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CRISPR-Cas9 knockout of DGKa/z
improves the anti-tumor activities
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High recurrence and chemoresistance in solid tumors, like
ovarian cancer, stress the need for new therapies. Chimeric an-
tigen receptor (CAR)-T cells show promise but face challenges
due to tumor heterogeneity and immune suppression in the
tumor microenvironment (TME). Thus, novel approaches are
needed to further enhance the efficacy of CAR-T cell therapies.
In T cell therapies, inhibiting checkpoint molecules is crucial
for overcoming exhaustion and boosting anti-tumor activity.
Additionally, prioritizing safety by engineering cells to target
markers absent on normal healthy cells reduces off-target risks.
We targeted tumor-associated glycoprotein 72 (TAG-72), an
oncofetal antigen highly expressed in adenocarcinomas like
ovarian cancer, by engineering TAG-72 CAR-T cells and used
CRISPR-Cas9 to knock out the T cell-inhibitory enzymes diac-
ylglycerol kinase (DGK) a and z. DGKa/z knockout (KO) did
not impact CAR-T cell viability or phenotype. These cells selec-
tively killed TAG-72-expressing cancer cells in vitro and ablated
established tumors in vivo for up to 100 days, whereas non-
deleted control TAG-72 CAR-T cells showed tumor relapse
around 40 days. These findings highlight the potential of
CRISPR-induced DGKa/z KO to enhance CAR-T cell efficacy
against solid tumors such as ovarian cancer, offering a prom-
ising avenue for improved cancer therapies.
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INTRODUCTION
Chimeric antigen receptor (CAR)-T cell therapies have shown signif-
icant clinical success in treating chemotherapy-resistant or refractory
B cell malignancies, resulting in their approval by the US Food and
Drug Administration and revolutionizing the field of cancer immu-
notherapy.1 Despite this, however, documented efficacy against solid
tumors is limited. This is attributed to tumor antigen heterogeneity,
difficulties trafficking to and infiltrating the tumor, and the im-
mune-suppressive tumor microenvironment (TME).2 Given the
many and complex layers of immune-suppressive mechanisms
induced by a range of different immune cell checkpoint molecules
and soluble factors in the TME, novel approaches to combination
therapies for solid tumors are required. Knockout (KO) of regulators
in the signaling pathways that restrict T cell cytotoxicity and/or
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expansion can aid in augmenting anti-tumor T cell function.3

Genome editing tools such as transcription activator-like effector nu-
cleases (TALENs) and clustered regulatory interspaced short palin-
dromic repeats (CRISPR)-Cas are being used to manipulate cells
for cancer treatment and other diseases. In pre-clinical studies,
CRISPR4 or TALEN5 inactivation of PD-1 in T cells improves
in vitro and in vivo tumor clearance and T cell persistence. Multiple
clinical trials are also assessing clinical outcomes of CAR-T cells
with CRISPR KO of checkpoint molecules in a variety of cancer
indications.6–8

Diacylglycerol kinases (DGKs) are lipid kinases expressed in
numerous cell types, including T cells. DGKs reduce the intracellular
mediator diacylglycerol by catalyzing its phosphorylation to phos-
phatidic acid (PA), thereby negatively regulating T cell function.9–11

DGKa and DGKz are the two predominant DGK isoforms expressed
in T cells. The DGKa isoform in particular is established as an inhib-
itory immune checkpoint.10–13 CAR-T cells undergo a rapid loss of
functional activity associated with the upregulation of DGK and
inhibitory receptors upon tumor killing, leading to limited therapeu-
tic efficacy.14 Other pre-clinical studies also show that deleting DGKa
and DGKz, either individually or simultaneously, improves T cell
function. In murine models, adoptive transfer of DGKa or DGKz
KO CAR-T cells had similar efficacy against murine mesotheli-
oma.13,15 Furthermore, a pre-clinical study showed that disruption
of either DGK isoform or deletion of both DGKa and DGKz poten-
tiates the anti-tumor function of human CAR-T cells against
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glioblastoma, rendering them more resilient upon repeated tumor
exposure.16

Metabolite levels are altered in cancer cells, and controlling these al-
terations may be exploited for improving cancer therapy.17 In this
regard, PA, produced by the action of DGK, acts as a critical
signaling effector in cisplatin resistance of ovarian cancer.18 Ovarian
cancer is a leading cause of cancer-related deaths among women,
and new therapies are needed to curb its high recurrence rate and
resistance to chemotherapy.19,20 Tumor-associated glycoprotein 72
(TAG-72) is overexpressed on the surface membrane of ovarian
cancer and other adenocarcinomas.21–24 TAG-72 expression has
been associated with all ovarian cancer subtypes and is directly
correlated with poorer prognoses.25,26 Previously, we and others
have shown that CAR-T cells targeting TAG-72 can kill ovarian
cancer cells in vitro and in vivo.27,28 We thus hypothesized that dele-
tion of the DGK enzymes would improve the tumor killing ability of
TAG-72 CAR-T cells. Accordingly, we used CRISPR-Cas9 editing to
knock out the DGKa and DGKz isoforms in TAG-72-targeting
CAR-T cells and assessed their capacity to eradicate ovarian cancer
cells in vitro and in vivo.

