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ABSTRACT
Background  Patients with relapsed/refractory T-cell 
malignancies have limited treatment options. The use 
of chimeric antigen receptor (CAR)-T cell therapy for 
T-cell malignancies is challenging due to possible blast 
contamination of autologous T-cell products and fratricide 
of CAR-T cells targeting T-lineage antigens. Recently, 
allogeneic double-negative T cells (DNTs) have been 
shown to be safe as an off-the-shelf adoptive cell therapy 
and to be amendable for CAR transduction. Here, we 
explore the antitumor activity of allogeneic DNTs against 
T-cell malignancies and the potential of using anti-CD4-
CAR (CAR4)-DNTs as adoptive cell therapy for T-cell 
malignancies.
Methods  Healthy donor-derived allogeneic DNTs were 
ex vivo expanded with or without CAR4 transduction. The 
antitumor activity of DNTs and CAR4-DNTs against T-cell 
acute lymphoblastic leukemia (T-ALL) and peripheral 
T-cell lymphoma (PTCL) were examined using flow 
cytometry-based cytotoxicity assays and xenograft models. 
Mechanisms of action were investigated using transwell 
assays and blocking assays.
Results  Allogeneic DNTs induced endogenous antitumor 
cytotoxicity against T-ALL and PTCL in vitro, but high doses 
of DNTs were required to attain therapeutic effects in vivo. 
The potency of DNTs against T-cell malignancies was 
significantly enhanced by transducing DNTs with a third-
generation CAR4. CAR4-DNTs were manufactured without 
fratricide and showed superior cytotoxicity against CD4+ T-
ALL and PTCL in vitro and in vivo relative to empty-vector 
transduced-DNTs. CAR4-DNTs eliminated T-ALL and PTCL 
cell lines and primary T-ALL blasts in vitro. CAR4-DNTs 
effectively infiltrated tumors, delayed tumor progression, 
and prolonged the survival of T-ALL and PTCL xenografts. 
Further, pretreatment of CAR4-DNTs with PI3Kδ inhibitor 
idelalisib promoted memory phenotype of CAR4-DNTs 
and enhanced their persistence and antileukemic efficacy 
in vivo. Mechanistically, LFA-1, NKG2D, and perforin/
granzyme B degranulation pathways were involved in the 
DNT-mediated and CAR4-DNT-mediated killing of T-ALL 
and PTCL.
Conclusions  These results demonstrate that CAR4-
DNTs can effectively target T-ALL and PTCL and support 
allogeneic CAR4-DNTs as adoptive cell therapy for T-cell 
malignancies.

BACKGROUND
T-cell malignancies are hematological 
cancers of the T-cell lineage. Among the 

more aggressive are T-cell acute lympho-
blastic leukemia (T-ALL), accounting for 
15–25% of newly diagnosed ALL cases,1 and 
peripheral T-cell lymphoma (PTCL), repre-
senting 10–15% of non-Hodgkin's lymphoma 
cases.2 The current first-line therapy for 
T-ALL and PTCL is intensive combination 
chemotherapy. However, 20–40% of patients 
with T-ALL and more than 60% of patients 
with PTCL experience refractory or relapsed 
disease with limited second-line treatment 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Chimeric antigen receptor (CAR)-T cell therapy is 
challenging for T-cell malignancies due to possi-
ble blast contamination of autologous T-cell prod-
ucts, alloreactivity of donor-derived cell products, 
and fratricide of CAR-T cells targeting T-lineage 
antigens.

	⇒ Allogeneic double-negative T cells (DNTs) have been 
shown to be safe as an off-the-shelf adoptive cell 
therapy and to be amendable for CAR transduction. 
However, the potential of using allogeneic DNTs and 
CAR-DNTs as an adoptive cell therapy for T-cell ma-
lignancies has not been explored.

WHAT THIS STUDY ADDS
	⇒ This is the first study to demonstrate that alloge-
neic DNTs induce endogenous antitumoral activity 
against T-cell malignancies in an LFA-1 and NKG2D 
dependent manner.

	⇒ Allogeneic CD4-CAR-DNTs can be manufactured 
without fratricide or additional genetic modifications 
to more effectively target CD4+ T-cell malignancies 
in vitro and in xenograft models.

	⇒ CAR4 enables DNTs to use perforin/granzyme B de-
granulation pathway in addition to the endogenous 
LFA-1 and NKG2D dependent mechanisms to target 
T-cell malignancies.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study supports the potential of using allogeneic 
CD4-CAR-DNTs as a novel treatment strategy for T-
cell malignancies and opens up the opportunity of 
using allogeneic DNTs as a vehicle for other avail-
able CARs to target T-cell malignancies.
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options.2 3 Overall, the prognoses of patients with refrac-
tory/relapsed T-ALL or PTCL are dismal, with a reported 
median survival of 5–8 months.2 3

Recently, chimeric antigen receptor-modified T cell 
(CAR-T) therapies targeting B-lineage antigens have 
achieved significant clinical success against B-cell malig-
nancies.4 5 Yet, for T-cell malignancies, the application of 
CAR-T therapies is met with several unique challenges.6 7 
For autologous T-cell therapy, there is a risk of lympho-
blast contamination in T-cell products.6 7 While this 
promotes the use of donor-derived allogeneic T cells for 
therapy, severe toxicities such as graft-versus-host disease 
(GvHD) can arise.6 8 Also, infused donor cells are subject 
to host-rejection by recipient immune cells. Moreover, 
due to the shared expression of T-lineage antigens on 
malignant and effector T cells,6 9 CAR-T cells engineered 
to target T-lineage antigens can undergo self-killing, or 
fratricide, during manufacture without additional gene 
editing to remove the targeted antigens on CAR-T cells, 
limiting their clinical availability.

Current approaches to avoid GvHD and host rejec-
tion in allogeneic CAR-T therapies include knocking-out 
endogenous T-cell receptors (TCRs), human leukocyte 
antigen (HLA) class I molecules, and CD52 from CAR-T 
cells10 or by using donor-derived innate immune cells, 
such as natural killer (NK) cells, as a vehicle for CAR.11 
Nonetheless, both approaches have major drawbacks. 
Introducing multiple genetic modifications is associated 
with the risk of off-target effects,10 a lower yield of CAR-T 
cell products, and a higher cost of production. Innate 
immune cells have been shown to lack persistence and 
long-term efficacy in xenograft models and patients.12

Double-negative T cells (DNTs) are a rare subset of 
mature T cells that express CD3 but not CD4 or CD8.13–18 
DNTs comprise 3–5% of peripheral blood mononuclear 
cells (PBMCs) and can be ex vivo expanded from healthy 
donors under clinically compliant conditions.14 We and 
others demonstrated that ex vivo expanded allogeneic 
DNTs can elicit potent anticancer effects against various 
cancer types.13–15 19 Unlike conventional CD4+ or CD8+ T 
cells, allogeneic DNTs target various cancers without off-
tumor toxicities, including GvHD, and show resistance to 
the alloreactivity of conventional T cells (Tconv) without 
any genetic modifications in preclinical models.13 16 The 
safety and potential efficacy of allogeneic DNT therapy 
for acute myeloid leukemia (AML) have been demon-
strated in a recent phase I clinical trial,18 in which 6 out 
of 10 patients with relapsed AML post allogeneic hema-
topoietic stem cell transplantation achieved complete 
remission following infusion of third-party donor-derived 
DNTs with no signs of GvHD or other >grade 2 treatment-
associated adverse events.18 However, whether DNTs 
can target T-cell malignancies have not been studied 
previously.

DNTs are amendable for CAR-transduction, and anti-
CD19-CAR-DNTs (CAR19-DNTs) elicit potent anticancer 
activity against B-cell malignancies comparable to that of 
CAR19-Tconv while maintaining their safety profile and 

resistance to the alloreactivity of Tconv.20 CD4 is a T-lin-
eage marker reportedly expressed on 45–80% of T-ALL21 
and PTCL.22 CD4 is an attractive candidate antigen for 
CAR-redirected targeting of T-cell malignancies because 
it is not expressed on hematopoietic stem cells, restricting 
the on-target and off-tumor effect of CAR to the T-lineage 
cells. Since DNTs lack CD4 expression, it allows for the 
transduction of CD4-CAR without undergoing fratricide 
during manufacture.

