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Abstract: CD19-specific CAR-T immunotherapy has been extensively studied for the treatment of
B-cell lymphoma. Recently, cholesterol metabolism has emerged as a modulator of T lymphocyte
function and can be exploited in immunotherapy to increase the efficacy of CAR-based systems.
Acetyl-CoA acetyltransferase 1 (ACAT1) is the major cholesterol esterification enzyme. ACAT1
inhibitors previously shown to modulate cardiovascular diseases are now being implicated in im-
munotherapy. In the present study, we achieved knockdown of ACAT1 in T cells via RNA interference
technology by inserting ACAT1-shRNA into anti-CD19-CAR-T cells. Knockdown of ACAT1 led to an
increased cytotoxic capacity of the anti-CD19-CAR-T cells. In addition, more CD69, IFN-γ, and GzmB
were expressed in the anti-CD19-CAR-T cells. Cell proliferation was also enhanced in both antigen-
independent and antigen-dependent manners. Degranulation was also improved as evidenced by an
increased level of CD107a. Moreover, the knockdown of ACAT1 led to better anti-tumor efficacy of
anti-CD19 CAR-T cells in the B-cell lymphoma mice model. Our study demonstrates novel CAR-T
cells containing ACAT1 shRNA with improved efficacy compared to conventional anti-CD19-CAR-T
cells in vitro and in vivo.
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1. Introduction

Efforts over the last forty years to develop novel approaches to treat B-cell lymphoma
have proven successful. While most individuals diagnosed with diffuse large B-cell lym-
phoma (DLBCL) can achieve a cure through the conventional rituximab, cyclophosphamide,
doxorubicin, vincristine, and prednisone (R-CHOP) treatment, those who do not respond to
R-CHOP face a bleak prognosis [1–3]. In cases of relapse after first-line therapy, platinum-
based salvage chemotherapy has been used as a second-line therapy but has proved to
have a poor prognosis with a median survival of about 6 months [4–8]. Recently, four
second-generation chimeric antigen receptor (CAR) T cell therapy products tisagenlecleucel,
axicabtagene ciloleucel, brexucabtagene autoleucel, and lisocabtagene maraleucel targeting
CD19 antigen have been approved by the FDA for the treatment of B-cell lymphoma [9,10].

CD19 is a transmembrane protein that takes part in regulating the activation of B-cells
in an antigen-dependent fashion. CD19 is expressed uniformly in every stage of B-cell
differentiation and is also passed during malignant transformation. In more than 95%
of B-cell malignancies, CD19 is expressed [11], whereas, hematopoietic stem cells do not
express CD19, hence making it an excellent target in B-cell pathologies without affecting
other hematopoietic lineages [12].
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CARs expressing co-stimulatory domain 4-1BB have shown great efficacy in the acute
lymphoblastic leukemia xenograft model, and they can produce activity that is antigen-
independent, which contributes to their enhanced activity in vivo. In vitro studies also
demonstrate that the integration of 4-1BB signaling domains boosts CAR response more
proficiently than the CD28 domain [13].

Acetyl-CoA acetyltransferase (ACAT) in the human body catalyzes the conversion
of free cholesterol to cholesterol esters or lipid droplets, which are then deposited in the
cell cytoplasm [14]. In mammals, there are two subtypes of ACAT, ACAT1 and ACAT2.
A recent study indicates the expression of ACAT1 in activated T cells, while ACAT2 was
expressed in negligible amounts. Activated CD8+ T cells synthesize more free cholesterol
to support rapid cell proliferation. Moreover, there is evidence of the involvement of
cholesterol in CD8+ T cell signaling. It has been reported that the plasma membrane
cholesterol level of T cells was upregulated by inhibiting ACAT1 and hence, favored T-cell
signal transduction [15,16]. ACAT1 ablation in CD8+ T cells leads to increased production
of cytotoxic and pro-inflammatory cytokines like IFN-γ, TNF-α, and GzmB [17].

In the present study, we have screened an effective shRNA to knockdown ACAT1
and constructed a lentiviral vector that expressed the shRNA-ACAT1 gene and the second-
generation CAR molecule targeting CD19. Anti-CD19-CAR-T cells with silencing of ACAT1
exhibited an enhanced ability to kill B-cell lymphoma in vitro and in vivo.

2. Materials and Methods
2.1. Cell Lines

HEK293T, Jurkat, Raji, and Daudi cell lines were obtained from ATCC. All cells were
maintained in either DMEM (10% FBS and 1% penicillin/streptomycin) or RPMI 1640
(10% FBS and 1% penicillin/streptomycin) media.

2.2. Antibodies and Reagents

T4 DNA Ligase and QuickCutTM HpaI, XhoI, EcoRI, and AfeI were obtained from
NEB (Ipswich, MA, USA). RNA Extraction Kit, Reverse Transcription Kit, SYBR Premix EX
TaqTM, and PrimeSTAR Max DNA Polymerase were purchased from Takara Biomedical
Technology (Beijing) Co., Ltd. (Beijing, China) SDS-PAGE Gel Rapid Preparation Kit
was obtained from Shanghai Yeasen Biotech Co., Ltd. (Shanghai, China) and Easy II
protein quantification kit was purchased from Beijing Quanshijin Biologivasl Co., Ltd.
(Beijing, China) High Glucose DMEM Medium and RPMI 1640 Cell Culture Media were
GIBCO products (Carlsbad, CA, USA). X-VIVOTM 15 medium was obtained from Lonza
(Basel, Switzerland). Ficoll-Paque for T-cell isolation was obtained from HyClone, Logan,
UT, USA. Human IL-7, IL-15, and IL-21 were purchased from Peprotech (Rocky Hill, CT,
USA). CD4 and CD8 microbeads were purchased from Miltenyi Biotech (Bergisch Gladbach,
Germany). Anti-human CD19-Cy5.5 (Cat # 561295) flow cytometry antibody was obtained
from BD Biosciences (Franklin Lakes, NJ, USA). Anti-human CD69-APC (Cat # 310910),
Anti-human IFN-γ-APC (Cat # 502512) Anti-human GzmB-PE/Cy7 (Cat # 372214), Anti-
human CD107a-PE/Cy7 (Cat # 328618) and Annexin V-APC (Cat # 640920) were purchased
from BioLegend (San Diego, CA, USA).