RESULTS
Characterization of TAG-72 CAR/DGKa/z KO T cells

The generation of TAG-72 CAR/DGKa/z KO T cells is a two-step
gene-editing process (Figure 1A). Human T cells were transduced
with a second-generation CAR containing an anti-TAG-72-specific
scFv (single-chain variable fragment) coupled to a CD8 hinge, a
4-1BB intracellular co-stimulatory domain linked to a CD3z
signaling domain, and an enhanced green fluorescent protein
(EGFP) reporter, as described previously27 (Figure 1B). Significant
CAR expression was observed in human T cells 11–13 days post
transduction (Figure 1C). DGKa and DGKz guide ribonucleic
acid (gRNA) induced insertions or deletions (indels) and KO at
high efficiency in CAR-T cells, respectively (Figure 1D). Specifically,
the DGKa gRNA showed a total indel percentage of 87.33% ±

9.07% with a KO efficiency of 48.00% ± 16.82%. The DGKz
gRNA exhibited a total indel percentage of 93.33% ± 2.52% with
a KO efficiency of 75.33% ± 2.08%. These results indicate that
both DGKa and DGKz gRNAs are highly effective in inducing in-
dels and achieving substantial KO efficiencies in CAR-T cells. Addi-
tionally, deletion of DGKa and DGKz genes in CAR-T cells led to
the reduction of the DGKa and DGKz proteins (Figure 1E). To
further characterize TAG-72 CAR/DGKa/z KO T cells, we analyzed
the prevalent T cell subset and compared the expression of T cell
exhaustion markers to TAG-72 CAR-T cells and unedited T cells.
The proportions of T cell subsets (CD8+, double-positive, CD4+,
double-negative) remained uniform, with CD4+ and effector mem-
ory (CCR7�/CD45RO+) cells being the prevalent phenotypes (Fig-
ure 1F). All exhaustion markers (TIM-3 [T cell immunoglobulin
and mucin-domain containing 3], PD-1 [programmed cell death
protein 1], and LAG3 [lymphocyte-activation gene 3]) were also ex-
pressed at similar levels in TAG-72 CAR/DGKa/z KO T cells and
controls (Figure 1F).
2 Molecular Therapy: Oncology Vol. 33 June 2025
TAG-72 CAR/DGKa/z KO T cells proliferate and exhibit potent

cytotoxicity in vitro

The deletion of DGK genes did not impact the overall viability or pro-
liferative potential of CAR-T cells (Figures 2A and 2B). Following
electroporation on day 5, TAG-72 CAR/DGKa/z KO T cells demon-
strated a slight reduction in viability (Figure 2A) and lag in expansion
(Figure 2B), which were both attributed to the electroporation pro-
cess. Following 9 days of expansion, however, both viability and total
cell number were comparable to TAG-72 CAR-T cell controls. These
data suggest that these gene deletions should not impact the ability to
produce sufficient cell numbers for a clinical product. The cytotoxic
activity of TAG-72 CAR/DGKa/z KO T cells was subsequently as-
sessed in vitro using the real-time cell analysis system, xCELLigence.
TAG-72 CAR/DGKa/z KO T cells selectively killed the TAG-72mid

ovarian cancer cell target (OVCAR-3 cells; Figure 2C) but not the
TAG-72low ovarian cancer cell target (MES-OV) (Figure 2D). These
results indicated that deletion of DGK did not impact the in vitro
cytotoxicity and specificity of TAG-72 CAR/DGKa/z KO T cells
compared to TAG-72 CAR-T cell controls.

Cytokine profile of CAR-T and ovarian cancer cell co-cultures

We evaluated the amounts of secreted cytokines, chemokines, and
growth factors in the supernatants following culture of either uned-
ited T cells, TAG-72 CAR-T cells, or TAG-72 CAR/DGKa/z KO
T cells with target cells.

Pro-inflammatory and regulatory cytokines

The levels of interleukin (IL)-1b were significantly higher in the su-
pernatants from TAG-72 CAR-T cells compared to unedited
T cells. This response was further enhanced when target cells were
co-cultured with TAG-72 CAR/DGKa/z KO T cells, suggesting that
DGK deletion may amplify the IL-1b response (Figure 3A). Elevated
levels of IL-9 and IL-15 were observed after treatment with TAG-72
CAR/DGKa/z KO T cells; increased IL-15 levels were also noted with
TAG-72 CAR-T cells. However, there was no significant difference in
IL-9 and IL-15 levels between TAG-72 CAR-T cells and TAG-72
CAR/DGKa/z KO T cells, suggesting that DGK deletion does not
affect IL-9 or IL-15 production (Figure 3A). TAG-72 CAR/DGKa/z
KO T cells induced a significant increase in granulocyte-macrophage
colony-stimulating factor (GM-CSF) levels compared to unedited
T cells and TAG-72 CAR-T cells, indicating that DGK deletion
may enhance GM-CSF production. TAG-72 CAR-T cells alone did
not significantly alter GM-CSF levels (Figure 3A). The supernatants
from TAG-72 CAR-T cells and TAG-72 CAR/DGKa/z KO T cells
exhibited higher levels of monocyte chemoattractant protein-1
(MCP-1) compared to unedited T cells, with no significant difference
between the two CAR-T cell types, implying that DGK deletion does
not influenceMCP-1 production (Figure 3A). TAG-72 CAR/DGKa/z
KO T cells also increased tumor necrosis factor alpha (TNFa) levels
compared to unedited T cells and TAG-72 CAR-T cells, while
TAG-72 CAR-T cells alone did not significantly affect TNFa levels,
suggesting that the DGK deletion may enhance TNFa production
(Figure 3A). IL-8 levels were slightly elevated in the presence of
TAG-72 CAR/DGKa/z KO T cells compared to unedited T cells,



