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Background: CD44v6 chimeric antigen receptor T (CD44v6 CAR-T) cells
demonstrate strong anti-tumor ability and safety in acute myeloid leukemia
(AML). However, the expression of CD44v6 on T cells leads to transient fratricide
and exhaustion of CD44v6 CAR-T cells, which affect the application of CD44v6
CAR-T. The exhaustion and function of T cells and CD44v6 expression of AML
cells are associated with DNA methylation. Hypomethylating agents (HAMs)
decitabine (Dec) and azacitidine (Aza) have been widely used to treat AML.
Therefore, there may be synergy between CD44v6 CAR-T cells and HAMs in
the treatment of AML.

Methods: CD44v6 CAR-T cells pretreated with Dec or Aza were co-cultured
with CD44v6+ AML cells. Dec or aza pretreated AML cells were co-cultured with
CD44v6 CAR-T cells. The cytotoxicity, exhaustion, differentiation and
transduction efficiency of CAR-T cells, and CD44v6 expression and apoptosis
in AML cells were detected by flow cytometry. The subcutaneous tumor models
were used to evaluate the anti-tumor effect of CD44v6 CAR-T cells combined
with Dec in vivo. The effects of Dec or Aza on gene expression profile of CD44v6
CAR-T cells were analyzed by RNA-seq.

Results: Our results revealed that Dec and Aza improved the function of CD44v6
CAR-T cells through increasing the absolute output of CAR+ cells and
persistence, promoting activation and memory phenotype of CD44v6 CAR-T
cells, and Dec had a more pronounced effect. Dec and Aza promoted the
apoptosis of AML cells, particularly with DNA methyltransferase 3A (DNMT3A)
mutation. Dec and Aza also enhanced the CD44v6 CAR-T response to AML by
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upregulating CD44v6 expression of AML cells regardless of FMS-like tyrosine
kinase 3 (FLT3) or DNMT3A mutations. The combination of Dec or Aza pretreated
CD44v6 CAR-T with pretreated AML cells demonstrated the most potent anti-
tumor ability against AML.

Conclusion: Dec or Aza in combination with CD44v6 CAR-T cells is a promising
combination therapy for AML patients.

KEYWORDS

decitabine, azacitidine, CD44v6 chimeric antigen receptor-T cells, acute myeloid
leukemia, demethylating therapy

Highlights

1. Decitabine and azacitidine pretreatment of CD44v6 CAR-T
enhanced the anti-tumor ability of CD44v6 CAR-T against
AML.

2. Decitabine and azacitidine enhanced the CD44v6 CAR-T
response to AML by upregulating CD44v6 expression of
AML cells.

3. Decitabine promoted stronger cytotoxicity of CD44v6
CAR-T cells towards AML compared to azacitidine.

Introduction

Although patients with acute myeloid leukemia (AML) can
achieve complete remission after standardized induction
chemotherapy or allogeneic hematopoieticstem cell
transplantation, most patients eventually relapse and have poor
outcomes (1, 2).

Monoclonal antibodies, such as those targeting FMS-like
tyrosine kinase 3 (FLT3), have increased remission rates in AML
patients, while relapse and acquired drug resistance remain a major
challenge (3, 4). In the past few years, several chimeric antigen
receptor T (CAR-T) cells therapies have been explored to treat

Abbreviations: CD44v6, CD44 isoform variant 6; CAR-T, chimeric antigen
receptor T; AML, acute myeloid leukemia; HAMs, hypomethylating agents; Dec,
decitabine; Aza, azacitidine; DNMT3A, DNA methyltransferase 3A; FLT3, FMS-
like tyrosine kinase 3; FBS, fetal bovine serum; NT, non-transduced T; E: T,
effector cells: target cells; CBA, cytometric bead array; PBS, phosphate buffered
saline; IVC, individually ventilated cage; SPF, specific pathogen-free; Luc™ MV4-
11, luciferase-expressing MV4-11; dCAR-T, Dec pretreated CD44v6 CAR-T;
aCAR-T, Aza pretreated CD44v6 CAR-T; BLI, bioluminescence imaging; DEGs,
differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and
Genomes; GO, Gene Ontology; BP, biological process; Teff, effector T cells;

Tem, effector memory T cells.
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AML, including CD33, CD123, FLT3, and CLL-1 CAR-Ts (5-8).
However, these antigens are also found in hematopoietic stem cells
and progenitor cells, restricting their development.

CD44 isoform variant 6 (CD44v6) was highly expressed in AML
blasts in contrast to hematopoietic stem cells and progenitor cells,
making CD44v6 an optimal target for AML (9-11). Our previous
study revealed that FLT3 or DNA methyltransferase 3A
(DNMT3A) mutant AML cells overexpressed CD44v6 and
CD44v6 CAR-T cells are significantly effective against them (9).
CAR-T cells may become dysfunctional, expand and persist poorly
due to inherent T-cell deficiencies (12, 13). T cells expressing
CD44v6 resulted in transient fratricide and exhaustion of CD44v6
CAR-T (9). Therefore, it is necessary to explore effective strategies
for improving CD44v6 CAR-T applications.