2.3. Construction of Lentiviral Expression Plasmid and Lentivirus Production

mRNA sequence of the ACAT1 gene (Accession: NM_000019) was attained from
NCBI Genbank database. Three ACAT1-shRNA sequences and a negative control (NC)
sequence were randomly selected from the website of BLOCK-iTTM RNAi designer. These
selected sequences lie in the Open reading frame (ORF) of the gene, have a high GC con-
tent, and their 5′ end started from the “G” nucleotide. The sequences along with their
GC content are as follows: shACAT1-A (5′ GCTTGGTTCCATTGCAATTCA 3′, 42.6%),
shACAT1-B (5′ GGAAATAAGATATGTGGAACG 3′, 38.1%), and shACAT1-C (5′ GGT-
GCAGGAAATAAGATATGT 3′, 38.1%).
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shRNA were ligated into a pLL3.7 vector containing U6 promoter and EGFP. Chimeric
antigen receptor containing scFv of CD19, 4-1BB co-stimulatory domains, and CD3ζ chain
was cloned into the downstream of EF1αpromoter in pLL3.7 lentivirus backbone to generate
CD19-CAR plasmid. After selecting the efficient shRNAs, another lentiviral pLL3.7 vector
encoding CD19-CAR in combination with the ACAT1-shRNA sequence or shRNA-NC
sequence was constructed. All of the plasmids were verified by restriction digestion
method and further confirmed by sequencing analysis. Lentiviruses were produced by
transient transfection of HEK293T cells as described previously [18]. Harvested lentiviral
supernatant underwent ultracentrifugation and was stored at −80 ◦C.

2.4. T Cell Sorting and Activation

Fresh peripheral blood mononuclear cells (PBMCs) were collected under a protocol
approved by the Ethics Committee of East China Normal University, following written
informed consent. PBMCs were isolated from 200 mL blood by using the Ficoll-Paque
PLUS density centrifugation method. Different layers were obtained after centrifugation at
1300 rpm for 10 min. The upper plasma layer was removed and the second lymphocyte
layer was carefully collected and transferred into another 50 mL conical tube. A total of
15 mL of lymphocyte separation solution was added and then centrifuged at 800 rpm. The
supernatant containing platelets was carefully aspirated and the pellet was resuspended
in PBS. After washing twice with PBS, the cells were counted. PBMCs (107) were stained
with 20 µL of CD3 magnetic beads and incubated for 15 min in the incubator. After T cells
were isolated, CD4 and CD8 microbeads were used for T-cell activation. Following 48 h of
activation, T cells were cultured in X-VIVOTM 15 medium containing IL-7, IL-15, and IL-21.

2.5. Cytotoxic Assay

To assess the anti-tumor effect of shACAT1-19CAR-transduced T cells in comparison
to CD19-CAR-transduced T cells, CAR-T cells were co-cultured with 2 × 104 Raji or
Daudi cell lines. Target and effector cells were seeded in a 96-well plate at an E:T ratio
of 1:1. After 16 h of culture, cells were harvested and stained with anti-human CD19-PE
antibody. CD19-positive cells were measured using a flow cytometer and the percentage of
cytotoxicity was calculated.

2.6. Cell Activation, Degranulation, and Cytokine Release Analysis

Non-transduced and CD19-CAR- and shACAT1-19CAR-transduced T cells were co-
cultured with Raji cell lines at an E:T ratio of 1:1 for 4 h in a 24-well plate. After incubation,
the co-cultured cells were washed twice with staining buffer and stained with anti-human
CD69-APC. The samples were analyzed by flow cytometry. After 16 h of co-culture,
cells from experimental cohorts were collected, washed, and either resuspended in 10 µL
fixation and permeabilization solution at 4 ◦C overnight or stained with anti-human
CD107a-PE/Cy7 antibody to measure the CD107a expression. Fixed cells were washed
with 1× washing solution and stained with anti-human IFN-γ-APC and anti-human
GzmB-PE/Cy7 in separate experiments for IFN-γ and GzmB analysis, and subjected to
flow cytometry.

2.7. Cell Proliferation Assay

To evaluate the effect of ACAT1 silencing on CD19-CAR-transduced T-cell prolifera-
tion, 5(6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) staining was used. T cells
(1 × 106) were infected with lentiviruses expressing CD19-CAR and shACAT1-19CAR and
were stained with 2 µM/mL CFSE staining for 10 min in a 37 ◦C incubator. To stop the
reaction, 5 mL RPMI medium (with 10% FBS and 1% P/S) and complete X-VIVO medium
were added to the cells, which were then placed at 4 ◦C for 10 min. After the cells were
cultured at indicated days, the cells were collected and rinsed twice with PBS. CSFE dilution
was analyzed by flow cytometer on day 0 and day 5.
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2.8. qPCR

To evaluate the interference effect of ACAT1 in Jurkat cells or primary T cells, qPCR
was performed. Jurkat or primary T cells (1 × 106) were seeded in a 24-well plate and
infected by lentiviruses expressing ACAT1-shRNAs. After 2 days of infection, the cells were
collected and washed with PBS twice. A total of 1 mL RNAiso Plus was added and total
RNAs were extracted according to the protocol. mRNAs were then reverse transcribed into
cDNA according to the Reverse Transcription Kit instructions and qPCR was performed
with ACAT1-specific primers with GAPDH used as a reference.

2.9. Western Blot

Jurkat cells or primary T cells (1 × 106) were infected with lentiviruses expressing
ACAT1-shRNAs and the cells were collected after 2 days of infection. Cells were washed
with ice-cold PBS then lysed in 200 µL cold RIPA lysis buffer and incubated in ice for
30 min. After centrifugation at 12,000 rpm for 15 min at 4 ◦C, the protein concentration was
determined by Easy II Protein Quantification Kit. Samples were denatured at 100 ◦C for
10 min and electrophoresis was performed on 10% SDS-PAGE. After being transferred to
the nitrocellulose membrane, ACAT1 protein was detected using an antibody (Cat # 44276,
Cell signaling technology, MA, USA or Cat # ab154396, Abcam, Cambridge, UK) and
visualized. β-actin (Cat# 4967, Cell signaling technology) or GAPDH (Cat# 14C10, Cell
signaling technology) was used as a reference.

2.10. Xenogeneic Lymphoma Models

To evaluate the in vivo anti-tumor effect of transgenic CD19-CAR and shACAT1-19CAR
T cells, female 6- to 8-week-old NOD/SCID/γ-chain−/− (NSG) mice were used. Mouse
experiments were performed following the guidelines of the Animal Ethics Committee of
East China Normal University. Briefly, mice were injected subcutaneously with 3 × 105 Raji
cancer cells with Luciferase gene, and IVIS imaging was performed on the 6th day, post-tumor.
CD19-CAR (5 × 106) and shACAT1-19CAR T (5 × 106) cells were injected in mice on the
7th day and weekly IVIS imaging was performed until the 34th day, post-tumor inoculation.

2.11. Statistical Analysis

One-way or two-way ANOVA was used to determine the statistical significance of
differences between samples, and p < 0.05 was accepted as indicating a significant difference.
Survival was plotted using a Kaplan−Meier survival curve and statistical significance was
determined by the Log-rank (Mantel−Cox) test. Prism software version 8.0 (GraphPad,
La Jolla, CA, USA) was used for statistical analysis.