Figure 1. Characterization of TAG-72 CAR/DGKa/z KO T cells

(A) Overview of the process used to produceCAR-T cells. (B) Schematic of the lentiviral expression cassette containing an anti-TAG-72-specific scFv, CD8 hinge domain, and

4-1BB intracellular co-stimulatory domain linked to a CD3z signaling domain. (C) Transduction efficiency of the TAG-72 CAR was assessed using flow cytometry at least

11 days after transduction. Unedited T cells were included as a control. Representative of 3 independent experiments. (D) Frequency of total indels and KO (proportion of

indels that indicate frameshift mutations) of DGKa and DGKz genes in the pooled gene-edited CAR-T cells as assessed by ICE analysis (n = 3 independent donors). (E)

Western blots of DGKa and DGKz protein in TAG-72 CAR/DGKa/z KO CAR-T cell lysates and unedited control T cells (NT). b-actin was used as a loading control. (F) Flow

cytometry analysis was performed to examine the common T cell-associated surface markers CD4 and CD8 and effector memory (CCR7�/CD45RO+), central memory

(CCR7+/CD45RO+), naive (CCR7+/CD45RO�), and effector (CCR7�/CD45RO�) cell subsets and exhaustion markers (as indicated). Frequencies are presented as a

proportion of viable cells (n = 3–4 independent donors). A Kruskal-Wallis non-parametric test confirmed no significant differences between groups.
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whereas TAG-72 CAR-T cells did not significantly alter IL-8 levels.
There was no significant difference between TAG-72 CAR-T and
TAG-72 CAR/DGKa/z KO T cells in terms of IL-8 production, indi-
cating no impact of DGK deletion on this cytokine. No altered levels
of interferon g (IFNg), IL-2, IL-7, IL-17A, IL-6, or IL-12(p70) were
observed (Figure 3A).
Anti-inflammatory cytokines

The levels of IL-1 receptor antagonist (IL-1Ra) were significantly
increased in the supernatants from both TAG-72 CAR-T cells and
TAG-72 CAR/DGKa/z KO T cells compared to unedited T cells,
with a more pronounced increase observed in the presence of the
latter, suggesting that DGK deletion might enhance the IL-1Ra
Molecular Therapy: Oncology Vol. 33 June 2025 3
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Figure 2. TAG-72 CAR/DGKa/z KO T cells demonstrate proliferation and potent in vitro tumor cell killing capability

(A and B) Following T cell activation, transduction, and electroporation, cells were maintained in T cell expansion medium; (A) viability and (B) cell number are shown. Data are

normalized to the time of electroporation (Y). (C) TAG-72mid (OVCAR-3) and (D) TAG-72low (MES-OV) target cells were co-cultured with unedited T cells, TAG-72 CAR-T cells,

or TAG-72 CAR/DGKa/z KO T cells at an E:T ratio of 5:1, and the response wasmonitored in real time using xCELLigence, where a decrease in the normalized CI is indicative

of target cell death relative to target cells alone (black). Data are pooled from independent experiments (n = 4 biological replicates). A one-way ANOVAwas used to determine

statistical significance. *p % 0.05. n.s., not significant.
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response (Figure 3B). IL-4 levels were slightly higher following TAG-
72 CAR/DGKa/z KO T cell treatment compared to unedited T cells,
but there was no significant difference between TAG-72 CAR-T cells
and the other groups. No elevated levels of IL-10 or IL-13 were
observed (Figure 3B).

Chemotactic factors

TAG-72 CAR/DGKa/z KO T cells had significantly increased levels
of the chemokines macrophage inflammatory protein (MIP)-1a
and MIP-1b, but no significant increases were observed with TAG-
72 CAR-T cells (Figure 3C). This indicates and aligns with the finding
that DGK deletion may contribute to the recruitment and activation
of various immune cells.29 No elevated levels of IP-10 were observed.
RANTES levels were slightly increased by TAG-72 CAR/DGKa/zKO
T cells compared to the control, suggesting a potential role in
enhancing immune cell recruitment and activation (Figure 3C).
Both TAG-72 CAR-T cells and TAG-72 CAR/DGKa/z KO T cells
increased vascular endothelial growth factor (VEGF) levels compared
to unedited T cells, indicating a potential enhancement of angiogen-
4 Molecular Therapy: Oncology Vol. 33 June 2025
esis.30 The lack of a significant difference between TAG-72 CAR-T
and TAG-72 CAR/DGKa/z KO T cells suggests that DGK deletion
does not alter VEGF production. Eotaxin levels were elevated by
both TAG-72 CAR-T cells and TAG-72 CAR/DGKa/z KO T cells
compared to unedited T cells, with a slight additional increase
observed with TAG-72 CAR/DGKa/z KO T cells (Figure 3C). This
could suggest an enhanced ability to attract eosinophils, which are
important in inflammatory responses and may play a role in anti-tu-
mor activity.31