Our previous study revealed that FLT3 or DNMT3A mutations
decreased CD44 promoter methylation, leading to CD44v6
overexpression (9), suggesting that CD44v6 expression was
related to DNA methylation levels. Other studies have also shown
that hypomethylating agents (HMAs) decitabine (Dec) or
azacitidine (Aza) enhance immunotherapy by upregulating the
expression of tumor-associated antigen in cancer cells (14-18). In
recent years, Dec and Aza have been widely used to treat refractory
AML patients and significantly improve the survival of patients
(19-21). Therefore, we hypothesized that the up-regulation of
CD44v6 expression by Dec or Aza may enhance the cytotoxicity
of CD44v6 CAR-T against tumor cells. Furthermore, DNMT3a-
mediated DNA methylation induces T cell exhaustion (22), as well
as affecting T cell differentiation and activity (23-25). In T-cell
studies with Dec or Aza, DNA methylation-induced exhaustion was
reversed and the anti-tumor response was enhanced (26). These
data suggest a potential synergy between CD44v6 CAR-T therapy
and HMAs, both of which have shown significant efficacy in AML.

Hence, we proposed that CD44v6 CAR-T in combination with
HMAs is a more prospective therapy for AML. Here, we evaluated
the influence of Dec and Aza on CD44v6 CAR-T, AML cells, and
responses of CD44v6 CAR-T cells to AML. We additionally
compared the difference in the effects of Dec and Aza in this
combined treatment.
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Materials and methods
Cell culture

The China Center for Type Culture Collection provided human
AML cell lines MV4-11 and SKM-1. The DNMT3A R882H
(CGC>CAC) mutant clones of SKM-1 cells were constructed
using lentiviral transduction, named SKM-1-DNMT3A-SC2 and
SKM-1-DNMT3A-SC3, respectively. We used RPMI 1640 (Gibco)
with 10% fetal bovine serum (FBS, Gibco) to culture AML cells and
X-VIVO 15 (Lonza, USA) with 5% FBS and 200 U/mL recombinant
human IL-2 (PeproTech, USA) to culture T cells.

Construction of CD44v6 CAR-T

CD3/CD28 beads (Miltenyi Biotech, Cat# 130-091-441) were
used to activate CD3+ T cells isolated from peripheral blood of
healthy donors, from whom the informed consent was obtained.
After two days, CAR lentivirus carrying anti-CD44v6-scFv-CD8-4-
1BB-CD3( was added to activated T cells cultured in a density of
2x10%/mL. The multiplicity of infection was 3. Thirty min were
spent centrifuging the mixture at 800 x g. After 24 h, transduction
was terminated by replacing the medium with fresh medium.

Flow cytometry analysis

The CAR-expressing T cells were identified by incubating with
Biotinylated Protein L (GeneScript, Cat# M00097) at 4°C for 45 min
and then washing them off before incubating with streptavidin-
FITC (BD Biosciences, Cat# 554060) for 15 min in the dark. To
analyze apoptosis, Annexin V-FITC/PI kit (BD Biosciences, Cat#
556547) was used to detect Dec (Selleck, NSC 127716) or Aza
(Sigma, A2385) treated CAR-T cells or tumor cells. Assays
involving cells surface antigens were performed in the dark at 4°C
for 30 min with the corresponding antibodies. Antibodies (BD
Biosciences) TIM3-PE (Cat# 563422) and CD69-BV421 (Cat#
562884) were applied to test the exhaustion and activation of
CD44v6 CAR-T. CD4-BB700 (Cat# 566392), CD8-PE-cy7 (Cat#
557746), CCR7-Alexa 647 (Cat#557734), CD45RA-PE
(Cat#555489) or CD45RA-BV421 (Cat# 562885) were utilized for
detecting the phenotype of non-transduced T (NT) or CAR-T cells.
CD44v6-PE (Cat# 566803) was applied to test the CD44v6
expression in AML cells. The samples were all detected by BD
LSRFortessa X-20 flow cytometry, and these data were analyzed
with FlowJo_V10.4 software.

Number of CAR+ cells

On day 6 after transfection, CD44v6 CAR-T (1x10°) cells were
treated with Dec (0.05, 0.1 uM) or Aza (0.5, 1 uM) for 6 days, the
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number of CD44v6 CAR-T cells in the untreated and drug-treated
groups was counted under the microscope. We calculated the
absolute number of CAR+ based on the counts of CD44v6 CAR-
T cells and the percentage of CAR+ detected by flow cytometry.

Cytotoxicity analysis

A 10:1 ratio of effector cells: target cells (E: T) was used in co-
culturing NT or CAR-T cells pretreated with Dec (0.05, 0.1 uM) and
Aza (0.5, 1 uM) for 6 days with CFSE-labeled (BD Biosciences,
Cat#565082) CD44v6" MV4-11 cells for 24 h. The same E: T ratio
and co-culture time were used in incubating Dec 1 UM or Aza 1 uM
pretreated AML cells with CD44v6 CAR-T cells. Dead cells were
detected via flow cytometry using Fixable Viability Kit (Biolegend,
Cat#423102) staining. The percentage of dead CFSE-positive cells
was used to evaluate the cytotoxicity.

Degranulation assay

A 1: 1 ratio was used in co-culturing NT or CAR-T cells
pretreated with Dec (0.05, 0.1uM) or Aza (0.5, 1uM) with MV4-
11 cells for 16 h. Meanwhile CD107a-BV421 (BD Biosciences,
Cat#562623) and protein transport inhibitor (BD Biosciences,
Cat#554724) were added to the culture medium. After cells
collection, Antibodies CD3-APC/Cy7 (Biolegend, Cat#300318),
CD4-BB700 (BD Biosciences, Cat# 566392), and CD8-BB515 (BD
Biosciences, Cat# 564526) were applied to stain the cells.

Cytokine release analysis

CD44v6 CAR-T cells (2x10°) pretreated with Dec (0.05, 0.1
uM) and Aza (0.5, 1 uM) for 6 days were co-cultured with 2x10°
MV4-11 cells in 100ul RPMI-1640 complete medium for 24 h. BD
cytometric bead array (CBA) (BD Biosciences, Cat# 551809) was
used to measure cytokines in supernatants.