In this study, we evaluated the potential of using DNTs 
as an allogeneic adoptive cell therapy against T-cell malig-
nancies by assessing the endogenous anticancer effects of 
DNTs and the potential of anti-CD4-CAR (CAR4)-DNTs 
against T-ALL and PTCL. DNTs exhibited considerable 
cytotoxicity against T-ALL and PTCL in vitro and in xeno-
graft models. Further, DNTs transduced with anti-CD4-
CARs (CAR4-DNTs) induced superior efficacy against 
T-ALL and PTCL in vitro and in xenograft models relative 
to empty-vector (EV)-transduced DNTs. Mechanistically, 
LFA-1, NKG2D, and perforin/granzyme B pathways were 
significantly involved in CAR4-DNT-mediated killing of 
T-ALL and PTCL. Collectively, these results support the 
use of DNTs as an off-the-shelf allogeneic CAR-T cell plat-
form for T-cell malignancies.

METHODS
Cell lines
CCRF-CEM was obtained from ATCC (American Type 
Culture Collection) and cultured in RPMI (Roswell Park 
Memorial Institute) 1640 medium supplemented with 
10% fetal bovine serum (FBS). KARPAS-299 was obtained 
from Sigma and cultured in RPMI 1640 medium supple-
mented with 20% FBS and 2 mM Glutamine. Phoenix-GP 
cells were generously supplied by Dr Daniel Abate-Daga 
(University of South Florida). Phoenix GP cells20 were 
cultured in DMEM/F12 supplemented with L-glutamine 
and HEPES.

Ex vivo isolation and expansion of DNTs
DNT isolation and expansion were performed as previ-
ously described.13 14 Briefly, healthy donor-derived 
PBMCs were depleted of CD4+ and CD8+ cells using 
CD4-depletion and CD8-depletion cocktails (STEMCELL 
Technologies) and cultured on anti-CD3 antibody-coated 
plates (5 µg/mL; OKT3; Miltenyi Biotec) for 3–4 days 
in RPMI 1640 (Gibco) supplemented with 10% FBS 
and interleukin (IL)-2 (250 IU/mL; Proleukin, Novartis 
Pharmaceuticals). The purity of DNTs was assessed by 
staining cells with fluorochrome-conjugated antihuman 
CD3, CD4, and CD8 antibodies and flow cytometry anal-
ysis. DNTs were used for the production of EV-DNTs and 
CAR4-DNTs, 3–4 days after expansion.

CAR4 retroviral particle production
The anti-CD4 CAR construct CD4 scFv-CD28-41BB-CD3ζ 
CAR (CAR4) was generated in retroviral vector MSGV1, 
and CAR4 retroviral particles were generated as described 
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earlier.20 Briefly, the coding sequence of a single-chain 
variable fragment(scFv) derived from humanized mono-
clonal ibalizumab and the intracellular domains of CD28 
and 4-1BB co-activators fused to the CD3ζ T-cell activa-
tion signaling domain23 was cloned in the MSGV1 retro-
viral vector. One day before transfection, Phoenix-GP 
cells were split and plated on poly-D-lysine-coated plates 
(Corning/WVR). The DNA-Lipofectamine complex was 
prepared in Opti-MEM medium (Gibco) and included 
the RD114 envelope plasmid (Addgene) and CAR4 retro-
viral plasmid. The complex was then added to the plates 
of Phoenix-GP cells, and the first and second viral harvests 
were collected 48 and 72 hours after transfection, respec-
tively. CAR4 retroviral particle harvests were pooled and 
stored at −80°C and then thawed for CAR4 transduction.

CAR4 transduction and expression
Transduction was performed as previously described.20 
Briefly, non-tissue culture-treated plates were coated with 
RetroNectin (5 µg/mL; Takara). On the following day, 
the plates were blocked with 2% bovine serum albumin-
phosphate-buffered saline (PBS), loaded with CAR4 or 
EV retroviral particles, and centrifuged at 3300 rpm for 
2.5–3 hours at 30°C, and the supernatants were discarded. 
DNTs expanded for 3–4 days were resuspended at a 
concentration of 0.25×106 to 0.4×106 cells/mL in RPMI 
1640 medium supplemented with 10% FBS, IL-2 (250 IU/
mL), and anti-CD3 antibody (0.05 µg/mL; OKT3) and 
added to the viral loaded plates. DNTs were split on day 
3 after transduction and every 3–4 days thereafter, where 
fresh RPMI 1640 medium supplemented with 10% FBS, 
IL-2 (250 IU/mL), and soluble anti-CD3 antibody (0.1 ug/
mL; OKT3) were added. DNTs were harvested 10–20 days 
post expansion for subsequent experiments. To evaluate 
the level of CAR4 expression, cells were stained with bioti-
nylated protein L antibody (3 µg/100 µl; Thermo Fisher 
Scientific), followed by phycoerythrin-conjugated strepta-
vidin (2 µg/100 µl; BioLegend), and analyzed by flow 
cytometry.

In vitro cytotoxicity assay
Target cells were labeled with 2 µM PKH26 fluorescent dye 
(Sigma) according to the manufacturer’s instruction and 
cocultured with EV-DNTs and CAR4-DNTs in a 96-well plate 
at various effector-to-target ratios for 2 hours or 24 hours at 
37°C. Subsequently, cells were stained with annexin V, and 
apoptosis of the target cells was analyzed by flow cytometry. 
Per cent specific killing was calculated using the formula: 

‍
%AnnexinV+ with DNT − %AnnexinV+ without DNT

100 − %AnnexinV+ without DNT × 100‍ as 
previously described. For transwell assays, an HTS Tran-
swell 96-well permeable support (Sigma) with 0.4 µm 
pore size was used. For blocking assays, anti-CD18 
(TS1/18, BioLegend), NKG2D (1D11, BioLegend), 
DNAM-1 (DX11, BD Bioscience), TNF-α (MAb11, 
BioLegend), IFN-γ (MD-1, BioLegend), TRAIL (RIK-2, 
BioLegend), and FasL (NOK-1, BioLegend) antibodies 
or immunoglobulin 1 (IgG1) isotype control (QA16A12, 
BioLegend) was added at 10 µg/mL. For blocking assays 

with concanamycin A (CMA), EV-DNTs or CAR4-DNTs 
were treated with CMA (100 nM; Sigma) or dimethyl sulf-
oxide (DMSO) for 30 min prior to use for in vitro cytotox-
icity assay.

Antibodies and flow cytometry
The following antihuman antibodies were used for 
cell staining: CD3-PECy7 or CD3-AF700, CD4-FITC, 
CD8-APC, CD45-PE, CD56-PE, iNKT TCR (Vα24-Jα18 
TCR)-APC, CD45RA-FITC, CD62L-PECy7, TIM3-FITC, 
PD1-APC, LAG3-PECy7, HLA-A2-FITC, HLA-A3-APC, 
HLA-B7-PECy7, and Annexin V-FITC or Annexin V-Pa-
cific Blue and were purchased from BioLegend. Data 
acquisition was performed using either a BD Accuri C6 
Flow cytometer (BD Biosciences) or an Attune NXT 
cytometer (Thermo Fisher). Flow cytometry data were 
analyzed using FlowJo software (Tree Star).

Xenograft models
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (The 
Jackson Laboratory) were housed in the Animal Research 
Centre at University Health Network (UHN). Animals 
used for experiments were age-matched and sex-matched 
and housed in the same animal room. Five to 12 experi-
mental mice per group were used and each experiment 
was done at least two times. The sample size was decided 
to determine the reproducibility and statistical signifi-
cance of the findings. There was no exclusion of exper-
imental mice.

For studies involving leukemia models, 6–12 week-old 
female NSG mice were sublethally irradiated (250 cGy; 
Gammacell 40, Theratonics) 24 hours prior to intrave-
nous injection with 2–5×106 CCRF-CEM cells. Mice were 
randomly allocated to treatment groups. On days 3, 7, and 
10 after CCRF-CEM infusion, mice were intravenously 
treated with various dosages of EV-DNTs, CAR4-DNTs, 
or PBS. Since human DNTs require IL-2 for survival and 
function but do not produce IL-2, mice received 104 IU 
recombinant IL-2 (Proleukin) intraperitoneally at the 
times of T-cell infusion and once a week until the end 
of the experiments. For survival studies, mice were sacri-
ficed when they reached the humane endpoint of 20% 
loss in original body weight. Mouse tissues, including the 
bone marrow, spleen, liver, lungs, and peripheral blood, 
were harvested. Liver and lung tissues were digested with 
collagenase D at 37°C for 30 min, filtered through a 40 µm 
cell strainer, and centrifuged with Ficoll-paque density 
gradient at 1200×g for 20 min. Subsequently, the mono-
nuclear cell layer was collected. All mouse tissues were 
stained with various antihuman antibodies to examine 
T-ALL engraftment and CAR4-DNT persistence by flow 
cytometry.