Growth factors

Platelet-derived growth factor BB (PDGF-BB), basic fibroblast growth
factor (FGF basic), and granulocyte colony-stimulating factor (G-
CSF) were significantly elevated by both TAG-72 CAR-T cells and
TAG-72 CAR/DGKa/z KO T cells compared to unedited T cells (Fig-
ure 3D). Notably, all growth factors were induced at higher levels by
TAG-72 CAR/DGKa/z KO T cells than TAG-72 CAR-T cells, sug-
gesting that the DGK deletion may enhance their production. The
factors may contribute to cell proliferation and tissue remodeling.32



(legend on next page)
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TAG-72 CAR/DGKa/z KO T cells ablate established tumors

in vivo

To assess the anti-tumor activity of TAG-72 CAR/DGKa/z KO
T cells in vivo, an ovarian cancer non-obese diabetic/severe combined
immunodeficiency gamma (NSG) xenograft mouse model was gener-
ated by subcutaneous (s.c.) injection of TAG-72mid OVCAR-3 cells
into NSG mice. Xenograft animals were allowed to establish a
palpable tumor mass prior to injection with T cells (Figure 4A).
Mice treated with TAG-72 CAR-T cells initially showed a robust
anti-tumor response but began to relapse by day 40. Similarly, mice
treated with single DGK KO CAR-T cells, either TAG-72 CAR/
DGKa or TAG-72 CAR/DGKz T cells, also exhibited strong anti-tu-
mor responses, with a slightly delayed relapse around day 50. In
contrast, mice treated with TAG-72 CAR/DGKa/z KO T cells main-
tained tumor eradication up to the experiment end (100 days; Fig-
ure 4B), and correspondingly Kaplan-Meier analysis of these mice
against all other groups showed a survival advantage (Figure 4C).
Following this time, immunohistochemistry (IHC) analysis of any
remaining tumors revealed high levels of human CD3+ T cells at
the tumor site in mice treated with TAG-72 CAR/DGKa/z KO
T cells. Conversely, mice treated with unedited T cells exhibited no
CD3+ cells at their experimental endpoint (30 days, tumor
volume > 1,000 mm3) and significant tumor growth (Figure 4D),
highlighting the efficacy and durability of the TAG-72 CAR/DGKa/
z KO T cells in tumor eradication and persistence.

DISCUSSION
In this study, we utilized CRISPR-Cas9 to successfully delete DGKa
and DGKz, creating TAG-72 CAR/DGKa/z KO T cells. These cells
retained viability and proliferation capacity comparable to those of
TAG-72 CAR-T controls. Notably, the distribution of T cell subsets,
characterized by a predominance of CD4+ cells and effector memory
cells, remained unchanged following DGKa/z KO. Furthermore, the
expression levels of T cell exhaustion markers and in vitro killing
specificity were similar to those of control groups. These similarities
are key, as they confirm the validity of advancing these cells into clin-
ical product development. The capacity of TAG-72 CAR/DGKa/z
KO cells to eliminate tumor cells in vitro, eradicate established tumors
in vivo, and prevent their recurrence for up to 100 days underscores
their potential as a therapeutic option for TAG-72+ cancers. While
there are clearly advantages in deleting both DGKa and DGKz genes,
the safety of administration of these gene-edited CAR-T cells needs to
be carefully assessed. Pre-clinical studies, such as cytokine-indepen-
dent proliferation assays or soft agar colony formation, could be im-
plemented to evaluate the potential tumorigenicity of these cells. In
addition, as gene editing may lead to off-target oncogenic events, it
is essential to perform genomic surveillance, such as GUIDE-Seq,
whole-genome sequencing, and/or chromosomal translocation anal-
Figure 3. Levels of secreted cytokines following co-culture

Shown are (A) pro-inflammatory/regulatory cytokines, (B) anti-inflammatory cytokines,

edited T cells (blue) and TAG-72 CAR-T (red) and TAG-72 CAR/DGKa/z KO T cells (purp

intra-assay triplicates were used and are denoted as mean ± SD (n = 3). A one-way A

nificance. *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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ysis. In the clinical setting, these gene-edited CAR-T cells can be
monitored by regular blood sampling, allowing for the detection of re-
newed proliferation of CAR-T cells and an understanding of their
persistence.

In our current study and previous work,27 we demonstrated the effec-
tiveness of TAG-72 CAR-T cells against ovarian cancer in both
in vitro and in vivo settings. The first clinical trial of a TAG-72
CAR-T product used a first-generation CAR construct for treating
patients with colorectal cancer.33 These cells were evaluated for safety
but demonstrated limited efficacy and potential for immunogenicity
risks. The construct was designed using the TAG-72 scFv, derived
from a humanized CC49 antibody. It was observed that the affinity
of this humanized scFv was decreased, likely due to numerous amino
acid mutations introduced during humanization. Such a decrease in
affinity may have influenced the therapeutic efficacy of the antibody.
Conversely, the study here and our previous study utilized a deimmu-
nized murine version of the anti-TAG-72 antibody, which has been
used most recently in clinical biodistribution trials.24 These trials
demonstrated high specificity for adenocarcinomas, high affinity for
the target, and, crucially, low immunogenicity.24 This highlights an
advantage of using deimmunized murine versions for CAR-T ther-
apy, promoting improved efficacy and safety in treating TAG-72+

cancers.