3. Results
3.1. Screening of shRNA to Silence ACAT1 Expression

Downregulation of ACAT1 results in reduced cholesterol esters formation and pro-
duces greater levels of free cholesterol in the cell membranes of T lymphocytes. RNA
interference has been used as a tool to regulate and silence the expression of specific
genes [19]. To knockdown the ACAT1 gene, three different ACAT1 shRNAs (shACAT1-A,
shACAT1-B, and shACAT1-C) and negative control (shRNA-NC) were designed, and
shRNA oligonucleotide was inserted into the pLL3.7 lentiviral vector backbone as ex-
plained in the schematic diagram in Figure 1a. Successful insertion of ACAT1 shRNAs into
pLL3.7 lentiviral vector was confirmed by restriction digestion and further by sequencing.

HEK293T cell line was coinfected with either shACAT1-A, shACAT1-B, or shACAT1-C
plasmids in the presence of packaging plasmid (psPAX-2 and pMD2.G) to generate respective
lentiviruses termed LV-shACAT1-A, LV-shACAT1-B, LV-shACAT1-C, and LV-shRNA-NC. More
than 8 × 106 TU/mL virus titer was observed in all four shRNA-expressing lentiviruses and was
used directly to transduce Jurkat cells yielding 99% efficiency (Supplementary Materials Figure S1).
After 48 h, the cells were collected and subjected to RNA extraction and subsequent cDNA
synthesis. The qPCR data demonstrated that all three shRNAs successfully downregulated ACAT1
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gene expression in transduced Jurkat cells. Western blot analysis was carried out to confirm
the qPCR data and a similar trend was seen (Figure 1b,c). The gene and protein expression
data revealed that shACAT1-A and shACAT1-C demonstrated better knockdown efficiency than
shACAT1-B. Furthermore, based on the chosen shRNA sequences, we selected shACAT1-A for
further experiments due to its high GC content. The higher GC content signifies a stable secondary
structure and effective interaction with target mRNA. To check the persistent downregulation
efficiency, we performed qPCR analysis at different time intervals in shACAT1-A-transduced Jurkat
cells. The shACAT1-A provided stable downregulation until 8 days and was selected for further
analysis (Figure 1d).
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Figure 1. ACAT1 shRNA can effectively downregulate the expression of ACAT1 in Jurkat cell
lines. (a) Schematic diagram showing the ACAT1-shRNA gene expression under U6 promoter in
lentiviral vector pLL3.7. (b,c) Relative ACAT1 expression analysis in Jurkat cell line. Jurkat cells
were transduced with lentiviruses expressing ACAT1-shRNAs and the relative gene and protein
expression was confirmed by qPCR (b) and Western blot analysis (c). (d) The constant interfering
ability of shACAT1-A was analyzed by qPCR with 2-day intervals until 8 days after transduction in
Jurkat cells. GAPDH was used as an internal normalization control. Results are representative of
three independent experiments. For all panels, the bars represent the mean ± SD. ns, not significant,
** p < 0.01, *** p < 0.001, ns, not significant.

3.2. Silencing of ACAT1 Enhances Anti-B-Cell Lymphoma Activity of CD19-CAR-Transduced T Cells

After confirming the knockdown efficiency in Jurkat cells, shACAT1-A was inserted
into CD19-targeting CAR (19CAR), and the resultant plasmid was termed shACAT1-
19CAR (Figure 2a). Primary T cells were then transduced with either 19CAR, NC-19CAR,
or shACAT1-19CAR lentiviruses to generate respective CAR-T cells. The cells from experi-
mental cohorts were then collected after 2 days and subjected to Western blot analysis for
ACAT1 expression. The results indicated that ACAT1 expression was reduced significantly
in shACAT1-19CAR-T cells (Figure 2b). The expression of CD19 on Raji and Daudi cell
lines was detected by flow cytometry analysis. The data showed that there was high-level
expression of CD19 on Raji and Daudi cell lines and they could be used as the target cells in
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our study (Supplementary Materials Figure S2). We further analyzed the cytotoxic potential
of our novel CAR-T cells against B-cell lymphoma cell lines. The non-transduced T cells,
19CAR-T, NC-19CAR-T, and shACAT1-19CAR-T cells were co-cultured with target cells
and subsequently analyzed by FACS. As both the Raji and Daudi cells highly expressed
CD19, the expression of CD19 was determined by flow cytometry as a measure of living
target cells. The results indicated that CD19-CAR-T cells could efficiently kill Raji cells
and Daudi cells, while silencing of ACAT1 gene expression could significantly enhance the
cytotoxic capacity of CD19-CAR-T cells (Figure 2c,d).
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Figure 2. Silencing of the ACAT1 gene enhances the anti-tumor effect of CD19-CAR-transduced
T cells. (a) Schematic diagram showing CD19-CAR (19CAR), CD19-CAR with ACAT1-shRNA
(shACAT1-19CAR), and CD19-CAR with negative control shRNA (NC-19CAR). (b) The significant
downregulation of the ACAT1 gene in CD19-CAR T cells was analyzed by Western blot (left panel).
The relative expression level of ACAT1 was statistically analyzed (right panel). β-actin was used
as an internal normalization control. (c,d) Cytotoxic activity of control, CD19-CAR, NC-CD19-CAR,
or shACAT1-CD19-CAR-transduced T cells. All the T cells (effector cells) were mixed with Raji
cells or Daudi cells at the E:T ratio of 1:1 for 16 h and CD19-positive cells were evaluated by flow
cytometry. The representative pseudocolor plots are shown on the left side and the cytotoxicity
rate was statistically analyzed, as presented on the right side. Results are representative of three
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.3. Silencing of ACAT1 Gene Enhances the Cell Activation and Degranulation of
CD19-CAR-Transduced T Cells

Several proteins are known to be upregulated during the immune activation process.
CD69 is one of the most commonly studied activation markers due to its early expression
in activated T, B, and NK cells. After T-cell activation, the expression levels of a large
number of effector molecules such as IFN-γ and granzyme B (GzmB) are upregulated
as a result of degranulation. In the current study, we have used the CAR-T cells that
contain both CD4+ and CD8+ cells and were co-cultured with Raji cells to analyze the
expression of the surface or intracellular molecules by flow cytometry. In our study, ACAT1
knockdown significantly upregulated CD69 expression, indicating that the activation of
19CAR-T cells was improved (Figure 3a). Additionally, the experimental cohorts were
stained with antihuman IFN-γ antibodies and analyzed by FACS. shACAT1-19CAR-T cells
exhibited increased proportions of IFN-γ expressing cells compared to the wild-type CAR-T
cells (Figure 3b). The enhanced activation and cytokine release in shACAT1-19CAR-T cells
might be due to the modulation of membrane properties and increased responsiveness
of T cells to tumor antigens as a result of ACAT1 knockdown. The ability of CAR-T cells
to express GzmB and degranulation marker CD107a was also improved upon ACAT1
downregulation (Figure 3c,d). Overall, the data indicated that shACAT1-19CAR-T cells
outperformed 19CAR-T cells in terms of activation, degranulation, and cytokine release, all
of which are important parameters of T cell cytotoxic potential.