Repetitive stimulus analysis

MV4-11 cells treated with 10 pg/ml Mitomycin-C (Selleck,
S$8146) for 2 h were used to stimulate CD44v6 CAR-T cells
pretreated with Dec 0.1 uM or Aza 1 uM. The E: T ratio and
stimulation time were the same in each round. A round of
stimulation was followed by staining CAR-T cells with trypan-
blue and counting them under the microscope. CAR-T cells were
isolated from MV4-11 cells that had been lysed. All CAR-T cells
obtained in the last round were used as the initial cells for the next
round of stimulation. The proliferation fold change is the ratio of
cell counts after different rounds of stimulation compared to cell
counts before stimulation.
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Animal experiments

Vital River Laboratory Animal Technology (Beijing, China)
provided us with male five-week-old BALB/c-nu mice. Nanjing
Biomedical Research Institute of Nanjing University (Nanjing,
China) provided us with male five-week-old NOD-
Prkdc®™m20¢452j12rgem26C422/Njjy (NCG) mice. These mice were
housed in the individually ventilated cage (IVC) of the specific
pathogen-free (SPF) environment at the Experimental Animal
Center of Huazhong University of Science and Technology. All
animal experiments were approved by the Institutional Animal
Care and Use Committee of Huazhong University of Science
and Technology.

Subcutaneous xenografted of 5x10° luciferase-expressing MV4-
11 (Luc” MV4-11) cells were constructed in BALB/c-nu mice. These
mice were randomly divided into 6 groups. Mice in the NT, CAR-T
and Dec-pretreated-CD44v6 CAR-T (dCAR-T) groups were all
intraperitoneally injected with 100 pl phosphate-buffered saline
(PBS) on days 7, 8, 9, 14, 15, and 16, then intratumorally treated
with NT, CAR-T or dCAR-T cells (5><106) on days 10 and 17,
respectively. Mice in the Dec, Dec+CAR-T and Dec+dCAR-T
groups were all intraperitoneally injected with Dec 1 mg/kg on
days 7, 8,9, 14, 15, and 16, then intratumorally injected with 200 ul
PBS, 5x10° CAR-T or dCAR-T cells on days 10 and 17, respectively.
An assessment of tumor burdens in mice was performed on days 7,
14, 21, and 28 by bioluminescence imaging (BLI). After the fourth
BLI evaluation, the mice were humanely euthanized.

In NCG mice, MV4-11 cells (1x10”) and CD44v6 CAR-T cells
(1x107) pretreated with or without Dec or Aza were injected
intravenically into NCG mice on day 0. After 3 weeks, peripheral
blood of NCG mice was collected, and the percentage of CD44v6
CAR-T cells in peripheral blood was detected by flow cytometry.

RNA-seq analysis

CD44v6 CAR-T cells from three healthy donors were treated
with Dec or Aza for 6 days for RNA-seq analysis. Total RNA was
isolated using the standard Trizol protocol. The RNA quality was
determined with the Nano Drop and Agilent 2100 Bioanalyzer
(Thermo Fisher Scientific, USA).The libraries for RNA-seq were
sequenced on the DNBSEQ platform (BGI Genomics, Shenzhen,
China). After RNA-seq, raw reads containing sequencing adapters
with more than 5% unknown base or more than 20% low-quality
base were removed using SOAPnuke software to obtain clean reads.
Clean reads were aligned to the Homo-sapines reference genome
(GRCh38.p13) sequence, taking the comparison ratio and the
distribution of the reference sequence as conditions for further
analysis. Quantitative analysis of gene expression levels in different
samples was performed using RSEM software. Briefly, clean reads
obtained from RNA-seq were mapped onto reference full-length
transcripts using the Bowtie2 software. Subsequently, the expression
level of each sample was calculated using RSEM software, and the
read counts were normalized using fragment per kilobase of
transcript per million fragments mapped (FPKM). In order to
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improve the accuracy of differentially expression genes (DEGs),
we define genes with fold change >2 and Q-value < 0.001, which are
screened as significant DEGs. The R package pheatmap was used to
perform hierarchical clustering analysis on the union set differential
genes. DEGs were mapped to GO and KEGG databases to obtain
annotated information by Phyper based on a hypergeometric test
for further enrichment and classification analyses. The P values
were corrected to Q values with a threshold Q value of < 0.05 using
a Bonferroni correction. And the RNA-seq data have been made
publicly available in SRA under the accession number SRP417784.

Statistical analysis

Results were expressed as mean + SD and analyzed using
GraphPad Prism 7. Student’s t test was used to compare two
groups, and one-way or two-way ANOVA with Tukey’s multiple
comparison test was used for comparing multiple groups. The p
values <0.05 were considered statistically significant, and “ns”
indicated no significance (p > 0.05).

Results

Decitabine and azacitidine increase the
transduction efficiency and persistence of
CD44v6 CAR-T