DGKa and DGKz are two isoforms within the DGK enzyme family,
pivotal for converting diacylglycerol (DAG) to PA, impacting various
aspects of T cell biology, such as development, proliferation and func-
tion.34 These isoforms act as a regulatory mechanism in T cells,
dampening DAG-mediated signals to prevent excessive immune
cell activation after T cell receptor (TCR) stimulation. This regulation
prevents T cells from entering a hyporesponsive state characterized by
diminished DAG-mediated signaling and elevated DGKa and DGKz
levels, establishing these enzymes as critical checkpoints in the im-
mune response.34 Deleting DGKa or DGKz enhances TCR-induced
cytokine production, T cell proliferation, and the CD8+ T cell anti-tu-
mor response, with both isoforms uniquely contributing to T cell
function within the immune-suppressive TME. Complete deletion
of both DGKa and DGKz isoforms is essential to maximize anti-tu-
mor immunity, highlighting their distinct roles.16,35,36 Thus, targeting
DGK is a promising approach for immunotherapy. However, chal-
lenges still hinder its application; for example, DGKs, being intracel-
lular, cannot be targeted using antibodies, and specific inhibitors for
DGKa or DGKz are also lacking, with existing ones affecting multiple
DGK isotypes, risking unintended effects.36 In contrast, CRISPR-
Cas9 technology offers a safer, more precise alternative for targeting
specific DGK isotypes, minimizing off-target effects.16 This method,
focusing on ex vivo T cell engineering, ensures unaffected DGK
(C) chemotactic factors, and (D) growth factors in supernatants harvested from un-

le) co-cultured with the TAG-72m
id cancer cell line OVCAR-3 for 20 h. Biological and

NOVA with Tukey’s multiple comparison test was used to determine statistical sig-



Figure 4. Impact of CAR-T cells on the in vivo growth of established OVCAR-3 tumors

(A and B) NSG mice bearing OVCAR-3 tumors were treated at 5-day intervals (indicated by dashed lines) with either 5 � 106 unedited T cells (red), TAG-72 CAR-T cells

(orange), TAG-72 CAR/DGKa single KO T cells (black), TAG-72 CAR/DGKz single KO T cells (green), or TAG-72 CAR/DGKa/z KO T cells (blue) by intravenous (i.v.) injection

when the starting tumor volume (STV) was approximately 150 mm3 in size (n = 8–23 mice per group, results pooled from 5 independent experimental cohorts where animals

reached STV size, on average, in 8 weeks). (C) Kaplan-Meier survival curves of all treatment groups. Paired log rank (Mantel-Cox) tests were used to determine statistical

significance with probabilities as shown. (D) Representative IHC of OVCAR-3 tumors in NSG xenograft mice. Blue scale bar, 2 mm; black scale bar, 200 mm.
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activity in other tissues and allows for simultaneous multiple gene
edits, providing flexibility for implementing different immunothera-
peutic strategies.

The profiling of a large panel of cytokines here demonstrated that the
improved cancer reduction and CAR-T cell effectiveness could not be
attributed to a single factor. This is not surprising given that deletion
of DGKa and DGKz genes results in an increase in free DAG, which,
in turn, can influence a broad spectrum of activation pathways.
Indeed, a number of cytokines involved with immune responses are
increased. These include those that activate effector cells (for example,
TNFa, IFNg, and IL-1b) and enhance recruitment and in situ differ-
entiation (for example, MIP-1a and MIP-1b, G-CSF, GM-CSF, and
eotaxin). They collectively contribute to the improved anti-tumor re-
sponses and suggest that, while the CAR-T cells targeting TAG-72
may modulate cytokine levels, the additional DGK double-gene dele-
tion further potentiates this effect. Consistent with our findings, pre-
vious studies have demonstrated that DGK KO in CAR-T cells leads
to increased production of pro-inflammatory cytokines, including
IFNg and IL-2, as well as enhanced effector function.16 Although
we did not observe an increase in these specific cytokines, we did
note an overall increase in effector function in terms of persistence,
suggesting that DGK deletion can potentiate the efficacy of CAR-T
cells through multiple mechanisms.

The observed increase in IL-1Ra levels in both TAG-72 CAR-T cells
and TAG-72 CAR/DGKa/z KO T cells suggests that these cells can
also enhance the anti-inflammatory response. IL-1Ra is a known
antagonist of the pro-inflammatory cytokine IL-1b,37 indicating a po-
tential regulatory mechanism that may balance any potential inflam-
mation triggered by CAR-T cell activity. The slight enhancement of
IL-4 may further amplify the anti-inflammatory response by TAG-
72 CAR/DGKa/z KO T cells, mitigating rises in pro-inflammatory
cytokines. However, while this implies that DGK deletion can
enhance certain anti-inflammatory responses, its effects may be spe-
cific to particular cytokines, like IL-1Ra, and less pronounced for
others, like IL-4. DGK deletion may also improve the efficacy of
CAR-T cell therapies by boosting immune cell recruitment and activ-
ity, although it may also increase the risk of pro-inflammation-related
side effects. Our findings also show that TAG-72 CAR-T cells, and
particularly TAG-72 CAR/DGKa/z KO T cells, may not only exhibit
direct anti-tumor activities but also influence the TME through the
secretion of growth factors, such as PDGF-BB, FGF basic, and G-
CSF.32 However, more data are required to confirm these potential ef-
fects and the complex interplay of cytokines, chemokines, and growth
factors under more relevant conditions (e.g., in vivo and in the clinic).