3.4. Silencing of ACAT1 Gene Enhances the Cell Proliferation of CD19-CAR-T Cells

It is reported that the inhibiting activity of the key cholesterol esterification enzyme
ACAT1 can upregulate the plasma membrane cholesterol level of T cells, which leads
to enhanced TCR clustering and signaling as well as more efficient formation of the im-
munological synapse [15]. To address whether downregulation of ACAT1 expression
affected the cell proliferation of CD19-CAR-T cells in vitro, CD19-CAR-T cells were stained
with 5(6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) and cultured alone or
co-cultured with Daudi cells for a continuous 5 days. Cell proliferation was measured
by CFSE dilution analysis by flow cytometry. The data showed that the MFI of CSFE
in shACAT1-19CAR-T cells was similar to T, 19CAR-T, and NC-19CAR-T cells on day 0
(Figure 4a), however, a higher level of cell proliferation was observed in shACAT1-19CAR-T
cells compared to T, 19CAR-T, and NC-19CAR-T cells on day 5 (Figure 4b). Similar results
were also obtained in co-cultured cells (Figure 4c,d), which shows that silencing of ACAT1
enhanced the cell proliferation of CD19-CAR-transduced T cells in an antigen-independent
or antigen-dependent manner.

3.5. Silencing of ACAT1 Gene Improves In Vivo Anti-tumor Activity of CD19-CAR-T Cells

To assess the in vivo functionality of CD19-CAR T cells with ACAT1 silencing, we
used the NSG mouse tumor model, in which the animals were engrafted subcutaneously
with 3 × 105 Luciferase+ Raji cells and, after 7 days, mice were infused intravenously with
three different groups of CD19-CAR-transduced T cells (5 × 106 cells/mouse) (Figure 5a).
All the CD19-CAR-transduced T cells demonstrated potent anti-tumor activity with a
more than 60% survival rate, whereas, the CD19-CAR group with ACAT1-shRNA sets
showed a more than 80% survival rate in xenograft B-cell leukemia mice model as shown
in Figure 5b. Localization and expansion of the tumor were measured weekly using the
Xenogen-IVIS imaging system. Representative mice are shown in Figure 5c, with the
intensity of bioluminescence representing the tumor size. The mice from the CD19-CAR-T
and NC-19CAR-T groups had less bioluminescence compared to the control group, in
which the mice were treated with only PBS. Interestingly, shACAT1-19CAR-T cells worked
more efficiently and reduced the tumor growth more than 19CAR-T and NC-19CAR-T
cells, and the tumors in two mice were undetectable. Taken together, all the data showed
that silencing the ACAT1 gene could increase the efficiency of CD19-CAR in eradicating
B-cell lymphoma.
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Figure 3. Downregulation of the ACAT1 gene improves the cell activation and degranulation of
CD19-CAR-transduced T cells. (a–c) CD19-CAR-transduced T cells were co-cultured with Raji cells
at the E:T ratio of 1:1 and the expression of (a) CD69, (b) IFN-γ, (c) GzmB, and (d) CD107a was
evaluated by flow cytometry. Transduced T cells were stained with anti-human CD69-APC, anti-
human IFN-γ-APC, anti-human GzmB-PE/Cy7, and anti-human CD107a-PE/Cy7 antibodies in
separate experiments and analyzed by flow cytometry. The mean fluorescent intensity (MFI) of these
proteins was statistically analyzed and is shown in the column chart. One-way ANOVA was used to
measure the statistical significance indicated as * p < 0.05, ** p < 0.01.
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Figure 4. Downregulation of the ACAT1 gene improves the cell proliferation of CD19-CAR-transduced
T cells. (a,b) CD19-CAR-transduced T cells or non-transduced T cells were stained with 2 µM/mL CFSE
for 10 min and cultured for 5 days. CFSE dilution was analyzed by flow cytometry on day 0 (a) and
day 5 (b), respectively. (c,d) CD19-CAR-transduced T cells or non-transduced T cells were stained with
2 µM/mL CFSE staining for 10 min and co-cultured with Daudi cells for 5 days. CFSE dilution was
analyzed by flow cytometry on day 0 (c) and day 5 (d), respectively. The MFI of CFSE was statistically
analyzed. Data are representative of three different experiments. *** p < 0.001, ns, not significant.
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Figure 5. Silencing of ACAT1 enhances in vivo anti-B-cell lymphoma of CD19-CAR-transduced T cells.
(a) Schematic diagram of in vivo experiment using NSG mice model. NSG mice (5 mice/group) were infused
subcutaneously with FFLuc-labeled Raji cells and mice were i.v. injected with PBS, CD19-CAR T (19CAR-
T), NC-CD19-CAR T (NC-19CAR-T), or shACAT1-CD19-CAR T (shACAT1-19CAR-T) cells (b) on day 7,
Kaplan–Meier survival analysis of Raji-challenged mice (n = 3) after treatment with CD19-CAR-transduced
T cells. (c) IVIS imaging (n = 2) was performed to monitor tumor burden at days 6, 13, 20, 27, and 34. The
bioluminescence of tumor cells was measured and the light intensity (p/s) was analyzed. * p < 0.05, ** p < 0.01.
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4. Discussion

Chimeric antigen receptor (CAR) expressed on T lymphocytes enable them to specif-
ically target a wide range of human malignancies including Hodgkin and non-Hodgkin
lymphomas [20–24]. CARs that target CD19 [25,26] in B-cell lineage have been cloned and
authenticated in preclinical lymphoma/leukemia models and a few are currently in phase
1 clinical trials [20,22,24,27]. The CD28 co-stimulatory domain when inserted into CARs
can enhance the activation of T cells [28–31]. However, the anti-tumor effects of CD19-based
CAR T cells remain insufficient. An alternate domain, 4-1BB, has been proven to be superior
to CD28 in certain in vivo studies that indicate CARs having CD137 have improved anti-
leukemic efficacy and improved persistence in the primary human lymphoblastic leukemia
xenograft model. CD137 provides anti-tumor efficacy that is antigen-independent and
can contribute to the improved efficacy of CAR [13]. Therefore, the anti-tumor effects of
CD19-based CAR systems remain limited for several reasons [32].