Six days after transduction, Dec (0.05-1 uM) or Aza (0.1-10
uUM) was added to CD44v6 CAR-T cells for 3 or 6 days. Dec and
Aza were freshly added once a day at different final concentrations.
Untreated CD44v6 CAR-T cells served as controls. Subsequently,
we examined the proliferation, cytotoxicity, persistence,
transduction efficiency, and apoptosis of CD44v6 CAR-T cells
(Figure 1A). CAR-T cells proliferation was inhibited dose- and
time- dependently by Dec or Aza (Figure 1B). To assess cytotoxicity,
CD44v6 CAR-T cells received Dec (0.05, 0.1 uM) or Aza (0.5, 1 uM)
treatment for 3 or 6 days before being co-cultured with MV4-11
cells. Cytotoxicity assay results showed that Dec 0.1 UM or Aza 1
UM treatment for 6 days significantly increased the cytotoxicity of
CD44v6 CAR-T, which were not observed at treatment for 3 days
(Figure 1C). Although we found that Dec and Aza slightly
promoted CD44v6 CAR-T cell apoptosis (Figure S1A), Dec 0.1
UM and Aza 1 uM improved the transfection efficiency of CD44v6
CAR-T (Figure 1D) and increased the absolute number of CAR+
cells (Figure 1E). Therefore, we chose the drug concentration
of Dec (0.05, 0.1 uM) and Aza (0.5, 1 uM), and the treatment
time of 6 days for the subsequent experiments. In addition,
repeated antigen stimulation experiments showed that CD44v6
CAR-T cells pretreated with Dec 0.1 UM or Aza 1 uM for 6 days
showed accelerated expansion and enhanced persistence after
three rounds of tumor cells stimulation (Figure 1F). The result
that Dec or Aza enhanced the persistence of CD44v6 CAR-T cells
was also confirmed in vivo. On day 0, MV4-11 cells (1x107) and
CD44v6 CAR-T cells (1x107) pretreated with or without Dec or Aza
were injected intravenically into NCG mice. After 3 weeks,
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FIGURE 1

Dec and Aza treated CD44v6 CAR-T cells exhibit increased CAR+ cells and persistence. (A) Experimental design of CD44v6 CAR-T cells treated with
Dec and Aza. (B) Inhibition ratio of CD44v6 CAR-T cells treated with various concentrations of Dec (left, n=6) and Aza (right, n=8) for 3 or 6 days.
(C) Cytotoxicity of CD44v6 CAR-T cells treated with Dec (0.05, 0.1 uM) (left, n=6) and Aza (0.5, 1 uM) (right, n=>5) for 3 or 6 days against MV4-11 cells
in an E:T ratio of 10:1 for 24 h. (D, E) Percentage (D) and absolute number (E) of CAR+ cells in CD44v6 CAR-T cells treated with Dec (0.05, 0.1 uM)
(n=4) and Aza (0.5, 1 uM) (n=5) for 6 days. (F) Proliferation fold of CD44v6 CAR-T cells treated with Dec 0.1uM and Aza 1uM for 6 days in response
to repeated stimulation of MV4-11 cells (n=4). (G) CD44v6 CAR-T cells treated with or without Dec or Aza were injected intravenously into NCG
mice simultaneously with MV4-11, and the percentage of CD44v6 CAR-T cells in peripheral blood was detected by flow cytometry 3 weeks later
(n=6). CD44v6, CD44 isoform variant 6; CAR-T, chimeric antigen receptor T; Dec, decitabine; Aza, azacitidine. Data are depicted as the mean+ SD.
*p<.05; **p<.01; ***p<.001; ****p<.0001; ns, not significant.
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peripheral blood of mice was collected to detect the percentage of
CD44v6 CAR-T cells in peripheral blood. We found a higher
percentage of Dec or Aza pretreated CD44v6 CAR-T than
untreated CD44v6 CAR-T cells in mice (Figure 1G). These results
suggested that Dec and Aza enhanced the function of CD44v6
CAR-T by increasing their transduction efficiency, absolute number
of CAR+ cells and persistence. And CD44v6 CAR-T cells were more
sensitive to Dec.

Decitabine and azacitidine promote
activation and memory phenotype of
CD44v6 CAR-T

It has been demonstrated that DNMT3A-mediated de novo
DNA methylation program induces T cell exhaustion and
negatively influences T cell differentiation and function (22-24).
Our results showed that low-dose Dec and Aza inhibited DNMT3A
mRNA expression in CD44v6 CAR-T cells (Figure S1B). Dec and
Aza also inhibited the proliferation of NT cells which served as
controls (Figure S1C). Flow cytometry results showed that Dec and
Aza inhibited TIM3 expression and promoted LAG3 expression,
but had no effect on PD-1 expression in CD44v6 CAR-T cells
(Figures 2A, B).Although Dec or Aza had inconsistent effects on the
exhaustion markers of CD44v6 CAR-T cells, Dec and Aza
promoted the expression of CD69, an activation marker of
CD44v6 CAR-T cells (Figure 2C). Dec- or Aza-treated NT or
CD44v6 CAR-T cells had fewer effector T cells (Teff) and more
effector memory T cells (Tem) compared to untreated NT and
CD44v6 CAR-T cells (Figures 2D, E, SID). These data indicated
that Dec and Aza promoted activation and Tem differentiation of
CD44v6 CAR-T.

Decitabine and azacitidine enhance the
cytotoxicity of CD44v6 CAR-T

To assess cytotoxicity in vitro, CD44v6 CAR-T or NT cells
received Dec (0.05, 0.1uM) or Aza (0.5, 1uM) treatment for 6 days
before being co-cultured with MV4-11 cells. After 24 h, we found
that Dec 0.1 uM and Aza 1 uM improved the cytotoxicity of
CD44v6 CAR-T, but not in NT cells (Figures 3A, S2A). Compared
to untreated CD44v6 CAR-T, Dec or Aza pretreated CD44v6 CAR-
T cells expressed more CD107a (Figure 3B) and released more
cytokines (Figures 3C, D, S2B, C). RNA-seq data also demonstrated
that Dec and Aza upregulated the expression of multiple tumor
necrosis factor and interleukin genes in CD44v6 CAR-T cells
(Figure 3E). We then evaluated the anti-tumor capacity of Dec-
pretreated-CD44v6 CAR-T (dCAR-T) within the body, based on
the promotion of anti-tumor activity by Dec in vitro. Subcutaneous
xenografted of 5x10° Luc* MV4-11 cells were constructed in BALB/
c-nu mice, that were subsequently treated with 5x10° NT, CD44v6
CAR-T and dCAR-T cells on days 10 and 17. The tumor burden
was assessed weekly using BLI (Figure 3F). BLI results showed that
dCAR-T cells had the strongest effect in preventing tumor
progression in all three groups (Figures 3G, H). According to
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these data, Dec and Aza promoted the anti-tumor activity of
CD44v6 CAR-T cells both in vitro and in vivo.