Notably, TAG-72 CAR/DGKa/zKO T cells achieved complete tumor
eradication in our xenograft model, with no recurrence up to 100 days
post treatment. This indicates that TAG-72 CAR/DGKa/z KO T cells
significantly improved tumor control in vivo compared to TAG-72
CAR-T cells, potentially due to enhanced T cell killing activity,
extended cell longevity, and/or diminished T cell exhaustion. Future
studies should elucidate the mechanisms that enhance the cytotox-
8 Molecular Therapy: Oncology Vol. 33 June 2025
icity and persistence of TAG-72 CAR/DGKa/z KO cells to improve
clinical application. Moreover, our findings are particularly compel-
ling given the nature of our in vivo model. Unlike common ap-
proaches that introduce CAR-T cells shortly after tumor cell implan-
tation, simulating a preventive rather than therapeutic scenario, our
model challenges CAR-T cells against sizable (R150 mm3), well-es-
tablished tumors. Another study similarly showed that epidermal
growth factor receptor variant III (EGFRvIII) CAR-T cells with
DGKa/z KO also significantly reduced tumor burden when injected
at similarly established tumor volumes, with reduction up to
60 days.16 Our data, demonstrating dramatic tumor mass reduction
under these conditions, not only underscore the potential of our en-
gineered CAR-T cells but also suggest that they may offer significant
advantages over current models that may not adequately test thera-
peutic efficacy against established malignancies. This highlights the
importance of adopting more stringent in vivomodels to better assess
the clinical potential of CAR-T cell therapies.

In conclusion, our study characterized and demonstrated the
enhanced effectiveness of CRISPR-Cas9-engineered TAG-72 CAR/
DGKa/zKO T cells while maintaining a viability and proliferative ca-
pacity on par with TAG-72 CAR-T cells. These cells exhibited signif-
icant tumor control both in vitro and in vivo, achieving complete
eradication of established tumors in vivo without recurrence for up
to 100 days, highlighting their potential clinical applicability.

MATERIALS AND METHODS
Cell lines

All cell lines were acquired from the American Type Culture Collec-
tion (Manassas, VA, USA) and maintained using recommended cul-
ture conditions. The OVCAR-3 (HTB-161) ovarian cancer cell line
was maintained in RPMI 1640 medium (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 20% (v/v) fetal bovine serum (FBS;
Bovogen, Keilor East, VIC, Australia), 0.01 mg/mL bovine insulin
(Sigma-Aldrich), and 1� penicillin-streptomycin (Pen/Strep; Gibco,
Waltham, MA, USA). The ovarian cancer cell line derived from asci-
tes, MES-OV (CRL-3272), was cultured in McCoy’s 5A medium
(Gibco) containing 10% (v/v) FBS and 1� Pen/Strep.

DNA constructs and lentivirus production

CAR constructs were generated with an scFv for TAG-72 and the len-
tiviral vectors produced as described previously.27,38 Following a con-
ventional human secretion signal leader, the scFv was constructed
with a 15-residue (G4S)3 linker. The CAR constructs were designed
using the hinge and transmembrane regions of human CD8 along
with the cytoplasmic signaling domains of 4-1BB and CD3z. The
P2A sequence, a signal sequence directing proteolytic cleavage, was
used to direct bicistronic expression of EGFP. A second-generation,
self-inactivating bicistronic lentiviral transfer vector was then used
to produce the lentiviral vectors for CAR transduction.39 Briefly,
HEK293T cells were plated onto poly-L-lysine-coated tissue culture
plates (Sigma-Aldrich). The lentiviral transfer vector DNA, together
with packaging and envelope plasmid DNA, was then transfected
with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). Viral
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supernatant was collected after 48 h and cleared by centrifugation, fol-
lowed by 0.45-mm filtration (Millipore, Burlington, MA, USA). Con-
centration of lentivirus was performed using a SORVALL Discovery
100 SE ultracentrifuge (90 min at 20,000 � g; Kendro, Newtown, CT,
USA). The resultant virus pellets were resuspended in Dulbecco’s PBS
(dPBS; Life Technologies, Carlsbad, CA, USA) and stored at �80�C
until use.

