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Purpose: Despite the success of chimeric antigen receptor (CAR) T cells in clinical studies, 
a significant proportion of responding patients eventually relapsed, with the latter correlating 
with low CAR T cell expansion and persistence.
Methods and Results: Using patient-derived xenograft (PDX) mouse models of CD19+ B 
cell acute lymphoblastic leukemia (B-ALL), we show that priming leukemia-bearing mice 
with 5-azacytidine (AZA) enhances CAR T cell therapy. AZA given 1 day prior to CAR T 
cell infusion delayed leukemia growth and promoted CAR T cell expansion and effector 
function. Priming leukemia cells with AZA increased CAR T cell/target cell conjugation and 
target cell killing, promoted CAR T cell divisions and expanded IFNγ+ effector T cells in co- 
cultures with CD19+ leukemia Nalm-6 and Raji cells. Transcriptome analysis revealed 
activation of diverse immune pathways in leukemia cells isolated from mice treated with 
AZA. We propose that epigenetic priming with AZA induces transcriptional changes that 
sensitize tumor cells to subsequent CAR T cell treatment. Among the candidate genes up- 
regulated by AZA is TNFSF4 which encodes OX40L, one of the strongest T cell co- 
stimulatory ligands. OX40L binds OX40, the TNF receptor superfamily member highly 
specific for activated T cells. TNFSF4 is heterogeneously expressed in a panel of pediatric 
PDXs, and high TNFSF4 expression correlated with increased CAR T cell numbers identified 
in co-cultures with individual PDXs. High OX40L expression in Nalm-6 cells increased their 
susceptibility to CAR T cell killing while OX40L blockade reduced leukemia cell killing.
Conclusion: We propose that treatment with AZA activates OX40L/OX40 co-stimulatory 
signaling in CAR T cells. Our data suggest that the clinical use of AZA before CAR T cells 
could be considered.
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Introduction
Adoptive therapy with patient T cells modified to express chimeric antigen recep-
tors (CAR) has demonstrated great success in clinical trials.1–3 CAR redirects T 
cells to recognize and eliminate tumor cells.4 Three CD19-targeting CAR T cell 
products have been approved for the treatment of relapsed or refractory large-cell 
lymphomas and B cell acute lymphoblastic leukemia (B-ALL) in children and 
young adults (Gilead’s axicabtagene ciloleucel and Novartis’s tisagenlecleucel) 
and mantle cell lymphoma (MCL) in adults (Gilead’s brexucabtagene autoleucel). 
High response rates ranging from 70% to 94% have been achieved using both CAR 
T cell products. However, a significant proportion of responding patients eventually 
relapsed with either CD19– or CD19+ disease.5 Short duration of remission in 
patients treated with CAR T cells correlated with limited CAR T cell expansion 
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and lack of persistence.6 The in vivo expansion and per-
sistence of adoptively transferred CAR T cells are poten-
tially modulated by premature exhaustion of T cells in 
patients heavily pre-treated with chemotherapy, T cell 
exhaustion induced by extensive CAR T cell expansion 
during manufacture, and the immune-suppressive tumor 
microenvironment (TME).7–9

DNA methyltransferase (DNMT) inhibitors such as 5- 
azacytidine (azacitidine, AZA) and 5-aza-2ʹ-deoxycytidine 
(decitabine, DEC) have been shown to promote immune 
responses in multiple tumor types.10 DNMT inhibitors up- 
regulate the expression of tumor-associated antigens 
(TAA), co-stimulatory ligands and human leukocyte anti-
gen (HLA) molecules important for tumor antigen presen-
tation and activate type I interferon (IFN) signaling in 
some cancers through the viral defense pathway.11–13 The 
combination of DNMT inhibitors with checkpoint inhibi-
tors and adoptive T cell therapies has shown efficacy in 
pre-clinical models of cancer and in the clinic.11,13–18

Here, we show that AZA given prior to infusing CD19- 
targeting CAR T cells delayed leukemia growth and pro-
moted CAR T cell expansion, increasing CAR T cell 
effector function in patient-derived xenograft (PDX) 
mouse models of chemoresistant pediatric CD19+ B-ALL 
and in co-cultures with CD19+ Nalm-6 and Raji cells. 
Mechanistically, AZA up-regulated multiple immune reg-
ulatory pathways in leukemia cells, particularly TNFSF4 
that encodes the T cell co-stimulatory ligand OX40L.19,20 

We have shown that high expression of TNFSF4 in PDXs 
is associated with higher CAR T cell numbers identified in 
CAR T cell/PDX co-cultures. High OX40L expression was 
associated with increased CAR T cell killing, and OX40L 
blockade reduced leukemia cell killing. We propose that 
priming leukemia with AZA activates OX40L/OX40 co- 
stimulatory signaling in CAR T cells, promoting their 
function.