Decitabine and azacitidine affect the
transcriptome of CD44vv6 CAR-T cells

We performed RNA-seq to explore the transcriptome
differences between Dec 0.1uM or Aza 1 uM treated CD44v6
CAR-T and untreated CD44v6 CAR-T. We found 825 and 450
differentially expressed genes (DEGs) in these two comparisons
(Dec_CART vs. CART, and Aza_CART vs. CART), respectively
(Figure 4A). The DEGs were significantly enriched in the Natural
killer cell mediated cytotoxicity, Antigen processing and
presentation, Cytokine-cytokine receptor interaction, and
Chemokine signaling pathway, etc (Figure 4B). Further, GO BP
enrichment results also showed that these DEGs involved immune
response, cell adhesion, cell-cell signaling, and cell migration, etc
(Figure 4C). Cytotoxicity-related genes such as GZMB, NKG7,
PRF1, CST7, CTSW, GNLY, GZMH, KIR3DL2, KIR2DL3, and
KIR2DS4 were significantly upregulated in Dec- or Aza-treated
CD44v6 CAR-T cells (Figure 4D). These RNA-seq results again
demonstrated that Dec and Aza strengthened the function of
CD44v6 CAR-T cells.

Decitabine and azacitidine promote
CD44v6 expression in AML cells

Studies have shown that Dec and Aza can enhance
immunotherapy by upregulating the expression of tumor-
associated antigens on AML and other cancer cells [14-18]. We
then investigated the effect of Dec and Aza on AML tumor cells. Dec
and Aza were freshly added once a day at different final
concentrations for 3 days. In our previous study, SKM-1-
DNMT3A-SC2 and SKM-1-DNMT3A-SC3 are clones of
DNMT3A-R882H mutant cells generated by lentiviral transduction
of SKM-1 cells (9). Dec and Aza inhibited proliferation and promoted
apoptosis of AML cell lines MV4-11, SKM-1, and DNMT3A mutant
SKM-1 cells dose-dependently (Figures 5A, B, S3A, B). Dec
specifically promoted the apoptosis of DNMT3A mutant SKM-1
cells. Our previous study revealed that SKM-1 cells expressed low
levels of CD44v6, DNMT3A mutation promoted CD44v6 expression
in DNMT3A mutant SKM-1 cells, and FLT3 mutant MV4-11 cells
expressed high levels of CD44v6 (9). No matter whether FLT3 or
DNMT3A mutations were present, Dec and Aza promoted CD44v6
expression in these AML cells (Figures 5C, D, S3C).

Decitabine and azacitidine pretreated AML
cells improve the anti-tumor ability of
CD44v6 CAR-T

To investigate whether Dec or Aza pretreatment of AML cells
could enhance the anti-tumor ability of CD44v6 CAR-T, AML cells
were treated with Dec 1 uM or Aza 1 uM for 3 days and then
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FIGURE 2

Effects of Dec and Aza on the exhaustion and phenotypic differentiation of CD44v6 CAR-T. (A, B) TIM3, LAG3 and PD-1 expression levels of non-transduced
T (NT) and CD44v6 CAR-T cells treated with Dec (0.05, 0.1 pM) (A) and Aza (0.5, 1 uM) (B) for 6 days (n=4). (C) CDE9 expression level of NT and CD44v6
CAR-T cells treated with Dec (0.05, 0.1 uM) (left) and Aza (0.5, 1 uM) (right) for 6 days (n=4) (D, E) CCR7 and CD45RA surface staining was performed on NT
and CD44v6 CAR-T cells (n=5) treated with Dec (0.05, 0.1 uM) and Aza (0.5, 1 uM) for 6 days, representative flow cytometry is shown in D, the changes of
phenotype of CD44v6 CAR-T cells are indicated in (E) MFI, mean fluorescence intensity; Teff, effector T cells; Tcm, central memory T cells; Tem, effector
memory T cells. Data are depicted as the mean + SD. *p<.05; **p<.01; ***p<.001; ****p<.0001; ns, not significant.

incubated with CD44v6 CAR-T cells at an E: T ratio of 10:1 for 24 h.
Cytotoxicity assays showed that Dec or Aza pretreated AML
combined with CD44v6 CAR-T had the highest cytotoxicity
compared to Dec or Aza alone or CD44v6 CAR-T alone
(Figures 6A, B). This finding was also observed in vivo.
Subcutaneous inoculation of Luc” MV4-11 cells was performed on
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BALB/c-nu mice and the tumor burden was assayed by BLI The
protocols using these agents were shown in Figure 6C. BLI results
showed that Dec followed by CD44v6 CAR-T therapy had the
strongest ability to prevent tumor progression than Dec or CAR-T
therapy alone (Figures 6D, E). These data proved that Dec or Aza
pretreated AML enhanced the anti-tumor ability of CD44v6 CAR-T.
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FIGURE 3

