(ribonucleoprotein) electroporation process, and thereby
achieved high rate of gene editing (80%-90%) in human primary
T cells with minimum cell growth inhibition (Fig. 1; Supplemen-
tary Fig. S2; refs. 48, 49). Also to minimize off-target mutation,
we screened guide RNA with minimum mismatch sequence in
genome, and used RNP complex for rapid turnover of Cas9 in
cells (50). These optimized gene-editing process resulted in
highly effective gene editing in human primary T cells with no
significant off-target effect (Fig. 1, Supplementary Fig. S3).

In this study, we revealed that disruption of DGK potentiates
the antitumor function of human CAR-T cells as previously
described by others in mouse CAR-T cells (23, 33). We and
others have shown that oaKO and KO enhanced effector
functions to a similar extent (Figs. 2 and 6; refs. 23, 33). These
data contradict the predominant role of DGK{ in amplifying
TCR downstream signal, pERK, after strong stimulation with
CD3 antibody (Fig. 2E; refs. 18, 51). This is probably due to the
difference in regulatory mechanisms between DGKo and
DGKC. Whereas DGKo. plays a predominant role in weak TCR
signaling, which leads to T-cell anergy, DGK( is an inhibitor of
Ras-ERK signaling in response to strong TCR signals. Thus, the
difference in strength of CD3 signaling between strong CD3
antibody-mediated stimulation in vitro and CAR-mediated
stimulation in vivo may result in the contradictory result
(52). In addition, we observed the synergistic effect of DGK
dKO compared with single KO variants, which also coincides
with the observations of Riese and colleagues (23). Because
these data suggest the nonredundant role of DGKa and DGKG,
disrupting both isotypes would be crucial for fully invigorating
T-cell antitumor activity.

Recently, many studies have aimed at making T cells resistant to
certain inhibitory checkpoints, such as PD-1 or LAG-3 (9, 51).
Although such manipulations successfully circumvent the inhib-
itory effects of specific ligands, such as PD-L1 and MHC dlass II,
these engineered T cells acquired resistance only to their corre-
sponding inhibitory pathway. Instead of targeting individual
TGFp or PGE2 receptors, we targeted a key intracellular protein,
DGK, to increase the availability of DAG, which is depleted by
various signall inhibitors in the TME. We found that dKO 139
CAR-T cells acquired resistance against signal1 inhibitors (Fig. 3).
The results strongly suggest that our CRISPR/Cas9-based DGK KO
approach would be an efficient way to boost the efficacy of CAR-T
cell therapy, especially in the presence of immune inhibitors in the
TME. Further investigation is needed to examine the resistance of
DGKKO CAR-T cells to otherimmunosuppressive molecules such
as adenosine and LAG-3.

Though our study illustrates a successful gene engineering
strategy to improve the efficacy of T-cell therapy, our approach
may raise safety concerns. CAR-T cell therapy often induces life-
threatening cytokine release syndrome and neurotoxicity, which
is one of the most crucial barriers in the clinic. In this respect, the
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increased cytokine production and cytotoxicity of dKO 139 CAR-T
cells would pose significant safety issues. There have been several
recent approaches to tackle this safety problem. Sen and collea-
gues showed that targeting the exhaustion-specific enhancer of
PD-1 by CRISPR/Cas9 allows specific downregulation of PD-1 in
exhausted T cells, alleviating safety concerns of constitutive PD-1
knockout (53). Shum and colleagues demonstrated a successful
application of safety switch, an inducible caspase9, to their
engineered T cells, which resulted in 93% clearance of the infused
T cells after administration of a chemical inducer in a mouse
model (54). In addition, KO of the TCR in CAR-T cells can
mitigate the potential risks of autoimmunity induced by auto-
reactive T cell clones. It would be worth adapting these strategies
to address the safety issues associated with our DGK KO 139 CAR-
T cells and to render them more tunable.

Interestingly, we observed no enhancement of antitumor
efficacy in the PD-1 inhibition group in both our in vitro and
in vivo setting where U87vIII and T cells highly expressed PD-L1
and PD-1, respectively (Fig. 2C and D; Supplementary Fig. S8).
In contrast to PD-1 KO, DGK KO approach successfully
enhanced antitumor efficacy in our mouse model, possibly by
increasing effector function and resistance to signall-targeting
inhibitors, such as TGFB, which is highly upregulated in glio-
blastoma TME (29). Also, DGK KO enhances antitumor efficacy
irrelevant to PD-L1 or B7 ligands expression. This implies
promising therapeutic potential of the DGK KO approach in
glioblastoma, where PD-1 blockade failed to provide survival
benefit in patients (55).

Here, we identified DGK as a potential TCR checkpoint
molecule, and specifically knocked out DGK using CRISPR/
Cas9 technology. Our engineering approach demonstrates the
crucial role of DGK in activating CD3 signaling to invigorate
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