Recently metabolic regulation of T cells has been studied extensively because T cells
undergo abnormal metabolic alterations due to the deleterious effects of tumor rendering
them a wasted weapon [33]. Cholesterol metabolism has emerged recently as an important
regulator of T-cell function with a broad-spectrum impact ranging from chemotaxis to cell-
cycle progression and effector functions [34–36]. In response to cancer, when T cells change
their state from naïve to activated, they readily reprogram their cholesterol metabolism
with the help of SREBP and LXR transcription factors to promote cholesterol biosynthesis
and decrease cholesterol transport out of the cell [34,35]. In addition to several other roles,
free cholesterol clusters at T-cell receptors (TCRs) play a critical role in TCR signaling and
T-cell activation [37–39]. ACAT1 is a key cholesterol esterification enzyme that converts
free cholesterol into cholesterol esters, hence leaving less free cholesterol. Xu et al. recently
demonstrated that inhibition of ACAT1 can potentiate CD8+ T-cell effector function. ACAT1
inhibitor Avasimibe, originally developed for the treatment of atherosclerosis, has been
proven to be useful for treating lung cancer and melanoma. In the present study, while
performing a cytotoxic assay, CD19-CAR-transduced T cells could significantly kill CD19-
positive Raji cells compared with non-transduced T cells. In the current study, we have
utilized shRNA technology to achieve ACAT1 downregulation in CD19-CAR-transduced
T cells to enhance CAR-T cell therapy efficacy. Although both shRNA technology and
CRISPR-Cas9 are powerful tools used for gene manipulation, we have utilized shRNA
since some studies have mentioned that shRNAs are coupled with fewer off-target effects
compared with CRISPR-Cas9. Additionally, we have applied shRNA technology previously
against solid tumors and have obtained promising results [40]. Interestingly, CD19-CAR T
cells with silencing of ACAT1 had a stronger killing ability. So here, we demonstrated that
the killing capacity of CD19-CAR-transduced T cells can be enhanced by the silencing of
ACAT1 gene expression.

The expression of CD69 is upregulated on a large number of leukocytes upon antigen
stimulation, which is why it is widely regarded as an early activation marker of T lympho-
cytes as well as NK cells. CD69 is expressed on the surface of T lymphocytes soon after
TCR/CD3 interaction as soon as within 30–60 min [41]. In addition to its value as a marker
of T-cell activation, recently, it has been regarded as an important regulator of immune
responses. It may determine the release of cytokines as well as the migration of activated T
cells [42]. After T-cell activation, IFN-γ is one of the important cytokines known to possess
immunoregulatory and anti-tumor properties [43]. Here, the downregulation of ACAT1
led to increased expression of both CD69 and IFN-γ. This means that ACAT1 interference
through shRNAs led to enhanced activation of T cells and an upregulated expression of
IFN-γ, which may be the reason for the increased killing capacity of CD19-CAR-transduced
T cells. Similarly, the results are consistent with the data reported by Xu et al., who used an
ACAT1 inhibitor to assess its impact on IFN-γ release [17].

Soon after activation of the T cells, degranulation takes place as a result of TCR activa-
tion. The major killing pathway of target cells by T cells occurs via a perforin/granzyme-
dependent manner [44]. The core of lytic granules is composed of numerous proteins
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including perforins and granzymes [45]. The core is surrounded by lysosomal-associated
membrane glycoproteins (LAMPs), including CD107a (LAMP-1). LAMP-1 is a marker of
degranulation, which is important for perforin-mediated killing. Monitoring the level of
granzymes alone is meaningless because it does not provide information about the degran-
ulation capacity of cytotoxic T lymphocytes [46]. Our study demonstrated increased levels
of both LAMP-1 and GzmB as a result of ACAT1 downregulation. We suppose that the
increased degranulation of cytotoxic granules as well as upregulated expression of cytotoxic
granzymes i.e., granzyme B, could be achieved in CD19-CAR T via ACAT1 interference.

Furthermore, we performed an in vivo experiment in the NSG mouse model. CD19-CAR T
cells with ACAT1 interference led to better treatment results compared with conventional
CD19-CAR T cells, the tumor was undetectable and the survival rate was highest in the
shACAT1-19CAR T group.

While CD19 CAR-T cell therapy has shown remarkable efficacy in treating certain
hematologic malignancies, it can also be associated with immunotoxicity, including on-
target and off-target effects. We believe that while studying CD19-CAR-T cell products,
considering the immunotoxicity factor is of vital importance and our study lacks these
data, which is a limitation of our presented work and we intend to carry out detailed
immunotoxicity studies within novel CAR-T cells presented herein.

5. Conclusions

In summary, the current study revealed that silencing of ACAT1 enhanced the ac-
tivation and cell proliferation of anti-CD19-CAR T cells, and the capacity of anti-B-cell
lymphoma was also improved both in vitro and in vivo. Our data demonstrated a novel
CAR-T cell type with silencing of the ACAT1 gene had stronger anti-tumor efficacy com-
pared to conventional CAR-T cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells13060555/s1, Figure S1: Analysis of transduction efficiency
of lentivirus expressing ACAT1-shRNAs. Jurkat cells were transfected with lentivirus expressing
ACAT1-shRNAs in MOI of 5 and EGFP-positive cells were detected by flow cytometry. Figure S2:
CD19 expression on Raji and Daudi cell lines. The expression was examined by flow cytometry using
fluorescently labeled anti-human CD19 antibodies.

Author Contributions: Conceptualization, Q.S. and W.J.; Data curation, Q.S. and J.Y.; Formal analysis,
I.A., Y.D. and C.H.; Funding acquisition, W.J.; Investigation, M.A.F. and W.J.; Methodology, Q.S.,
J.Y., C.H. and X.H.; Resources, W.J.; Supervision, W.J.; Writing—original draft, M.A.F., I.A. and W.J.;
Writing—review and editing, Q.S., J.Y., M.A.F., I.A., Y.D., C.H., X.H. and W.J. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Science and Technology Commission of the Shanghai Mu-
nicipality (21S11906200, 201409002900), the National Natural Science Foundation of China (81771306),
the National Key Research and Development Program of China (2021YFF0702401), and the NMPA
Key Laboratory for Quality Control of Therapeutic Monoclonal Antibodies (2023-DK-01).