For studies involving lymphoma models, 6–12 weeks 
old male NSG mice were sublethally irradiated 24 hours 
prior to subcutaneous inoculation with 5×105 KARPAS-
299 cells in a solution of 50% Matrigel (Corning). Mice 
were randomly allocated to treatment groups. On days 7, 
10, and 13 after KARPAS-299 injection, mice were treated 



4 Fang KK-L, et al. J Immunother Cancer 2023;11:e007277. doi:10.1136/jitc-2023-007277

Open access�

with peritumoral injections of 5×106 CAR+ CAR4-DNTs, 
an equivalent number of EV-DNTs, or PBS. Mice received 
104 IU recombinant IL-2 intraperitoneally at the times 
of T-cell infusion and two times a week until the end of 
the experiments. Tumor volume was measured using 
a digital caliper and calculated using the formula: ½ × 
(length × width2). Measurements were conducted in a 
blinded manner. For survival studies, mice were sacrificed 
when they reached the humane endpoint of 1.7 cm3 in 
tumor volume. For investigation of T-cell infiltration into 
tumors, mice were sacrificed on days 17, 22 or 30 after 
KARPAS-299 injection. Excised tumors were digested with 
collagenase D at 37°C for 15 min. Tumor samples were 
stained with various antihuman antibodies to identify 
CAR4-DNT infiltration by flow cytometry.

Mouse sickness scoring
Mouse health was monitored and scored based on the 
sickness criteria used by the UHN animal facility (online 
supplemental table S2).

Mouse tissue fixing, staining, and imaging
Sections of mouse liver tissues were fixed in 10% buff-
ered formalin at the time of sacrifice. Fixed tissues were 
sent to the STTARR Pathology Laboratory at UHN for 
H&E staining. H&E-stained slides were imaged at the 
Advanced Optical Microscopy Facility (AOMF) imaging 
facility at UHN. Image files were viewed and analyzed 
using QuPath software V.0.4.3.

Human samples
Human blood was collected from healthy adult donors 
and patients with T-ALL.

Statistical analysis
All graphs and statistical analyses were generated using 
GraphPad Prism V.9 (GraphPad Software). Data in Results 
were expressed as means and SD or SEM, and error bars 
represent±SD or SEM, as indicated. Two-tailed unpaired 
or paired Student’s t-test, one-way analyses of variance 
(ANOVAs) with multiple comparisons post-test, or two-
way ANOVAs with multiple comparisons post-test were 
performed where applicable. For survival studies, a log-
rank test was used. ns, not significant; *p<0.05; **p<0.01; 
***p<0.001; ****, p<0.0001.

RESULTS
DNTs have endogenous cytotoxicity against T-ALL and PTCL
DNTs effectively and selectively target AML blasts in 
vitro and in vivo.13 14 However, the cytotoxicity of DNTs 
towards T-cell malignancies has not been investigated 
previously. To evaluate the potential of using allogeneic 
DNTs as a new therapy for T-ALL and PTCL, we isolated 
and expanded DNTs from healthy donors using our 
previously developed protocols13 14 (online supplemental 
figure S1). To determine the antileukemic activity of 
DNTs against T-cell malignancies, DNTs were cocultured 
overnight with a T-ALL cell line, CCRF-CEM, a PTCL cell 

line, KARPAS-299, and primary T-ALL blasts from four 
patients. DNTs showed considerable cytotoxicity against 
both CCRF-CEM and KARPAS-299 in a dose-dependent 
manner (figure  1A). Furthermore, DNTs exhibited 
potent cytotoxicity against all four primary T-ALL blasts 
tested but spared normal allogeneic T cells (figure  1B; 
patient with T-ALL characteristics are shown in online 
supplemental table S1).

To examine the ability of DNTs to target T-cell malig-
nancies in vivo, a PTCL xenograft model was established 
by subcutaneously infusing 5×105 KARPAS-299 cells into 
NSG mice. Once palpable tumors were formed, mice 
were treated with three infusions of PBS or 2×107 DNTs 
peritumorally on days 7, 10 and 13 (figure  1C). Treat-
ment with DNTs significantly delayed the tumor growth 
and improved the survival of the lymphoma-bearing mice 
(figure  1D,E). Together, these results demonstrate that 
DNTs have endogenous antitumoral activity against T-cell 
malignancies in vitro and in vivo. However, DNTs were 
unable to completely eliminate T-ALL and PTCL cell 
lines and primary T-ALL blasts in vitro after overnight 
incubation. Moreover, high doses of DNTs were used to 
attain therapeutic effect against T-cell tumors in vivo. 
These results suggest the need to further improve the 
potency of the anticancer activity of DNTs against T-cell 
malignancies.

CAR4-DNTs are superior to non-transduced DNTs at targeting 
T-ALL and PTCL in vitro
To improve the potency of DNTs against CD4+ T-cell 
cancers, we developed anti-CD4-CAR-DNTs (CAR4-
DNTs). Healthy donor-derived DNTs were transduced 
with a retroviral vector expressing a third generation 
CD4 scFv-CD28-41BB-CD3ζ CAR (CAR4). An average 
transduction efficiency of 52.54±3.37% was achieved with 
DNTs obtained from 11 healthy donors (figure 2A), and 
CAR4 expression was maintained on DNTs until at least 
18 days after transduction (figure 2B). To compare the 
degree of fratricide, DNTs and Tconv were transduced 
with CAR4 or EV control. After the transduction, a signifi-
cantly lower total cell number and frequency of CD4+ 
cells were obtained from CAR4-Tconv culture than that of 
EV-Tconv (figure 2C,D, online supplemental figure S2). 
In contrast, CAR4-DNTs maintained CD4−CD8− pheno-
type and showed a comparable cell count to EV-DNTs 
(figure 2C,D, online supplemental figure S2), supporting 
that CAR4-DNTs can be manufactured without fratricide. 
To compare the expansion profile, EV-DNTs, CAR4-DNTs, 
EV-Tconv, and CAR4-Tconv were expanded for 10 days 
after transduction. EV-DNTs and CAR4-DNTs showed 
similar fold expansion and yield, whereas CAR4-Tconv 
showed a lower fold expansion and yield compared with 
EV-Tconv (online supplemental figure S3). CAR4-DNTs 
showed a higher fold expansion and a similar yield per 
milliliter of blood compared with CAR4-Tconv (online 
supplemental figure S3).

To see if CAR4-transduction changed the nature of 
DNTs, phenotype and expansion profile of CAR4-DNTs 
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were determined relative to EV-DNTs. CAR4-DNTs 
retained similar phenotype (figure  2E), expansion 
kinetics (figure  2F), and memory status (figure  2G) as 
EV-DNTs during the 2 weeks of expansion. In addition, 
CAR4-DNTs and EV-DNTs expressed similar levels of 
exhaustion markers, TIM3, LAG3, and PD1, (figure 2H) 
during expansion, indicating no signs of DNT exhaustion 
due to the tonic signals from the CAR.