CAR-T cell production

The timeline for production of CAR-T cells is summarized in Fig-
ure 1A. Specifically, primary human T cells were isolated from fresh
healthy donor whole blood or buffy coat samples obtained from
Australian Red Cross Lifeblood (as non-conforming/discarded mate-
rial not suitable for clinical purposes). All donors provided informed
consent prior to collection. The study was conducted in accordance
with the Declaration of Helsinki and approved by Monash Health
16055A (Development of Novel Immunotherapies for Cancer, May
10, 2016). From whole-blood samples, peripheral blood mononuclear
cells (PBMCs) were isolated by Ficoll-Paque Plus (Cytiva, Bucking-
hamshire, UK) centrifugation using Leucosep tubes (Greiner Bio-
One, Kremsmünster, Austria) as per the manufacturer’s instructions.
Buffy coat samples were first depleted of red cells via red cell lysis. Iso-
lated PBMCs or lysed buffy coat (LBC) samples were then either used
fresh or cryopreserved and thawed prior to use. For activation and
transduction, PBMCs or LBCs were thawed (if required), and
T cells were isolated using CD4 and CD8 microbeads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany) as per the manufacturer’s instruc-
tions with an autoMACS Pro (Miltenyi Biotec). Isolated CD4+ and
CD8+ cells were then activated using TransAct reagent (Miltenyi Bio-
tec) according to the manufacturer’s instructions. In brief, cells were
incubated with 1/100 dilution of TransAct for a total of�72 h at 37�C
and 5% CO2 in T cell activation medium (TexMACS medium, Milte-
nyi Biotec) with 5% (v/v) human AB serum (hAB; Sigma-Aldrich)
with IL-2, where, for the first 24 h of activation, 20 IU/mL IL-2
(Miltenyi Biotec) was added. Following the initial 24 h, the T cell
suspension was transferred to plates coated with RetroNectin
(Takara Bio, Kusatsu, Japan) with lentiviral particles in the presence
of 100 IU/mL IL-2. After 72 h, the lentivirus and activation medium
were removed via centrifugation, and T cell expansion continued in
complete T cell expansion medium comprising IL-2, IL-7, IL-15,
IL-21 (Miltenyi Biotec), hAB serum, and Stemulate (Sexton Biotech-
nologies, Indianapolis, IN, USA) in TexMACS. On day 5 of culture,
CRISPR-Cas9 genome editing was performed as outlined below.
T cell expansion was continued for up to 14 days. Activated but
non-transduced T cells were maintained in parallel for all donors
analyzed.

gRNA and RNP formation

Lentiviral CAR-transduced T cells were washed with dPBS for Cas9
ribonucleoprotein (RNP) nucleofection. CRISPR RNAs (crRNAs)
and trans-activating crRNAs (Synthego, Redwood City, CA, USA
or Integrated DNA Technologies, Coralville, IA, USA) were annealed
to form the full-length gRNAs as described previously.16,40 Cas9
RNPs were prepared before transfection by incubating Cas9 protein
with the full-length gRNAs at a 1:2 ratio at room temperature for
10–20min. To transfect the Cas9 RNP, T cells were electroporated us-
ing the 4D-Nucleofector device (Lonza, Basel, Switzerland). Two days
after T cell activation was the time point used to verify gRNA in acti-
vated T cells in preliminary experiments. To generate gene KO
CAR-T cells, RNP nucleofection was performed on day 5 of culture.

CRISPR indel analysis

The efficacy and mutation spectrum of CRISPR-Cas9 genome editing
was analyzed by the Inference of CRISPR Edits (ICE) assay.41 The to-
tal indel frequency reflects the editing efficiency (percentage of the
edited sample with a non-wild-type sequence); it is determined by
comparing the edited trace to the control trace. The KO frequency
is the proportion of cells with either a frameshift or 21+ bp indel,
likely to result in a functional KO of the targeted gene. Genomic
DNA was extracted from cells 4 days after electroporation using the
NucleoSpin Blood DNA Mini Kit (Macherey-Nagel, Düren, Ger-
many) according to manufacturer’s instructions. Polymerase chain
reaction (PCR) amplicons spanning the gRNA genomic target sites
were generated using Q5 High-Fidelity DNA polymerase (New En-
gland Biolabs, Ipswich, MA, USA). For analyzing genetic modifica-
tion frequencies using ICE, the purified PCR products were Sanger
sequenced and the sequence chromatograms analyzed using the on-
line Synthego ICE Analysis tool (https://ice.synthego.com/#/).

Western blot

Edited T cell pellets were lysed in radio-immunoprecipitation assay
(buffer (Sigma-Aldrich) with a protease inhibitor cocktail (Roche,
Basel, Switzerland) on ice for 10 min. After centrifugation at
10,000 � g for 10 min at 4�C, the lysates were separated by Mini-
PROTEAN TGX precast gels (Bio-Rad Laboratories, Hercules, CA,
USA) and transferred to a polyvinylidene difluoride membrane
(Millipore) using the Mini-PROTEAN Tetra Cell system (Bio-Rad)
according to the manufacturer’s instructions. Antibodies against
DGKa (Santa Cruz Biotechnology, Dallas, TX, USA) and DGKz
(Sigma-Aldrich) were used as probes. Immune complexes were de-
tected using IRDye secondary antibodies and the Odyssey Imaging
system (LI-COR Biosciences, Lincoln, NE, USA).