Dec and Aza pretreated CD44v6 CAR-T cells exhibit enhanced anti-tumor ability in vitro and in vivo. (A) Cytotoxicity of NT and CD44v6 CAR-T cells
treated with Dec (0.05, 0.1 uM) (left, n=6) and Aza (0.5, 1 uM) (right, n=5) for 6 days against MV4-11 cells in an E:T ratio of 10:1 for 24 h. (B)
Percentage of CD107a* NT and CD44v6 CAR-T cells treated with Dec (0.05, 0.1 uM) (left, n=3) and Aza (0.5, 1 uM) (right, n=4) for 6 days against
MV4-11 cells in an E:T ratio of 1:1 for 16 h. (C, D) Cytokine IFN-y (C) and TNF-o. (D) release of CD44v6 CAR-T cells (n=5) treated with Dec (0.05, 0.1
uM) and Aza (0.5, 1 uM) for 6 days against MV4-11 cells in an E:T ratio of 1:1 for 24 h. (E) Heatmap shows expression of elevated tumor necrosis
factor and interleukin genes of CD44v6 CAR-T cells treated with Dec 0.1 uM and Aza 1 uM for 6 days in RNA-seq. (F) Schematic of Dec pretreated
CD44v6 CAR-T treatment of MV4-11 cells xenografts mice. BALB/c-nu mice were subcutaneously injected with 5x10° MV4-11-firefly luciferase
(Luc* MV4-11) cells on day 0. NT (n=5), CD44v6 CAR-T (n=5) and Dec pretreated CD44v6 CAR-T (dCAR-T, n=5) (5x10°) were intratumorally
injected on day 10 and day 17. Tumor burden was analyzed by BLI on days 7, 14, 21 and 28. (G, H) Graph (G) and BLI images (H) showing the
progress of tumor burden at the indicated time point. Luc™ MV4-11, luciferase-expressing MV4-11 cells; dCAR-T, Dec pretreated CD44v6 CAR-T;
BLI, bioluminescence imaging. Data are depicted as the mean + SD. *p<.05; **p<.01; ***p<.001; ****p<.0001; ns, not significant.
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Combination of decitabine and azacitidine
pretreated AML cells and pretreated
CD44v6 CAR-T enhanced the anti-tumor

capacity

The combination of Dec or Aza pretreated AML and pretreated
CD44v6 CAR-T (dCAR-T, aCAR-T) significantly enhanced the
anti-tumor capacity compared to dCAR-T or aCAR-T alone in vitro

Frontiers in Immunology

(Figure 7A), which was also verified in vivo. Subcutaneous BALB/c-
nu mouse models inoculated with Luc® MV4-11 cells were
intraperitoneally injected with 1 mg/kg Dec or 100 ul PBS on

days 7, 8, 9, 14, 15, and 16, followed by intratumoral injection of
dCAR-T on days 10 and 17 (Figure 7B). We found that Dec+dCAR-

09

T therapy significantly eliminated tumor burden in mice compared
to dCAR-T therapy (Figures 7C, D). These results demonstrated
that the combination of Dec or Aza pretreated AML and pretreated
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FIGURE 5

Dec and Aza treatment promotes the apoptosis and CD44v6 expression on AML cells. (A, B) Apoptosis of MV4-11, SKM-1, SKM-1-DNMT3A-SC2 and
SKM-1-DNMT3A-SC3 cells (n=3) after treatment with different concentrations of Dec (A) and Aza (B) for 3 days. (C, D) CD44v6 MFI fold change of
MV4-11, SKM-1, SKM-1-DNMT3A-SC2 and SKM-1-DNMT3A-SC3 cells (n=4) after treatment with different concentrations of Dec (C) and Aza (D) for
3 days. CD44v6 MFI fold change is the ratio of CD44v6 MFI of Dec and Aza treated CD44v6 CAR-T divided by the CD44v6 MFI of untreated CD44v6

CAR-T. SKM-1-DNMT3A-SC2 and SKM-1-DNMT3A-SC3: two clones of DNMT3A-R882H mutant of SKM-1 cells. MFI, mean fluorescence intensity.
Data are depicted as the mean + SD. *p<.05; **p<.01; ***p<.001; ****p<.0001; ns, not significant.

Frontiers in Immunology 10 frontiersin.org


https://doi.org/10.3389/fimmu.2023.1145441
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

10.3389/fimmu.2023.1145441

Tang et al.
SKM-1 SKM-1-DNMT3A-SC2 SKM-1-DNMT3A-SC3
dkkk —kkk
Fkk Fkkk 100+ RS —
* *k
80+ -
g £ oo
£ £
H §
° T
204
0- 0-
Dec - + - + Dec - + -+ Dec - + - + Dec - + -+
CART - - + + CAR-T - - + + CART - - + + CART - - + +
SKM-1 SKM-1-DNMT3A-SC2 SKM-1-DNMT3A-SC3
Fedkkk Sekkk
P 1000 @ ———F%m
Fekk
80
g S o] —=—
£ = *
5 5 o
° °
20
04
Aza - + - + Aza - + - +
CAR-T - - + + CAR-T CAR-T - - + +
C D
-~ NT
1107 & pec
o - CAR-T
Luc* MV4-11 Dec 1mglkg or Dec 1mglkg or g
5x10¢ cells (i.h) PBS 100 pl (i.p) PBS 100 pl (i.p) @ - Dec+CAR-T
’ Day 7,8,9 Day 14, 15, 16 § 5)(1009' *;
°
A A A A A A s e
Day 7 Day 10 Day 14 Day 17 Day 21 Day 28 - i
BLI CAR-T or NT BLI CARTorNT  BLI BLI §
Day 0 or PBS (i) or PBS (i) i
04
7 14 21 28
E Days
Dec+CAR-T
Luminescence
6.0e+007
-4.0e+007
2.1e+007
1.0e+006
P/sec/mm/sq
FIGURE 6