To evaluate the potency of the antileukemic activity 
of CAR4-DNTs, CAR4-DNTs from four different donors 

were cocultured with CCRF-CEM at varying effector-to-
target ratios. CAR4-DNTs derived from different donors 
showed a similar dose-dependent killing of the leukemia 
target (figure 2I). CAR4-DNTs and CAR4-Tconv derived 
from the same donor showed similar levels of cytotox-
icity against CCRF-CEM (online supplemental figure 
S4). To further determine the ability of CAR4-DNTs 
against different T cell leukemia targets, EV-DNTs and 
CAR4-DNTs were cocultured with CD4+ T-ALL cell line, 
CCRF-CEM, CD4+ PTCL cell line, KARPAS-299, and 

Figure 1  DNTs have endogenous cytotoxicity against T-ALL and PTCL. (A) DNTs were cocultured with T-ALL cell line, CCRF-
CEM (circles), and PTCL cell line, KARPAS-299 (squares), overnight at indicated effector-to-target ratios. Per cent specific 
killing of the target is shown. Dots represent mean per cent specific killing of triplicates and error bars represent SD. The 
experiment was independently performed three times, and representative data are shown. (B) DNTs were cocultured overnight 
with primary T-ALL blasts from four patients or normal allogeneic T cells obtained from healthy donors (AlloT) at a 4:1 effector-
to-target ratio. Each experiment was done in technical duplicates using DNTs obtained from two different donors. Column bars 
represent mean per cent specific killing of each target and error bars represent SEM. Numbers on the x-axis represent patient 
sample identifications. One-way ANOVA Dunnett’s multiple comparisons test was used for statistical analysis. (C) Schematic 
outline of in vivo experiments. NSG mice were sublethally irradiated (250 cGy) on day −1 and subcutaneously (s.c.) injected 
with 5×105 KARPAS-299 cells on day 0. On days 7, 10, and 13, mice received PBS or 2x107 DNTs via peritumoral injections. 
All mice received intraperitoneal (i.p.) injections of IL-2 two times a week. (D) Mean tumor volumes of KARPAS-299-engrafted 
mice treated with PBS (black, n=5) or DNTs (blue, n=10) are shown. Error bars represent SEM. Two-way ANOVA was used 
for statistical analysis. (E) Kaplan-Meier curve showing the per cent survival of KARPAS-299-engrafted mice treated with 
PBS (black, n=5) or 2x107 DNTs (blue, n=9). Log-rank test was used for statistical analysis. *p<0.05; ***p<0.001; ****p<0.0001. 
ANOVA, analysis of variance; DNTs, double-negative T cells; IL, interleukin; PBS, phosphate-buffered saline; PTCL, peripheral 
T-cell lymphoma; T-ALL, T-cell acute lymphoblastic leukemia
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CD4+ primary T-ALL blasts from five patients. CAR4-
DNTs showed superior cytotoxicity against CCRF-CEM, 
KARPAS-299, and all five primary T-ALL blasts compared 
with EV-DNTs (figure  2J–L). After a 2-hour incubation, 
the average specific killing across the five primary T-ALL 
blasts was 76.53±2.00% by CAR4-DNTs compared with 
19.78±2.14% by EV-DNTs (figure 2M).

To assess off-tumor toxicity, EV-DNTs and CAR4-
DNTs were cocultured with normal allogeneic PBMCs 
containing CD4+ and CD4− cells. Compared with 
EV-DNTs, CAR4-DNTs induced a higher level of cytotox-
icity against normal CD4+ cells, but not against normal 
CD4− cells (online supplemental figure S5), showing that 
CAR4-DNTs selectively target CD4+ cells. Collectively, 
these results demonstrate that DNTs can be successfully 
transduced with CAR4 to better target CD4+ T-ALL and 
PTCL in vitro.

CAR4-DNTs can effectively target T-ALL and PTCL in xenograft 
models
In light of the potency of CAR4-DNTs against T-cell 
malignancies in vitro, we next investigated the efficacy of 
CAR4-DNTs against T-ALL and PTCL in vivo. To assess the 
efficacy of CAR4-DNTs against T-ALL in vivo, a previously 
reported xenograft model of disseminated T-ALL24–26 was 
used. Briefly, NSG mice were intravenously administered 

with 2–5×105 CCRF-CEM cells, and subsequently treated 
systemically with a single dose of PBS, 0.5×106 or 2×106 
CAR4-DNTs, or the equivalent number of EV-DNTs 
(figure  3A). At this reduced cell dose, EV-DNTs failed 
to prolong the survival of the leukemia-bearing mice. 
In contrast, treatment with CAR4-DNTs significantly 
improved the survival of the leukemia-bearing mice in a 
dose-dependent manner compared with PBS and EV-DNT 
treated mice (figure 3B). CCRF-CEM mice treated with 
one dose versus three doses of 2×106 CAR4-DNTs achieved 
similar survival (online supplemental figure S6).

To examine the ability of CAR4-DNTs to infiltrate 
organs in disseminated T-ALL, the number of infiltrating 
DNTs was measured in the bone marrow, spleen, liver, 
and lungs of the leukemia-bearing mice on day 32. A 
mismatched HLA, HLA-A2, between CCRF-CEM and 
DNTs was used to identify DNTs (online supplemental 
figure S7). CAR4-DNTs were detected in all organs exam-
ined while EV-DNTs were not detected (figure  3C,D), 
suggesting that CAR4-DNTs can better infiltrate organs 
and persist to target T-ALL compared with EV-DNTs.

To assess the safety of CAR4-DNTs, the body weight 
change and health condition of the leukemia-bearing 
mice were monitored. Health condition was scored based 
on weight loss, posture, activity loss, fur loss, scruffiness, 

Figure 2  CAR4-DNTs are able to target CD4+ T-ALL and PTCL in vitro. (A) Donor-derived DNTs were transduced with a 
retroviral vector expressing CAR4 or an EV control. Three days after transduction, the expression of CAR4 on DNTs was 
measured by protein L. Left: Representative histogram showing the protein L staining on EV-DNTs (black) and CAR4-DNTs 
(gray). Right: Summary of CAR4 expression level on CAR4-DNTs from 11 independent experiments. Each dot represents 
transduction efficiency of DNTs from an individual donor. Horizontal line represents the mean, and error bars represent SEM. 
(B) Expression of CAR4 measured on DNTs over the course of 18 days after transduction (n=3) from three independent 
experiments. (C–D) DNTs and Tconv derived from the same donors (n=3) were transduced with EV and CAR4. Four days 
after transduction, cell counts and expression of CD4 and CD8 on transduced T cells were measured by flow cytometry. 
(C) Bar graphs showing cell counts of CAR4-DNTs and CAR4-Tconv relative to their EV-transduced counterparts. Error bars 
represent SEM. Two-way ANOVA Tukey’s multiple comparison test was used for statistical analysis. (D) Representative flow 
plots showing the frequencies of CD4+ and CD8+ T cells within each transduced T-cell population. (E) Ex vivo expanded EV-
DNTs and CAR4-DNTs were stained with anti-CD3, anti-CD4, and anti-CD8 antibodies and analyzed by flow cytometry. Data 
shown are representative of three independent experiments. (F) EV-DNTs or CAR4-DNTs were expanded for 10 days (n=4) in 
four independent experiments. Mean fold expansion for EV-DNTs (circles) or CAR4-DNTs (squares). Error bars represent SEM. 
Two-way ANOVA was used for statistical analysis. (G) Memory status of EV-DNTs (left) and CAR4-DNTs (right) expanded from 
the same donor on day 10 after transduction. Cells were stained with CD45RA and CD62L. Flow plots are representative of 
three independent experiments. (H) Expression of activation and exhaustion markers, CD25, CD69, TIM3, LAG3, and PD1, 
on the surface of EV-DNTs or CAR4-DNTs on day 14 after transduction. Histograms are representative of three independent 
experiments, and numbers represent mean fluorescence intensity. (I) CAR4-DNTs from four different donors were cocultured 
with CCRF-CEM for 2 hours at indicated effector-to-target ratios. Per cent specific killing of the target is shown. Symbols 
represent mean per cent specific killing of triplicates, and error bars represent SD. (J and K) EV-DNTs (circles) or CAR4-DNTs 
(squares) were cocultured with T-ALL cell line, CCRF-CEM (J), or PTCL cell line, KARPAS-299 (K), for 2 hours at indicated 
effector-to-target ratios. Per cent specific killing of the target is shown. The experiment was independently performed seven 
(J) or three (K) times each with triplicates, and representative data are shown. Two-way ANOVA was used for statistical analysis. 
(L) EV-DNTs (white bars) and CAR4-DNTs (black bars) were cocultured with five primary T-ALL blasts for 2 hours at a 2:1 
effector-to-target ratio. Per cent specific killing of T-ALL blasts is shown. Data represent mean per cent specific killing of the 
target using DNTs obtained from two different donors. Each experiment was done in technical duplicates. Error bars represent 
SEM. Numbers on the x-axis represent patient sample identifications. Two-way ANOVA Sidak’s multiple comparison test was 
used for statistical analysis. (M) Comparison of specific killing of the five primary T-ALL samples by EV-DNTs and CAR4-DNTs. 
Dots represent per cent specific killing, horizontal lines represent the mean, and the error bars represent SEM. Paired t-test was 
used for statistical analysis. *p<0.05; ***p<0.001; ****p<0.0001. ANOVA, analysis of variance; CAR4, CD4-CAR; DNTs, double-
negative T cells; EV, empty-vector; PTCL, peripheral T-cell lymphoma; T-ALL, T-cell acute lymphoblastic leukemia; TCM, central 
memory T cell; Tconv, conventional T cells; TEM, memory T cells; TEMRA, terminally differentiated effector memory T cells; 
Tnaïve/SCM, naïve/stem cell memory T cell.