Institutional Review Board Statement: Fresh peripheral blood mononuclear cells (PBMC) were
collected under a protocol approved by the Ethics Committee of East China Normal University. Mouse
experiments were performed in accordance with the guidelines of the Animal Ethics Committee of
East China Normal University.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors thank ECNU Public Platform for innovation (011) and the Instru-
ments Sharing Platform of School of Life Sciences, East China Normal University.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/cells13060555/s1
https://www.mdpi.com/article/10.3390/cells13060555/s1


Cells 2024, 13, 555 12 of 13

References
1. Sehn, L.H.; Gascoyne, R.D. Diffuse large B-cell lymphoma: Optimizing outcome in the context of clinical and biologic heterogene-

ity. Blood 2015, 125, 22–32. [CrossRef]
2. Dunleavy, K.; Wilson, W.H. Primary mediastinal B-cell lymphoma and mediastinal gray zone lymphoma: Do they require a

unique therapeutic approach? Blood 2015, 125, 33–39. [CrossRef]
3. Casulo, C.; Burack, W.R.; Friedberg, J.W. Transformed follicular non-Hodgkin lymphoma. Blood 2015, 125, 40–47. [CrossRef]
4. Hitz, F.; Connors, J.M.; Gascoyne, R.D.; Hoskins, P.; Moccia, A.; Savage, K.J.; Sehn, L.H.; Shenkier, T.; Villa, D.; Klasa, R. Outcome

of patients with primary refractory diffuse large B cell lymphoma after R-CHOP treatment. Ann. Hematol. 2015, 94, 1839–1843.
[CrossRef]

5. Matasar, M.J.; Czuczman, M.S.; Rodriguez, M.A.; Fennessy, M.; Shea, T.C.; Spitzer, G.; Lossos, I.S.; Kharfan-Dabaja, M.A.; Joyce,
R.; Fayad, L.; et al. Ofatumumab in combination with ICE or DHAP chemotherapy in relapsed or refractory intermediate grade
B-cell lymphoma. Blood 2013, 122, 499–506. [CrossRef]

6. Nagle, S.J.; Woo, K.; Schuster, S.J.; Nasta, S.D.; Stadtmauer, E.; Mick, R.; Svoboda, J. Outcomes of patients with relapsed/refractory
diffuse large B-cell lymphoma with progression of lymphoma after autologous stem cell transplantation in the rituximab era. Am.
J. Hematol. 2013, 88, 890–894. [CrossRef]

7. Telio, D.; Fernandes, K.; Ma, C.; Tsang, R.; Keating, A.; Crump, M.; Kuruvilla, J. Salvage chemotherapy and autologous stem
cell transplant in primary refractory diffuse large B-cell lymphoma: Outcomes and prognostic factors. Leuk. Lymphoma 2012,
53, 836–841. [CrossRef]

8. Crump, M.; Neelapu, S.S.; Farooq, U.; Van Den Neste, E.; Kuruvilla, J.; Westin, J.; Link, B.K.; Hay, A.; Cerhan, J.R.; Zhu, L.;
et al. Outcomes in refractory diffuse large B-cell lymphoma: Results from the international SCHOLAR-1 study. Blood 2017,
130, 1800–1808. [CrossRef]

9. Neelapu, S.S.; Locke, F.L.; Bartlett, N.L.; Lekakis, L.J.; Miklos, D.B.; Jacobson, C.A.; Braunschweig, I.; Oluwole, O.O.; Siddiqi, T.;
Lin, Y.; et al. Axicabtagene ciloleucel CAR T-cell therapy in refractory large B-cell lymphoma. N. Engl. J. Med. 2017, 377, 2531–2544.
[CrossRef] [PubMed]

10. Zhang, X.; Zhu, L.; Zhang, H.; Chen, S.; Xiao, Y. CAR-T Cell Therapy in Hematological Malignancies: Current Opportunities and
Challenges. Front. Immunol. 2022, 13, 927153. [CrossRef] [PubMed]

11. Lim, S.H.; Esler, W.V.; Zhang, Y.; Zhang, J.; Periman, P.O.; Burris, C.; Townsend, M. B-cell depletion for 2 years after autologous
stem cell transplant for NHL induces prolonged hypogammaglobulinemia beyond the rituximab maintenance period. Leuk.
Lymphoma 2008, 49, 152–153. [CrossRef]

12. Kochenderfer, J.N.; Dudley, M.E.; Carpenter, R.O.; Kassim, S.H.; Rose, J.J.; Telford, W.G.; Hakim, F.T.; Halverson, D.C.; Fowler,
D.H.; Hardy, N.M.; et al. Donor-derived CD19-targeted T cells cause regression of malignancy persisting after allogeneic
hematopoietic stem cell transplantation. Blood 2013, 122, 4129–4139. [CrossRef]

13. Milone, M.C.; Fish, J.D.; Carpenito, C.; Carroll, R.G.; Binder, G.K.; Teachey, D.; Samanta, M.; Lakhal, M.; Gloss, B.; Danet-
Desnoyers, G.; et al. Chimeric receptors containing CD137 signal transduction domains mediate enhanced survival of T cells and
increased antileukemic efficacy in vivo. Mol. Ther. 2009, 17, 1453–1464. [CrossRef]

14. Chang, T.Y.; Chang, C.C.; Cheng, D. Acyl-coenzyme A:cholesterol acyltransferase. Annu. Rev. Biochem. 1997, 66, 613–638.
[CrossRef]

15. Li, M.; Yang, Y.; Wei, J.; Cun, X.; Lu, Z.; Qiu, Y.; Zhang, Z.; He, Q. Enhanced chemo-immunotherapy against melanoma by
inhibition of cholesterol esterification in CD8+ T cells. Nanomedicine 2018, 14, 2541–2550. [CrossRef] [PubMed]

16. Zhao, L.; Li, J.; Liu, Y.; Kang, L.; Chen, H.; Jin, Y.; Zhao, F.; Feng, J.; Fang, C.; Zhu, B.; et al. Cholesterol esterification enzyme
inhibition enhances antitumor effects of human chimeric antigen receptors modified T cells. J. Immunother. 2018, 41, 45–52.
[CrossRef] [PubMed]

17. Yang, W.; Bai, Y.; Xiong, Y.; Zhang, J.; Chen, S.; Zheng, X.; Meng, X.; Li, L.; Wang, J.; Xu, C.; et al. Potentiating the antitumour
response of CD8+ T cells by modulating cholesterol metabolism. Nature 2016, 531, 651–655. [CrossRef] [PubMed]

18. Kuroda, H.; Kutner, R.H.; Bazan, N.G.; Reiser, J. Simplified lentivirus vector production in protein-free media using
polyethylenimine-mediated transfection. J. Virol. Methods 2009, 157, 113–121. [CrossRef]

19. Mello, C.C.; Conte, D., Jr. Revealing the world of RNA interference. Nature 2004, 431, 338–342. [CrossRef]
20. Till, B.G.; Jensen, M.C.; Wang, J.; Chen, E.Y.; Wood, B.L.; Greisman, H.A.; Qian, X.; James, S.E.; Raubitschek, A.; Forman, S.J.;

et al. Adoptive immunotherapy for indolent non-Hodgkin lymphoma and mantle cell lymphoma using genetically modified
autologous CD20-specific T cells. Blood 2008, 112, 2261–2271. [CrossRef]