Effect of Dec and Aza pretreated AML cells on the anti-tumor capacity of CD44v6 CAR-T in vitro and in vivo. (A, B) Dec (A) and Aza (B) pretreated
AML cells for 3 days were then co-cultured with CD44v6 CAR-T at an E:T of 10:1 for 24 (h) Flow cytometric detected the percentage of dead cells
in MV4-11, SKM-1, SKM-1-DNMT3A-SC2 and SKM-1-DNMT3A-SC3 cells (n>4) pretreated with Dec or Aza alone, CD44v6 CAR-T alone, and Dec or
Aza in combination with CD44v6 CAR-T. (C) Dec pretreated MV4-11 cell xenograft model. BALB/c-nu mice were subcutaneously injected with
5x10° MV4-11-firefly luciferase (Luct MV4-11) cells on day 0. Dec 1 mg/kg or 100 ul PBS were injected intraperitoneally on days 7, 8, 9, 14, 15 and
16. CD44v6 CAR-T cells (5 x 10°), NT cells (5 x 10°), or 200 ul PBS were intratumorally injected on day 10 and day 17. Tumor burden was analyzed
by BLI on days7, 14, 21 and 28. (D, E) Graph (D) and BLI images (E) showing the progress of tumor burden at the indicated time point. Data are
depicted as the mean + SD. *p<.05; **p<.01; ***p<.001; ****p<.0001; ns, not significant.
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FIGURE 7

The anti-tumor ability of Dec or Aza pretreated CD44v6 CAR-T against Dec and Aza pretreated AML in vitro and in vivo. (A) Cytotoxicity of Dec (left)
and Aza (right) pretreated CD44v6 CAR-T (dCAR-T, aCAR-T, n=6) to MV4-11 cells pretreated with or without Dec and Aza in an E:T ratio of 10:1 for
24 h. (B) Schematic of Dec pretreated CD44v6 CAR-T treatment of Dec pretreated MV4-11 cells xenografts mice. BALB/c-nu mice were
subcutaneously injected with 5x10° MV4-11-firefly luciferase (Luc™ MV4-11) cells on day 0. Dec 1 mg/kg or 100 ul PBS were intraperitoneally
injected on day 7, 8, 9, 14, 15 and 16. Then dCAR-T cells (5x10°) were intratumorally injected on day 10 and day 17. Tumor burden was analyzed by
BLI on days 7, 14, 21 and 28. (C, D) Graph (C) and BLI images (D) showing the progress of tumor burden at the indicated time point. dCAR-T: Dec
pretreated CD44v6 CAR-T; aCAR-T: Aza pretreated CD44v6 CAR-T. Data are depicted as the mean+ SD. *p<.05; ns, not significant.

CAR-T had a higher anti-tumor capacity compared to pretreated
CAR-T alone.

Security of Dec and Aza pretreatment

Our previous study showed that activated T cells express low
levels of CD44v6, so there is transient fratricide of CD44v6 CAR-T
cells. Does Dec or Aza pretreatment of NT or CD44v6 CAR-T cells
increase fratricide? We found that Dec or Aza treatment of NT or
CD44v6 CAR-T cells for 6 days slightly increased the expression of
CD44v6 in NT and CD44v6 CAR-T cells (Figure 8A). Next, NT
cells pretreated with or without Dec, Aza were co-cultured with
CD44v6 CAR-T cells at E: T ratios of 0:1 and 10:1 for 24 h. We
found that Dec and Aza pretreatment of NT cells did not
significantly increase the cytotoxicity of CD44v6 CAR-T cells
against NT cells (Figure 8B). K562 cells are chronic myeloid
leukemia cells that do not express CD44v6. Treatment of K562
cells with Dec and Aza for 3 days inhibited their proliferation
(Figure S3D) and slightly increased their CD44v6 expression
(Figure 8C), but did not significantly increase the cytotoxicity of
CD44v6 CAR-T cells against K562 cells (Figure 8D). These data
suggested that Dec and Aza pretreatment of T cells or other cells
that do not express CD44v6 did not increase fratricide and off-
target toxicity of CD44v6 CAR-T cells.
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Discussion

Our previous study demonstrated that CD44v6 was an optimal
target for AML, and CD44v6 CAR-T showed specific and effective
anti-leukemic ability against AML (9). However, the early
expansion of CD44v6 CAR-T cells was limited by the transient
fratricide. Expansion of CD44v6 CAR-T by extending culture time
resulted in differentiation of effector T cells. Study shows effector T
cells are detrimental to the anti-tumor capacity and persistence of
CAR-T (27). Therefore, new strategies are needed to improve the
functions of CD44v6 CAR-T. Here, we found Dec and Aza
strengthened the cytotoxicity of CD44v6 CAR-T by increasing
their persistence and the number of CAR+ cells, promoting their
activation, and facilitating their memory phenotype. Dec and Aza
also enhanced the sensitivity of AML cells to CD44v6 CART-
mediated cytotoxicity by upregulating the expression of CD44v6
in AML cells. And Dec and Aza pretreatment did not increase
fratricide and off-target toxicity of CD44v6 CAR-T cells.