https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277


8 Fang KK-L, et al. J Immunother Cancer 2023;11:e007277. doi:10.1136/jitc-2023-007277

Open access�

Figure 3  (Continued)



9Fang KK-L, et al. J Immunother Cancer 2023;11:e007277. doi:10.1136/jitc-2023-007277

Open access

and skin loss according to mouse sickness criteria (online 
supplemental table S2). Untreated and EV-DNT-treated 
mice showed comparable trends of body weight loss and 
sickness scores (online supplemental figures S8 and S9). 
CAR4-DNT-treated mice had significantly delayed body 
weight loss and change in sickness scores, suggesting 
that the treatment delayed leukemia progression 
(online supplemental figures S8 and S9). At the humane 
endpoint, the liver of the leukemia-bearing mice was 
examined by histology and flow cytometry. A mismatched 
HLA, HLA-B27, between CCRF-CEM and DNTs was used 
to distinguish the cells (online supplemental figure S10). 
H&E staining showed lymphocytic blast infiltration in the 
liver for all treatment groups, among which CAR4-DNT-
treated mice showed the least amount of blast infiltration 
(figure  3E). This is consistent with the flow cytometry 
data, where CCRF blasts were detected in the liver for all 
treatment groups (online supplemental figure S11). No 
signs of tissue damage were observed in the liver histology 
of any treatment groups (figure 3E).

Next, to determine the ability of CAR4-DNTs to target 
PTCL in vivo, KARPAS-299-engrafted mice were treated 
peritumorally with three doses of PBS, 5×106 CAR4-DNTs, 
or an equivalent number of EV-DNTs, according to the 
schedule shown in figure 1C. While EV-DNTs moderately 
alleviated tumor burden and improved survival compared 
with PBS, CAR4-DNTs conferred superior delay in tumor 
growth and significantly extended the survival of the 

lymphoma-bearing mice compared with both PBS and 
EV-DNT treated group. (figure 3F,G).

In order to investigate the ability of CAR4-DNTs to 
infiltrate tumors, tumors were excised from lymphoma-
bearing mice on various days and the number of tumor 
infiltrating DNTs was measured. Mismatched HLA, HLA-
B7, between KARPAS-299 and DNTs was used to identify 
DNTs (online supplemental figure S12). CAR4-DNTs were 
detectable in the tumors on days 17, 22 (online supple-
mental figure S13) and 30 (figure  3H), while EV-DNTs 
were not detected.

To evaluate the safety of CAR4-DNTs, the body weight 
and health condition of the lymphoma-bearing mice were 
monitored. For all treatment groups, the body weight 
(online supplemental figure S14) and health condi-
tion (online supplemental figure S15) remained stable 
throughout the experiment, suggesting that infusion of 
CAR4-DNTs is safe as shown in CAR19-DNTs.20 Together, 
these results demonstrate that CAR4-DNTs can effectively 
and safely target T-ALL and PTCL in vivo and exhibit 
better tumor infiltration and persistence compared with 
EV-DNTs.

PI3Kδ inhibitor can further improve the persistence and 
function of CAR4-DNTs in vitro and in vivo in T-ALL model
Exhaustion and limited persistence of CAR-T cells are 
major issues that hinder the therapeutic effects of CAR-T 
cells. Here, the effect of CAR4-DNTs on T cell tumor 

Figure 3  CAR4-DNTs can target CD4+ T-ALL and PTCL in xenograft models. (A) Schematic outline of in vivo experiments. 
NSG mice were sublethally irradiated (250 cGy) on day −1 and intravenously (i.v.) injected with 2–5×105 CCRF-CEM cells on day 
0. On days 3, mice were i.v. treated with PBS or various dosages of EV-DNTs or CAR4-DNTs. All mice received intraperitoneal 
(i.p.) injections of IL-2 one time per week. Mice were sacrificed when they reached the end point of the survival experiment. 
(B) Kaplan-Meier curve showing the per cent survival of CCRF-CEM-engrafted mice treated with PBS (black, n=9), 0.5×106 
(yellow, n=5), 2×106 (red, n=9) CAR+ CAR4-DNTs, or 2×106 EV-DNTs (blue, n=12). Data are summary of three independently 
performed experiments. Log-rank test was used for statistical analysis. (C) CCRF-CEM engrafted mice were sacrificed on 
day 32 and bone marrow was examined. DNTs were identified via staining with anti-CD45 and anti-HLA-A2 antibody. Left: 
Representative flow plots for CD45 and HLA-A2 staining of bone marrow cells from untreated, EV-DNT-treated, and CAR4-DNT-
treated mice on day 32. CCRF-CEM cells are HLA-A2−; an HLA-A2+ donor was used to manufacture EV-DNTs and CAR4-DNTs. 
Right: Number of DNTs detected by flow cytometry on day 32. Each dot represents the DNT count per million cells in the bone 
marrow of one mouse, horizontal line represents the mean, and error bar represents SEM. One-way ANOVA Tukey’s multiple 
comparison test was used for statistical analysis. (D) Number of DNTs in the spleen, liver, and lungs of CCRF-CEM engrafted 
mice on day 32 as detected by flow cytometry. Each dot represents the DNT count per million cells in the spleen (left), liver 
(middle), or lung (right) of one mouse, horizontal line represents the mean, and error bar represents SEM. One-way ANOVA 
Tukey’s multiple comparison test was used for statistical analysis. (E) Representative images (×20 magnification) of H&E-stained 
slides of liver sections taken from CCRF-CEM engrafted mice in PBS (left), EV-DNT (middle), or CAR4-DNT (right) treatment 
group (n=2 per group) at the endpoint of the experiment, showing tissue histology and lymphocytic blast infiltration (black 
arrow). (F) Tumor volume of KARPAS-299-engrafted mice treated with PBS (black, n=7), CAR4-DNTs (red, n=7), or EV-DNTs 
(blue, n=6). Dots represent mean tumor volume and error bars represent SEM. Two-way ANOVA Tukey’s multiple comparison 
test was used for statistical analysis. (G) Kaplan-Meier curve showing the per cent survival of KARPAS-299-engrafted mice 
treated with PBS (black, n=7), CAR4-DNTs (red, n=7), or EV-DNTs (blue, n=5). Log-rank test was used for statistical analysis. 
(H) KARPAS-299 engrafted mice were sacrificed on day 30. Tumors were excised and KARPAS-299 cells were identified 
via staining with anti-HLA-B7 antibody. Left: Representative flow plots for CD3 and HLA-B7 staining of tumor samples from 
untreated, EV-DNT-treated, and CAR4-DNT-treated mice on day 30. KARPAS-299 cells are HLA-B7+; an HLA-B7− donor was 
used to manufacture EV-DNTs and CAR4-DNTs. Right: Number of DNTs detected by flow cytometry on day 30. Each dot 
represents the DNT count in the tumor sample of one mouse, horizontal line represents the mean, and error bar represents 
SEM. One-way ANOVA Tukey’s multiple comparison test was used for statistical analysis. *p<0.05; **p<0.01; ***p<0.001; 
****p<0.0001. ANOVA, analysis of variance; CAR4, CD4-CAR; DNTs, double-negative T cells; EV, empty-vector; HLA, human 
leukocyte antigen; IL, interleukin; PBS, phosphate-buffered saline; PTCL, peripheral T-cell lymphoma; T-ALL, T-cell acute 
lymphoblastic leukemia.

https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277


10 Fang KK-L, et al. J Immunother Cancer 2023;11:e007277. doi:10.1136/jitc-2023-007277

Open access�

growth was significant but limited (figure 3B and D). PI3Kδ 
inhibitor, idelalisib (Ide), has previously been shown to 
enhance the memory phenotype, in vivo persistence, 
and antileukemic activity of DNTs against AML cells,17 
but its effect on CAR-DNT is not known. With the aim to 
improve the in vivo function of CAR4-DNTs, we assessed 
the effect of Ide on CAR4-DNTs. During the production 
of CAR4-DNTs, culture media were supplemented with 
Ide (CAR4-Ide-DNT). The memory status of CAR4-Ide-
DNTs and CAR4-DNTs were compared. During 2 weeks of 
expansion, higher frequencies of central memory T cell 
(TCM; CD45RA− CD62L+) and naïve/stem cell memory 
T cell (Tnaïve/SCM; CD45RA+ CD62L+) were observed in 
CAR4-Ide-DNTs. In contrast, effector memory T cells 
(TEM; CD45RA− CD62L−) were the dominant phenotype 
in CAR4-DNTs with an increased frequency of termi-
nally differentiated effector memory T cells (TEMRA; 
CD45RA+ CD62L−) (figure 4A).