Flow cytometry

Transduction efficiency was evaluated at least 11 days following
transduction by flow cytometry using either GFP or goat anti-mouse
F(ab0)2 allophycocyanin (APC; Jackson ImmunoResearch Labora-
tories, West Grove, PA, USA) or anti-FLAG M2-fluorescein isothio-
cyanate (Sigma-Aldrich). The frequency of T cell subsets was deter-
mined by staining for CD3 phycoerythrin (PE; clone REA613),
CD4 VioBlue (clone VIT4), CD8 VioGreen (clone BW135-80),
CCR7 PE-Vio770 (clone REA675), and CD45RO APC (clone
REA611). T cell activation was characterized by staining for histo-
compatibility leukocyte antigen-DR PE-Vio615 (clone REA805)
and CD137 APC (clone REA765). All antibodies were acquired
from Miltenyi Biotec (Bergisch Gladbach, Germany) unless stated
otherwise. Staining was performed at 4�C for 15–30 min. Cells
were then washed with 3% (v/v) FBS in dPBS. Either Viobility
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405/520 dye (Miltenyi Biotec) or propidium iodide (Sigma-Aldrich)
was used to select for viable cells. Data were acquired using the
MACSQuant analyzer 10 (Miltenyi Biotec), and analysis was subse-
quently performed using FlowLogic software (Inivai Technologies,
Mentone, VIC, Australia).

In vitro T cell cytotoxicity assay

The real-time cell analysis instrument xCELLigence (ACEA Biosci-
ences, San Diego, CA, USA) was utilized for the assessment of
T cell function in vitro. Before use, effector cells were transferred to
fresh T cell expansion medium or activation medium comprising
200 IU/mL IL-2 or recovery medium comprising IL-7 in basal me-
dium for 12–24 h. In this instance, basal medium refers to
TexMACS supplemented with 5% (v/v) hAB serum. T cells were
co-cultured with cancer cell lines at an effector to target ratio (E:T)
of 5:1 unless stated otherwise. Target cells were plated for 6–24 h in
96-well electronic microtiter plates (ACEA Biosciences) before addi-
tion of effector cells. Cell impedance was monitored at 15-min
intervals for 20 h from addition of effector cells. All data were normal-
ized to the time of addition of effector cells unless stated otherwise
and are presented here as the arbitrary unit-normalized cell index
(CI). CAR-T cell function was calculated as % cytotoxicity =
([normalized CItarget cells alone – normalized CItest] / normalized
CItarget cells alone) � 100.

Cytokine array

Supernatant samples from T cell functional assays were retained
following 20-h co-culture and frozen at�80�C until required. Super-
natants were subsequently analyzed for secreted human cytokines us-
ing the Bio-Plex Pro Human Cytokine 27-plex Assay according to the
manufacturer’s instructions (Bio-Rad). Plates were read using the
Bio-Plex MAGPIX system (Bio-Rad). Data were acquired using
Bio-Plex Manager MP software and processed using Bio-Plex Data
Pro Plus (both from Bio-Rad).

In vivo tumor studies

All animal experiments were pre-approved by the Monash Medical
Centre Animal Ethics Committee (MMCA/2016/61 and MMCA/
2018/04), and all procedures followed the National Health and Med-
ical Research Council of Australia guidelines for the use and care
of experimental animals. In vivo models were established using fe-
male 6- to 12-week-old NSG mice purchased from Australian
BioResources or bred from in-house colonies (Monash Animal
Research Platform). OVCAR-3 cells (1 � 107) were prepared in
100 mL of PBS combined with an equal volume of Matrigel (Corning
Life Sciences, Corning, NY, USA) and injected s.c. into the back flank.
OVCAR-3 tumors were allowed to reach approximately 150 mm3 in
size before treatment was commenced; on average, this was approxi-
mately 8 weeks. Mice were randomized into experimental groups, and
two injections of 5 � 106 CAR+ T cells/injection were administered
intravenously (i.v.) at 5-day intervals (day 0 and day 5; Figure 4A).
Control mice received unedited T cells at comparable dosages. Tumor
volume and clinical parameters of animal health were monitored
regularly until the experiment end (day 100 following initial CAR-T
10 Molecular Therapy: Oncology Vol. 33 June 2025
cell treatment or tumor volume > 1,000 mm3). Tumors were
measured using digital calipers, and volumes were calculated using:
(length � width � width)/2 (mm3). At the end of experiments,
mice were euthanized by CO2 inhalation.
IHC

S.c. OVCAR-3 tumors from NSG xenograft mice were collected post
euthanasia and immediately fixed in 4% paraformaldehyde (Sigma-
Aldrich), and then IHC was performed by the Monash Histology
Platform (Clayton, VIC, Australia). In brief, formalin-fixed and
paraffin-embedded 4-mm longitudinal sections were stained with pri-
mary antibodies against human-specific TAG-72 (B72.3; Abcam,
Cambridge, UK) and CD3 (F7.2.38, Abcam) alongside hematoxylin
and eosin counterstains using a Dako PT Link and Autostainer (Agi-
lent Technologies, Santa Clara, CA, USA). Images were captured us-
ing the Aperio ScanScope AT Turbo digital slide scanner and associ-
ated ImageScope 12.1 software (both from Leica Biosystems, Wetzlar,
Germany).
Statistical analysis

Data represent mean ± SD from at least three biological replicates un-
less stated otherwise. GraphPad Prism 10 software (GraphPad, Bos-
ton, MA, USA) was used to perform statistical analysis throughout.
Results were analyzed using a Kruskal-Wallis non-parametric test,
one-way ANOVA with Tukey’s multiple comparison test, or log
rank (Mantel-Cox) test as indicated. Statistical significance was
defined as p % 0.05 (*p % 0.05, **p % 0.01, ***p % 0.001, and
****p % 0.0001).
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