21. Hombach, A.; Heuser, C.; Sircar, R.; Tillmann, T.; Diehl, V.; Pohl, C.; Abken, H. Characterization of a chimeric T-cell receptor with
specificity for the Hodgkin′s lymphoma-associated CD30 antigen. J. Immunother. 1999, 22, 473–480. [CrossRef]

22. Sadelain, M.; Brentjens, R.; Rivière, I. The promise and potential pitfalls of chimeric antigen receptors. Curr. Opin. Immunol. 2009,
21, 215–223. [CrossRef]

23. Savoldo, B.; Rooney, C.M.; Di Stasi, A.; Abken, H.; Hombach, A.; Foster, A.E.; Zhang, L.; Heslop, H.E.; Brenner, M.K.; Dotti,
G. Epstein Barr virus specific cytotoxic T lymphocytes expressing the anti-CD30zeta artificial chimeric T-cell receptor for
immunotherapy of Hodgkin disease. Blood 2007, 110, 2620–2630. [CrossRef]

24. Dotti, G.; Savoldo, B.; Brenner, M. Fifteen years of gene therapy based on chimeric antigen receptors: “Are we nearly there yet?”.
Hum. Gene Ther. 2009, 20, 1229–1239. [CrossRef]

https://doi.org/10.1182/blood-2014-05-577189
https://doi.org/10.1182/blood-2014-05-575092
https://doi.org/10.1182/blood-2014-04-516815
https://doi.org/10.1007/s00277-015-2467-z
https://doi.org/10.1182/blood-2012-12-472027
https://doi.org/10.1002/ajh.23524
https://doi.org/10.3109/10428194.2011.643404
https://doi.org/10.1182/blood-2017-03-769620
https://doi.org/10.1056/NEJMoa1707447
https://www.ncbi.nlm.nih.gov/pubmed/29226797
https://doi.org/10.3389/fimmu.2022.927153
https://www.ncbi.nlm.nih.gov/pubmed/35757715
https://doi.org/10.1080/10428190701742506
https://doi.org/10.1182/blood-2013-08-519413
https://doi.org/10.1038/mt.2009.83
https://doi.org/10.1146/annurev.biochem.66.1.613
https://doi.org/10.1016/j.nano.2018.08.008
https://www.ncbi.nlm.nih.gov/pubmed/30193815
https://doi.org/10.1097/CJI.0000000000000207
https://www.ncbi.nlm.nih.gov/pubmed/29252915
https://doi.org/10.1038/nature17412
https://www.ncbi.nlm.nih.gov/pubmed/26982734
https://doi.org/10.1016/j.jviromet.2008.11.021
https://doi.org/10.1038/nature02872
https://doi.org/10.1182/blood-2007-12-128843
https://doi.org/10.1097/00002371-199911000-00001
https://doi.org/10.1016/j.coi.2009.02.009
https://doi.org/10.1182/blood-2006-11-059139
https://doi.org/10.1089/hum.2009.142


Cells 2024, 13, 555 13 of 13

25. Cooper, L.J.; Topp, M.S.; Serrano, L.M.; Gonzalez, S.; Chang, W.C.; Naranjo, A.; Wright, C.; Popplewell, L.; Raubitschek, A.;
Forman, S.J.; et al. T-cell clones can be rendered specific for CD19: Toward the selective augmentation of the graft-versus-B-lineage
leukemia effect. Blood 2003, 101, 1637–1644. [CrossRef]

26. Brentjens, R.J.; Latouche, J.B.; Santos, E.; Marti, F.; Gong, M.C.; Lyddane, C.; King, P.D.; Larson, S.; Weiss, M.; Rivière, I.; et al.
Eradication of systemic B-cell tumors by genetically targeted human T lymphocytes co-stimulated by CD80 and interleukin. Nat.
Med. 2003, 9, 279–286. [CrossRef]

27. Davila, M.L.; Brentjens, R.J. CD19-Targeted CAR T cells as novel cancer immunotherapy for relapsed or refractory B-cell acute
lymphoblastic leukemia. Clin. Adv. Hematol. Oncol. 2016, 14, 802–808.

28. Vera, J.; Savoldo, B.; Vigouroux, S.; Biagi, E.; Pule, M.; Rossig, C.; Wu, J.; Heslop, H.E.; Rooney, C.M.; Brenner, M.K.; et al. T
lymphocytes redirected against the kappa light chain of human immunoglobulin efficiently kill mature B lymphocyte-derived
malignant cells. Blood 2006, 108, 3890–3987. [CrossRef] [PubMed]

29. Kowolik, C.M.; Topp, M.S.; Gonzalez, S.; Pfeiffer, T.; Olivares, S.; Gonzalez, N.; Smith, D.D.; Forman, S.J.; Jensen, M.C.; Cooper,
L.J. CD28 costimulation provided through a CD19-specific chimeric antigen receptor enhances in vivo persistence and antitumor
efficacy of adoptively transferred T cells. Cancer Res. 2006, 66, 10995–11004. [CrossRef]

30. Maher, J.; Brentjens, R.J.; Gunset, G.; Rivière, I.; Sadelain, M. Human T-lymphocyte cytotoxicity and proliferation directed by a
single chimeric TCRzeta/CD28 receptor. Nat. Biotechnol. 2002, 20, 70–75. [CrossRef]

31. Dudley, M.E.; Rosenberg, S.A. Adoptive-cell-transfer therapy for the treatment of patients with cancer. Nat. Rev. Cancer 2003,
3, 666–675. [CrossRef]

32. Hoyos, V.; Savoldo, B.; Quintarelli, C.; Mahendravada, A.; Zhang, M.; Vera, J.; Heslop, H.E.; Rooney, C.M.; Brenner, M.K.; Dotti, G.
Engineering CD19-specific T lymphocytes with interleukin-15 and a suicide gene to enhance their anti-lymphoma/leukemia
effects and safety. Leukemia 2010, 24, 1160–1170. [CrossRef] [PubMed]

33. Almeida, L.; Lochner, M.; Berod, L.; Sparwasser, T. Metabolic pathways in T cell activation and lineage differentiation. Semin.
Immunol. 2016, 28, 514–524. [CrossRef] [PubMed]

34. Bensinger, S.J.; Bradley, M.N.; Joseph, S.B.; Zelcer, N.; Janssen, E.M.; Hausner, M.A.; Shih, R.; Parks, J.S.; Edwards, P.A.; Jamieson,
B.D.; et al. LXR signaling couples sterol metabolism to proliferation in the acquired immune response. Cell 2008, 134, 97–111.
[CrossRef] [PubMed]