CAR4-DNTs and CAR4-Ide-DNTs mediated similar 
levels of cytotoxicity against the targets (figure  4B), 
demonstrating that Ide does not affect their cytotoxic 
activities. To mimic in vivo prolonged tumor antigen 
exposure, the ability of CAR4-DNTs and CAR4-Ide-DNTs 
to target CCRF-CEM cells on repeated exposures was 
assessed by adding fresh CCRF-CEM cells every 24 hours 
to CAR4-DNT or CAR4-Ide-DNT culture. CAR4-Ide-DNTs 
maintained the ability to specifically kill more than 88% 
CCRF-CEM cells for at least 12 rounds of tumor stimu-
lation, whereas specific killing by CAR4-DNTs started to 
significantly decline after five rounds and showed negli-
gible killing against CCRF-CEM cells added on the 12th 
round (figure 4C). Prior to the last round of CCRF-CEM 
exposure, a higher number of persisting CAR4-Ide-
DNTs was found in the culture compared with CAR4-
DNTs (online supplemental figure S16). These results 
suggest that CAR4-Ide-DNTs can mediate a more durable 
response against T-ALL cells with continuous exposure to 
the tumor.

To evaluate the in vivo potency of CAR4-Ide-DNTs, 
CCRF-CEM-engrafted NSG mice were treated with 
three doses of PBS, CAR4-DNTs, or CAR4-Ide-DNTs 
(figure 4D). Treatment with CAR4-Ide-DNTs significantly 
improved the survival of mice relative to untreated and 
CAR4-DNT treated mice (figure  4E). In the peripheral 
blood, CAR4-Ide-DNT-treated mice showed higher levels 
of DNT counts and reduced CCRF-CEM cell counts 
compared with untreated and CAR4-DNT-treated mice 
after CCRF-CEM infusion (figure 4F and G).

To further compare antileukemic efficacy, CCRF-CEM-
engrafted mice were treated with CAR4-Ide-DNTs or 
CAR4-Ide-Tconv derived from the same donor according 
to the schedule depicted in figure  4D. Both CAR4-Ide-
DNTs and CAR4-Ide-Tconv reduced leukemic load (online 
supplemental figure S17) and prolonged the survival 
(online supplemental figure S18) of leukemia bearing 
mice to a similar degree compared with untreated mice. 
However, CAR4-Ide-Tconv-treated mice showed possible 

signs of acute GvHD 10 days post CAR-T cell infusion, 
as evident by greater body weight loss and higher sick-
ness scores compared with untreated and CAR4-Ide-DNT 
groups (online supplemental figure S19).

At the humane endpoint, leukemic cells were detected 
in the bone marrow, spleen, liver, and lungs for all treat-
ment groups. Unlike the untreated mice, CD4-negative 
CCRF-CEM cells were detected in both CAR4-DNT-treated 
and CAR4-Ide-DNT-treated mice (figure 4H), suggesting 
a CD4 downregulation in CCRF-CEM cells after encoun-
tering CAR4-DNTs. When CD4+ and CD4− CCRF-CEM 
cells were harvested from mice and cocultured with 
fresh EV-DNTs or CAR4-DNTs, a high degree of cytotox-
icity toward CD4+ CCRF-CEM cells, and a low degree of 
cytotoxicity toward CD4− CCRF-CEM cells were observed 
in CAR4-DNT cocultures (online supplemental figure 
S20). CAR4-DNTs and EV-DNTs elicited low but compa-
rable levels of cytotoxicity against CD4− CCRF-CEM cells 
(online supplemental figure S20), suggesting that CD4− 
CCRF-CEM cells remain susceptible to endogenous DNT 
cytotoxicity but are resistant to CAR4-mediated effects. 
Combined, these results demonstrated that the in vivo 
function of CAR4-DNTs can be improved by Ide and that 
T-ALL cells can evade CAR4-mediated immunity through 
antigen escape.

CAR4-DNTs target T-cell malignancies through LFA-1, NKG2D, 
and perforin/granzyme B degranulation pathway
To elucidate the mechanisms involved in EV-DNT-
mediated and CAR4-DNT-mediated killing of T-cell malig-
nancies, we first determined the importance of direct 
contact between EV-DNTs or CAR4-DNTs and T-ALL and 
PTCL through transwell assays. CCRF-CEM and KARPAS-
299 were cocultured with EV-DNTs or CAR4-DNTs in 
the top compartment, and tumor cells alone were in the 
bottom compartment. While EV-DNTs and CAR4-DNTs 
effectively killed CCRF-CEM and KARPAS-299 in the top 
compartment, no significant killing of either target was 
shown in the bottom compartment relative to controls 
with only media in the top compartment and target cells 
in the bottom compartment (figure 5A). This indicates 
that EV-DNTs and CAR4-DNTs induce cytotoxicity against 
T-ALL and PTCL largely in a contact-dependent manner.

DNTs can kill different types of cancers using different 
mechanisms.14 15 19 To determine the mechanisms used 
by CAR4-DNTs to kill T-cell tumors, we first stained 
a panel of molecules that are known to be involved in 
DNT-mediated killing of AML and lung cancers.14 15 We 
found that EV-DNTs and CAR4-DNTs express high levels 
of lymphocyte function-associated antigen-1 (LFA-1) 
subunits, CD11a and CD18, natural killer group 2D 
(NKG2D), DNAX accessory molecule-1 (DNAM-1), 
and granzyme B (figure  5B). Next, to investigate the 
involvement of these molecules in EV-DNT-mediated 
and CAR4-DNT-mediated killing of T-ALL and PTCL, an 
in vitro cytotoxicity assay was conducted using EV-DNTs 
and CAR4-DNTs against CCRF-CEM, KARPAS-299, 
and primary T-ALL blasts in the presence of blocking 
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antibodies against these molecules. Relative to isotype 
controls, LFA-1 and NKG2D blocking significantly inhib-
ited specific killing of CCRF-CEM, KARPAS-299, and 
primary T-ALL blasts by both EV-DNTs and CAR4-DNTs 
(figure 5C). DNAM-1 and tumor necrosis factor (TNF)-α 
blocking significantly lowered specific killing of KARPAS-
299 by EV-DNTs and CAR4-DNTs (figure 5C). No signifi-
cant inhibition of specific killing was seen with interferon 
(IFN)-γ, Fas ligand (FasL), and TNF-related apoptosis-
inducing ligand (TRAIL) blocking (online supplemental 
figure S21).

To investigate the role of the perforin/granzyme B 
pathway in EV-DNT-mediated and CAR4-DNT-mediated 
killing of T-cell malignancies, EV-DNTs and CAR4-DNTs 
were pretreated with CMA, an inhibitor of degranulation, 
prior to cytotoxicity assays against CCRF-CEM, KARPAS, 
and primary T-ALL cells. CMA significantly reduced 
the specific killing of all targets by CAR4-DNTs but not 
EV-DNTs (figure  5D). This indicates that the perforin/
granzyme B pathway plays an important role in the cyto-
toxic capacity of CAR4-DNTs against T-ALL and PTCL. 
Collectively, these results show that CAR4-DNTs can 
target T-cell malignancies through LFA-1, NKG2D, and 
perforin/granzyme B degranulation pathway, and that 
CAR4 equip DNTs with an additional cytotoxic pathway, 
degranulation-mediated killing, to more effectively target 
T-cell malignancies.