Dec or Aza are demonstrated to promote the anti-tumor ability
of CD19 CAR-T and CD123 CAR-T (28, 29). Does Dec or Aza
promote the anti-tumor ability of CD44v6 CAR-T? Low doses of
Dec and Aza inhibit DNA methylation, while high doses induce
apoptosis (20, 24). To avoid inhibiting CAR-T cell activity, we used
low doses of Dec (0.05-1 uM) and Aza (0.1-10 uM) to investigate
their effects on CD44v6 CAR-T proliferation. We found that Dec

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1145441
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Tang et al.
A
B 0 W Dec01uyM I Aza1uM
© 1.5- ns ns
o ——
c
©
S
R 1.0
L
z
tg 0.5'
3
o
(&}
0.0-
NT CD44v6 CAR-T
C
K562 K562
1.5 ° 1.5
2 —
®© ©
§ 5
T K
s s
£ £
g §
. S
5 3)
0 01 02 0.5
Dec (NM) Aza (HM)
FIGURE 8

10.3389/fimmu.2023.1145441

B NT
BN 0 W Dec01uyM M Aza1uM
801
ns
— 601 ns
)
< 40
©
D
©
20+
0..
0:1 10:1
E:T
D
K562
251 mm o
ns
204 B Dec 0.2 uyM
< Bl Aza1uM
S 151 .
K
'I‘-“' ] ns
o
°
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Cytotoxicity of CD44v6 CAR-T cells against K562 cells pretreated with Dec 0.2 uM or Aza 1 uM for 3 days in E:T ratios of 0: 1 and 10:1 for 24 h

(n=3). Data are depicted as the mean+ SD. *p<.05; ns, not significant.

and Aza inhibited CD44v6 CAR-T proliferation in a dose-
dependent and time-dependent manner. CD44v6 CAR-T cells
were more sensitive to Dec. Stiibig et al. also revealed that Aza
inhibited T cell proliferation dose-dependently (30). Although Dec
and Aza inhibited CD44v6 CAR-T proliferation and slightly
promoted apoptosis, Dec 0.1 uM and Aza 1 UM treatment of
CD44v6 CAR-T for 6 days significantly improved their
transduction efficiency, absolute number of CAR+ cells, and anti-
tumor capacity in vitro and in vivo. Moreover, CD44v6 CAR-T cells
pretreated with Dec or Aza showed enhanced persistence in vitro
and in vivo. These data suggested that Dec or Aza pretreatment of
CD44v6 CAR-T significantly enhanced its anti-tumor ability
against AML.

Several factors determine whether CAR-T cells are effective.
HMAs can reverse the exhaustion associated with the de novo DNA
methylation (22). However, in our study, Dec and Aza inhibited
TIM3 expression and promoted LAG3 expression in CD44v6 CAR-
T cells. The effects of Dec and Aza on the exhaustion markers of

Frontiers in Immunology

CD44v6 CAR-T cells were not consistent. Since the expression level
of TIM3 was significantly higher than that of LAG3, we speculated
that the effect of Dec and Aza on the exhaustion of CD44v6 CAR-T
cells was dominated by a decrease in TIM3, which needs to be
verified by follow-up experiments in the future. Moreover, Dec and
Aza promoted CD44v6 CAR-T cells activation, which helped to
improve the function of CD44v6 CAR-T cells. Tumors are
eliminated more effectively by naive or memory T cells than
effector T cells (27). According to clinical research, CD19 CAR-T
cells from patients who responded well to CAR-T for CLL had more
memory T cells, while CD19 CAR-T cells from non-responders had
more effector T cells (31). Knockout of the DNMT3A genein T cells
drives T cells to a higher proportion of memory phenotypes (32),
and the DNMT3A inhibitors Dec and Aza have similar effects on T
cells (28, 29). Our study also found that CD44v6 CAR-T cells
treated with Dec or Aza had more memory T cells and fewer effector
T cells than untreated CAR-T cells. Therefore, we speculated that
Dec and Aza promoted the anti-tumor capacity of CD44v6 CAR-T
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cells by promoting activation and memory phenotype
differentiation of CD44v6 CAR-T cells.

Dec and Aza have achieved significant efficacy in the induction
of differentiation therapy in AML (19-21, 33-35). Low doses of Dec
or Aza produced the best clinical response in hematologic
malignancies, while high doses inhibited clinical response. Low
doses of Dec and Aza induce differentiation, reduce proliferation
and increase apoptosis by altering the gene expression profile of
tumor cells (20, 34). In MV4-11, SKM-1 and DNMT3A mutant
SKM-1 cells, low doses of Dec and Aza inhibited proliferation and
induced apoptosis. Furthermore, Dec especially promoted apoptosis
in DNMT3A mutant SKM-1 cells, which may be related to their
high expression of DNMT3A mRNA (9, 36). Several studies have
demonstrated that Dec and Aza promote the efficacy of
immunotherapy by upregulating the expression of tumor-
associated antigens in AML or other tumors. Our results are
consistent with this, Dec and Aza enhanced the cytotoxicity of
CD44v6 CAR-T against AML cells in vitro and in vivo, by
promoting CD44v6 expression in AML cells regardless of FLT3
or DNMT3A mutations. Therefore, we concluded that Dec and Aza
improved the anti-tumor ability of CD44v6 CAR-T cells by
upregulating CD44v6 expression of AML cells.

Based on the two pretreatment protocols mentioned above, Dec
or Aza pretreatment of CD44v6 CAR-T cells or AML cells both
promoted the anti-tumor capacity of CD44v6 CAR-T cells. The
combination of Dec or Aza pretreated CD44v6 CAR-T cells and
pretreated AML was then investigated and found to have the
strongest anti-tumor capacity.

In summary, this study presents the first evidence that the
combination of Dec or Aza with CD44v6 CAR-T cells is potent for
treating AML. Dec and Aza strengthened the anti-tumor capacity of
CD44v6 CAR-T cells towards AML by increasing the counts of
CAR+ cells and persistence, promoting activation and memory
phenotype of CD44v6 CAR-T cells, and upregulating CD44v6
expression in AML cells. Thus, we proved that Dec or Aza
combined with CD44v6 CAR-T is a promising therapy for AML.
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