35. Kidani, Y.; Elsaesser, H.; Hock, M.B.; Vergnes, L.; Williams, K.J.; Argus, J.P.; Marbois, B.N.; Komisopoulou, E.; Wilson, E.B.;
Osborne, T.F.; et al. Sterol regulatory element-binding proteins are essential for the metabolic programming of effector T cells and
adaptive immunity. Nat. Immunol. 2013, 14, 489–499. [CrossRef] [PubMed]

36. Nguyen, D.H.; Espinoza, J.C.; Taub, D.D. Cellular cholesterol enrichment impairs T cell activation and chemotaxis. Mech. Ageing
Dev. 2004, 125, 641–650. [CrossRef] [PubMed]

37. Kidani, Y.; Bensinger, S.J. Modulating cholesterol homeostasis to build a better T cell. Cell Metab. 2016, 23, 963–964. [CrossRef]
[PubMed]

38. McDonald, G.; Deepak, S.; Miguel, L.; Hall, C.J.; Isenberg, D.A.; Magee, A.I.; Butters, T.; Jury, E.C. Normalizing glycosphingolipids
restores function in CD4+ T cells from lupus patients. J. Clin. Investig. 2014, 124, 712–724. [CrossRef] [PubMed]

39. Molnár, E.; Swamy, M.; Holzer, M.; Beck-García, K.; Worch, R.; Thiele, C.; Guigas, G.; Boye, K.; Luescher, I.F.; Schwille, P.;
et al. Cholesterol and sphingomyelin drive ligand-independent T-cell antigen receptor nanoclustering. J. Biol. Chem. 2012,
287, 42664–42674. [CrossRef]

40. Gao, Y.; Lin, H.; Guo, D.; Cheng, S.; Zhou, Y.; Chang, L.; Yao, J.; Faoor, M.A.; Ajmal, I.; Duan, Y.; et al. Suppression of 4.1R
enhances the potency of NKG2D-CART cells against pancreatic carcinoma via activating ERK signaling pathway. Oncogenesis
2021, 10, 62. [CrossRef]

41. Gonzalez-Amaro, R.; Cortes, J.R.; Sanchez-Madrid, F.; Martin, P. Is CD69 an effective brake to control inflammatory diseases?
Trends Mol. Med. 2013, 19, 625–632. [CrossRef] [PubMed]

42. Cibrian, D.; Sanchez-Madrid, F. CD69: From activation marker to metabolic gatekeeper. Eur. J. Immunol. 2017, 47, 946–953.
[CrossRef] [PubMed]

43. Schroder, K.; Hertzog, P.J.; Ravasi, T.; Hume, D.A. Interferon-gamma: An overview of signals, mechanisms and functions. J.
Leukoc. Biol. 2004, 75, 163–189. [CrossRef] [PubMed]

44. Trapani, J.A.; Smyth, M.J. Functional significance of the perforin/granzyme cell death pathway. Nat. Rev. Immunol. 2002,
2, 735–747. [CrossRef]

45. Peters, P.J.; Borst, J.; Oorschot, V.; Fukuda, M.; Krähenbühl, O.; Tschopp, J.; Slot, J.W.; Geuze, H.J. Cytotoxic T lymphocyte granules
are secretory lysosomes, containing both perforin and granzymes. J. Exp. Med. 1991, 73, 1099–1109. [CrossRef]

46. Betts, M.R.; Brenchley, J.M.; Price, D.A.; De Rosa, S.C.; Douek, D.C.; Roederer, M.; Koup, R.A. Sensitive and viable identification
of antigen-specific CD8+ T cells by a flow cytometric assay for degranulation. J. Immunol. Methods 2003, 281, 65–78. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1182/blood-2002-07-1989
https://doi.org/10.1038/nm827
https://doi.org/10.1182/blood-2006-04-017061
https://www.ncbi.nlm.nih.gov/pubmed/16926291
https://doi.org/10.1158/0008-5472.CAN-06-0160
https://doi.org/10.1038/nbt0102-70
https://doi.org/10.1038/nrc1167
https://doi.org/10.1038/leu.2010.75
https://www.ncbi.nlm.nih.gov/pubmed/20428207
https://doi.org/10.1016/j.smim.2016.10.009
https://www.ncbi.nlm.nih.gov/pubmed/27825556
https://doi.org/10.1016/j.cell.2008.04.052
https://www.ncbi.nlm.nih.gov/pubmed/18614014
https://doi.org/10.1038/ni.2570
https://www.ncbi.nlm.nih.gov/pubmed/23563690
https://doi.org/10.1016/j.mad.2004.08.002
https://www.ncbi.nlm.nih.gov/pubmed/15491683
https://doi.org/10.1016/j.cmet.2016.05.015
https://www.ncbi.nlm.nih.gov/pubmed/27304495
https://doi.org/10.1172/JCI69571
https://www.ncbi.nlm.nih.gov/pubmed/24463447
https://doi.org/10.1074/jbc.M112.386045
https://doi.org/10.1038/s41389-021-00353-8
https://doi.org/10.1016/j.molmed.2013.07.006
https://www.ncbi.nlm.nih.gov/pubmed/23954168
https://doi.org/10.1002/eji.201646837
https://www.ncbi.nlm.nih.gov/pubmed/28475283
https://doi.org/10.1189/jlb.0603252
https://www.ncbi.nlm.nih.gov/pubmed/14525967
https://doi.org/10.1038/nri911
https://doi.org/10.1084/jem.173.5.1099
https://doi.org/10.1016/S0022-1759(03)00265-5

	Introduction 
	Materials and Methods 
	Cell Lines 
	Antibodies and Reagents 
	Construction of Lentiviral Expression Plasmid and Lentivirus Production 
	T Cell Sorting and Activation 
	Cytotoxic Assay 
	Cell Activation, Degranulation, and Cytokine Release Analysis 
	Cell Proliferation Assay 
	qPCR 
	Western Blot 
	Xenogeneic Lymphoma Models 
	Statistical Analysis 

	Results 
	Screening of shRNA to Silence ACAT1 Expression 
	Silencing of ACAT1 Enhances Anti-B-Cell Lymphoma Activity of CD19-CAR-Transduced T Cells 
	Silencing of ACAT1 Gene Enhances the Cell Activation and Degranulation of CD19-CAR-Transduced T Cells 
	Silencing of ACAT1 Gene Enhances the Cell Proliferation of CD19-CAR-T Cells 
	Silencing of ACAT1 Gene Improves In Vivo Anti-tumor Activity of CD19-CAR-T Cells 

	Discussion 
	Conclusions 
	References