DISCUSSION
Allogeneic DNTs have been shown to be a promising 
candidate for an off-the-shelf adoptive cell therapy for 
AML.13 14 18 Here, we evaluated the potential of allogeneic 
DNTs as a therapy for T-cell malignancies. We showed 
that DNTs induce endogenous cytotoxicity toward T-ALL, 
PTCL, and primary T-ALL blasts in vitro, but high doses 
of DNTs are required to achieve therapeutic efficacy in 
vivo. DNTs were previously shown to be amendable for 
second generation CAR19 transduction and CAR19-
DNTs exhibit potent cytotoxicity against CD19+ B-cell 
malignancies.20 To increase the potency of DNTs against 
T-cell malignancies, we successfully transduced allogeneic 
DNTs with a third generation CAR4 and demonstrated 
that CAR4-DNTs can be manufactured without fratricide 
and have superior cytotoxicity against CD4+ T-ALL and 
PTCL relative to EV-DNTs. CAR4-DNTs eliminated CD4+ 
T-ALL and PTCL cell lines and primary T-ALL blasts in 
vitro, and significantly delayed tumor progression and 
prolonged survival in xenograft models of T-ALL and 
PTCL. Together, these results show the feasibility of using 
DNTs as an allogeneic off-the-shelf therapy for T-cell 
malignancies.

Various molecules are known to be involved in DNT-
mediated killing of cancer.14 15 19 DNTs express activating 
receptors, including NKG2D, DNAM-1, NKp30, and 
membrane TRAIL, which can be used to target AML and/
or lung cancer.14 15 Further, DNTs can secrete cytotoxic 

Figure 4  PI3K inhibitor can further improve the persistence and function of CAR4-DNTs in vitro and in the T-ALL xenograft 
model. (A) Left: Representative flow plots showing the memory status of CAR4-DNTs and CAR4-Ide-DNTs obtained and 
expanded from the same donor over the course of 18 days after transduction. Cells were stained with CD45RA and CD62L. 
Right: Summary bar graph of memory phenotype of CAR4-DNTs and CAR4-Ide-DNTs on day 13 post transduction. Error bars 
represent SEM. Data are representative of two independent experiments. (B) CAR4-DNTs or CAR4-Ide-DNTs were cocultured 
with T-ALL cell line, CCRF-CEM, for 2 hours at a 1:1 effector-to-target ratio. Per cent specific killing of the target is shown. Bars 
represent mean of technical triplicates, and error bars represent SEM. The experiment was independently performed two times, 
and representative data are shown. Two-way ANOVA was used for statistical analysis. (C) CAR4-DNTs (circles) and CAR4-Ide-
DNTs (squares) were cocultured with CCRF-CEM at a 4:1 effector-to-target ratio. Every 24 hours following coculture, per cent 
specific killing of the target was measured, and fresh target cells were added to the coculture at the original effector-to-target 
ratio. Mean per cent specific killing of triplicates are shown and error bars represent SEM. The experiment was independently 
performed two times, and representative data are shown. (D) Schematic outline of experiments. NSG mice were sublethally 
irradiated (250 cGy) on day −1 and intravenously (i.v.) injected with 2–5×105 CCRF-CEM cells on day 0. On days 3, 7, and 10, 
mice were intravenously treated with PBS, or 2×106 CAR+ CAR4-DNTs or CAR4-Ide-DNTs. All mice received intraperitoneal 
(i.p.) injections of IL-2 once per week. Mice were sacrificed when they reached the end point of the survival experiment, and 
cells were harvested from the bone marrow, spleen, liver, and lungs. Human cells were identified via staining with anti-CD45 
antibody. HLA-A2 antibody was used to distinguish between CCRF-CEM cells and donor DNTs; CCRF-CEM cells are HLA-A2− 
and donor DNTs are HLA-A2+. (E) Kaplan-Meier curve showing the per cent survival of CCRF-CEM-engrafted mice treated with 
PBS (black, n=5), CAR4-DNTs (red, n=6), CAR4-Ide-DNTs (green, n=5). Data are representative of two independently performed 
experiments. Log-rank test was used for statistical analysis. (F) DNT cell counts in the peripheral blood of mice 7 days after 
the last infusion with PBS, CAR4-DNTs and CAR4-Ide-DNTs (n=3–4 for each treatment group). Column bars represent mean 
DNT cell count per milliliter of blood of mice, and error bars represent SEM. (G) Left: Representative flow plots for HLA-A2 and 
CD45 staining of blood cells from untreated, CAR4-DNT-treated, and CAR4-Ide-DNT-treated mice 26 days after CCRF-CEM 
engraftment. Right: CCRF-CEM cell counts in the peripheral blood of mice after treatment with PBS, CAR4-DNTs and Ide-
CAR4-DNTs (n=3–4 for each treatment group). Each dot represents mean CCRF-CEM cell count per milliliter of blood of mice on 
each day after CCRF-CEM infusion and the error bars represent SEM. (H) Representative histograms showing CD4 staining of 
CCRF-CEM cells harvested from tissues from untreated, EV-DNT-treated, CAR4-DNT-treated, and CAR4-Ide-DNT-treated mice 
at the end point of the survival experiment. **p<0.01; ***p<0.001; ****p<0.0001. ANOVA, analysis of variance; CAR4, CD4-CAR; 
DNTs, double-negative T cells; HLA, human leukocyte antigen; Ide, idelalisib; IL, interleukin; PBS, phosphate-buffered saline; 
T-ALL, T-cell acute lymphoblastic leukemia; TCM, central memory T cell; TEM, memory T cells; TEMRA, terminally differentiated 
effector memory T cells; Tnaïve/SCM, naïve/stem cell memory T cell.

https://dx.doi.org/10.1136/jitc-2023-007277
https://dx.doi.org/10.1136/jitc-2023-007277
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Figure 5  (Continued)
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molecules, including IFN-γ, soluble TRAIL, and FasL, 
which have been shown to be involved in killing AML, 
lung cancer, and pancreatic cancer, respectively.14 15 19 
Here, we showed that LFA-1, NKG2D, DNAM-1, and/or 
TNF-α are significantly involved in EV-DNT-mediated and 
CAR4-DNT-mediated killing of T-ALL and PTCL. More-
over, perforin/granzyme B pathway plays a significant 
role in the killing of T-ALL and PTCL by CAR4-DNTs. 
In contrast, IFN-γ, TRAIL, and FasL have a minimal 
effect on EV-DNT-mediated and CAR4-DNT-mediated 
killing of T-ALL and PTCL. These results demonstrate 
that different molecules may be used by DNTs to target 
different types of cancer. In addition, CAR-DNTs may 
enhance the endogenous mechanisms of DNTs or enable 
new cytotoxic machinery to better kill malignant T-cell 
targets.

CAR-T cell therapy for T-cell malignancies is associated 
with unique limitations, including potential contamina-
tion of CAR-T cell products with patient-derived malig-
nant T cells, as CAR-transduction of malignant cells has 
been shown to cause antigen-positive relapse.27 In clin-
ical trials, several selection and sorting strategies have 
been used to eliminate malignant T cells from autolo-
gous CAR-T cell products.28 29 However, these strategies 
are often not universally applicable and there is the risk 
of residual malignant cells. To overcome this limitation, 
allogeneic CAR-T cells that lack TCRs, HLA class I and/
or CD52 are manufactured,10 25 30 but multiple genetic 
modifications can be costly and complicated, with risks 
of causing off-target effects and toxicities. In a preclin-
ical study, allogeneic CAR19-DNTs have been shown to 
be a safe off-the-shelf therapy with no observed GvHD 
and other treatment-related toxicities.20 Here, we further 
demonstrated the potential of allogeneic CAR4-DNTs as 
an off-the-shelf CAR-T cell therapy to offer a safer and 
more cost-effective strategy for targeting T-cell malig-
nancies. We showed that allogeneic CAR4-DNTs and 

CAR4-Tconv have similar yield per milliliter of blood and 
antitumor efficacy in vitro and in vivo, while allogeneic 
CAR4-Tconv-treated mice showed possible signs of acute 
GvHD in vivo. We expect that TCR and β2M knockout 
would improve the safety profile of allogeneic CAR4-
Tconv. However, these genetic modifications would likely 
lead to a lower yield, as based on previous publications, 
the expansion fold of CAR-Tconv with TCR and β2M 
knockout was less than one-third of that of non-genome-
edited Tconv.23 31 This, along with the risk of mutagenesis 
and the necessary quality control during multiple genetic 
modifications, highlights the potential manufacturing 
advantage of CAR4-DNTs.

CAR-T cells therapy for T-cell malignancies is further 
challenged by the fratricide of CAR-T cells during manu-
facture, which may result in a lower yield of CAR-T cells 
and CAR-T cell exhaustion due to repeated CAR-mediated 
activation. A current approach to prevent the fratricide of 
CAR-T cells is by knocking out the target T-cell antigen, 
such as CD3, CD5, and CD7, from Tconv prior to CAR-
transduction.24 25 30 However, genetic manipulations of 
common T-lineage antigens can be detrimental to T cells. 
For instance, disruption of the TCR/CD3 complex to 
target CD3+ T-cell malignancies has been shown to nega-
tively affect T-cell proliferation.30 Here, we demonstrated 
that compared with Tconv, DNTs are not affected by frat-
ricide during transduction with CAR4. This study offers a 
strategy to manufacture fratricide-free CAR-DNTs without 
further genetic modifications to target a common T-lin-
eage antigen.

An alternative strategy for developing CAR-based 
therapy for T-cell malignancies involves the use of 
innate immune cells, such as NK cells. NK cells are non-
alloreactive, lack T-lineage antigens, and have endoge-
nous antitumor function. However, donor-derived NK 
cells have been shown to be difficult to expand and more 
resistant to CAR transduction than conventional T cells.32 

Figure 5  Molecular mechanism involved in EV-DNT-mediated and CAR4-DNT-mediated killing of T-cell malignancies. (A) An 
in vitro transwell assay was conducted with a 0.4 µm pore membrane that separates the top and bottom compartments. 
The target cells, CCRF-CEM and KARPAS-299, were cocultured with EV-DNTs (white bars) and CAR4-DNTs (black bars) in 
the top compartment, while only target cells were alone in the bottom compartment. Per cent specific killing of the target 
in each compartment is shown, and error bars represent SEM. The experiment was independently performed two times, 
and representative data are shown. Two-way ANOVA Sidak’s multiple comparison test was used for statistical analysis. 
(B) Representative flow plots showing expression of LFA-1 subunits, CD11a and CD18, NKG2D, DNAM-1, and granzyme B on 
EV-DNTs (blue) and CAR4-DNTs (red). Histograms are representative of two independent experiments. (C) An in vitro cytotoxicity 
assay was conducted using EV-DNTs (white bars) and CAR4-DNTs (black bars) against CCRF-CEM, primary T-ALL blasts, 
and KARPAS-299, in the presence of LFA-1, NKG2D, DNAM-1, or TNF-α blocking antibody, or isotype controls. EV-DNTs and 
CAR4-DNTs were cocultured with the targets for 24 hours. The effector-to-target ratio was 2:1 or 4:1 for EV-DNT cocultures and 
0.2:1 for CAR4-DNT cocultures. Per cent specific killing of the target in the presence of each blocking antibody or the isotype 
control is shown. Error bars represent SEM. Each experiment was done in triplicates, and data are a combination of three 
independently performed experiments. One-way ANOVA Dunnett’s multiple comparisons test was used for statistical analysis. 
(D) EV-DNTs (white bars) and CAR4-DNTs (black bars) were pretreated with DMSO or 100 nM CMA for 30 min and cocultured 
with CCRF-CEM (left), KARPAS-299 (middle), or primary T-ALL blasts (right) for 2 hours at a 2:1 effector-to-target ratio. Per cent 
inhibition of specific killing of targets by CMA pretreated effector cells relative to the DMSO control is shown, and error bars 
represent SEM. Data are a combination of three independently performed experiments. Student’s t-test was used for statistical 
analysis. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. ANOVA, analysis of variance; CAR4, CD4-CAR; CMA, concanamycin A; 
DMSO, dimethyl sulfoxide; DNAM-1, DNAX accessory molecule-1; DNTs, double-negative T cells; EV, empty-vector; LFA-1, 
lymphocyte function-associated antigen-1; NKG2D, natural killer group 2D; PTCL, peripheral T-cell lymphoma; T-ALL, T-cell 
acute lymphoblastic leukemia; TNF-α, tumor necrosis factor-α.
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As a result, all reported CAR-NK cells for T-cell malig-
nancies have used NK-92 cells,26 33–35 which are more 
standardized and susceptible to genetic manipulations. 
Since NK-92 cells are a lymphoma cell line, it requires 
irradiation prior to clinical use, rendering it more short-
lived and limiting its endogenous antitumor function. In 
contrast, donor-derived DNTs can be expanded to ther-
apeutic numbers and the feasibility of using DNT-based 
therapy in clinic has been demonstrated.13 18 Here, we 
demonstrated that CAR4-DNTs retain a similar expansion 
profile as EV-DNTs, supporting the clinical feasibility of 
CAR4-DNT therapy.

CAR-T cell persistence and memory have been asso-
ciated with better outcomes in preclinical and clinical 
studies.36 37 Various methods have been investigated to 
improve CAR-T cell persistence and overcome CAR-T 
cell exhaustion, including altering CAR-T cell metab-
olism.38 39 Previously, PI3K inhibitors, including Ide, 
have been shown to enhance the memory phenotype 
and in vivo efficacy of CAR19-Tconv against chronic 
lymphocytic leukemia.40 41 Further, Ide has been shown 
to improve the persistence, memory phenotype and 
antileukemic function of DNTs against AML.17 Here, 
we showed that pretreatment of CAR4-DNTs with Ide 
can increase their frequencies of TCM and Tnaïve/SCM 
phenotype and improve their antileukemic functions in 
vitro and in the T-ALL xenograft model. These results 
suggest that consistent with previous reports of CAR19-
Tconv, the function of CAR4-DNTs can be augmented 
by Ide. In the xenograft model, three-dose treatment 
schedule was used for CAR4-Ide-DNTs. In the recently 
completed phase I clinical trial using allogeneic DNTs 
to treat patients with relapsed AML, three infusions 
of DNTs were given to patients, and no dose-limiting 
toxicities were observed.18 Once the clinical trial data 
became available, we used the three-dose treatment 
schedule for CAR4-Ide-DNTs as we saw that three doses 
were more relevant clinically.

Antigen-negative relapse has been observed in clinical 
trials following treatment with CAR-T cell therapy for 
B-cell malignancies.42 43 Consistent with prior findings, 
we presently demonstrated that antigen escape is a major 
contributor to leukemia progression in our T-ALL xeno-
graft model. CD4-negative relapse was observed following 
treatment with CAR4-DNTs and CAR4-Ide-DNTs, which 
may be attributed to the survival advantage of CD4-
negative subclone within the T-ALL cell line or CD4-
downregulation or loss. These results suggest the need 
for additional strategies to further improve therapeutic 
efficacy of CAR4-DNTs. Various strategies to overcome 
antigen escape have been examined, including targeting 
more than one antigen through the development of 
bispecific or multispecific CAR-T cells or simultaneous 
or sequential administration of CAR-T cells of different 
specificities.44 45 Further, combination of CAR-T cells 
with other types of therapy, such as radiotherapy, check-
point inhibitors, and vaccines has been suggested to help 
induce epitope spreading and counter antigen escape.40 

These strategies can be further considered for CAR-DNTs 
in order to more effectively target T-cell malignancies.

Since CD4 is expressed on normal peripheral T cells, 
CAR4-DNT therapy may lead to aplasia of CD4+ T cells. 
CAR-target specific T-cell aplasia has been reported in 
clinical trials.28 46–50 In most studies, no unmanageable 
infections are reported.28 46–50 Some studies report that 
T-cell aplasia is transient and resolved within 9 days to 3 
months27 46 48 while other studies show an elevation of 
antigen-negative T cells.47 49 50 However, the function of 
antigen-negative T cells against infections is unclear. We 
showed here that allogeneic CAR4-DNTs do not attack 
CD4− cells. Since CD4 is expressed on a subset of periph-
eral T cells, the extent of T-cell aplasia is expected to be 
limited. Further, various approaches used to mitigate 
on-target-off-tumor toxicities of CAR-T cells, such as engi-
neering a safety switch and using CAR-T cells as a bridge 
to allogeneic hematopoietic stem cell transplantation can 
be considered for CAR4-DNTs in order to limit the side 
effects associated with T-cell aplasia.

In conclusion, we demonstrate that allogeneic DNTs 
have endogenous cytotoxicity against T-cell leukemia 
and lymphoma, and transduction with a third generation 
CAR4 can significantly enhance the antitumor efficacy of 
allogeneic DNTs. CAR4-DNTs are effective against CD4+ 
T-cell malignancies and overcome several limitations of 
allogeneic CAR-T cell therapy for T-cell malignancies. 
These findings open a new window for targeting T-cell 
malignancies using allogeneic DNTs and CAR4-DNTs 
and could be expanded to other available CAR targets to 
target T-cell malignancies.
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