Materials and Methods
All experiments with genetically modified organisms were 
conducted and complied with institutional biosafety com-
mittee guidelines according to Gene Technology Act 2000 
(Commonwealth). Ethics approval was obtained from the 
Sydney Children’s Hospital Network Committee for 
experiments using human blood to manufacture CAR T 
cells and B-ALL PDXs. All animal studies were approved 
by the Animal Care and Ethics Committee of the 
University of New South Wales and were performed in 

strict accordance with the Australian Code for the Care 
and Use of Animals for Scientific Purposes.

Generation of CAR T Cells
Peripheral blood (PB) from healthy donors was purchased 
from Australian Red Cross. CAR T cells were generated 
using peripheral blood mononuclear cells (PBMNC) 
infected with the SFG.CAR.CD19-28ζ retrovirus (courtesy 
of Prof. Gianpietro Dotti).21 Briefly, viral supernatant was 
produced by transfecting Phoenix-AMPHO (ATCC® CRL- 
3213™, Manassas, VA) with SFG.CAR.CD19-28ζ (5 μg). 
PBMNCs were stimulated with anti-CD3/anti-CD28 beads 
and IL-2 (20 U/mL) for 2 days and then incubated for 2 
days on virus-coated RetroNectin® (Takara Bio USA, Inc.) 
covered plates in the presence of IL-2 (20 U/mL). The 
infected T cells were further expanded for another 5–7 
days with human IL-2 (20 ng/mL), IL-7 (10 ng/mL) and 
IL-15 (10 ng/mL) (Miltenyi Biotec Australia) in T cell 
medium (TCM), comprised of AIM V medium (Life 
Technologies, New York, NY) supplemented with 10% 
fetal calf serum (FCS) and 1% penicillin/streptomycin/L- 
glutamine (PSG). CAR expression in the transduced T 
cells was determined by staining with the polyclonal F 
(ab’)2 fragment goat anti-human IgG Fc (Jackson 
ImmunoResearch Laboratories, West Grove, PA). CAR T 
cell phenotype was determined by flow cytometry using 
anti-CAR APC, anti-hCD3 FITC, anti-hCD4 PerCP- 
Cy5.5, anti-hCD8 APC-Cy7, anti-hCD62L PE, and anti- 
hCD45RO APC (BD Biosciences, San Diego, CA, USA). 
Data (105 events) were acquired using the BD 
FACSCanto™ II and analyzed with BD FACSDiva™ soft-
ware (Becton Dickinson, San Jose, CA). Viable cells were 
gated based on forward versus side scatter (FSC/SSC).

Cell Lines, PDXs and Culture Media
Human CD19+ B-ALL Nalm-6 cells and Burkitt lym-
phoma Raji cells were purchased from ATCC® 

(Manassas, VA) and PDXs were provided by Prof. 
Richard Lock (Children’s Cancer Institute Australia).22 

Leukemia cells were routinely cultured in complete 
RPMI-1640 (Life Technologies, New York, NY), 10% 
FCS, HEPES (25 mmol/L), 2-mercaptoethanol (50 nmol/ 
L), and L-glutamine (2 mmol/L). AZA (Sigma-Aldrich, 
#A2385) was used at doses indicated in figure legends. 5 x 
105 target cells per well were co-cultured with CAR T cells 
at ratios indicated in figure legends. All assays had con-
trols with isolated CAR T cells and target cells. Human IL- 
2 was added at concentrations of 20 ng/mL. Leukemia 
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cells were co-cultured with CAR T cells (24 hr) at different 
effector to target ratios (E:T) indicated in figure legends. 
Each condition was performed in triplicate co-cultures 
unless indicated otherwise. At the end of the culture, 
bulk co-cultures were harvested and CAR T cell and target 
cell numbers were quantified using CountBright™ count-
ing beads (Becton Dickinson, San Jose, CA). 104 events 
per condition were acquired using the BD FACSCanto™ 
II and analyzed with BD FACSDiva™ software. CD3+ T 
cells and CD10+ leukemia cells were analyzed in viable 
cell gate based on FSC/SSC. CD10 was used to identify 
leukemia cells due to significant reduction in CD19 
expression in leukemia cells following co-culture with 
CAR T cells.23 Heterologous CAR T and target cell con-
jugates were identified as CD3+ CD10+ events, and uncon-
jugated effector and target cells were identified as single 
positive CD3+ and CD10+ events, respectively. Total target 
cell numbers and the numbers of 7-aminoactinomycin D 
(7-AAD)+ apoptotic target cells were measured in CD10+ 

CD3– gate at the end of co-culture.
Cytolytic function of CAR T cells was assessed using 

degranulation assays.23 Briefly, 105 target cells and CAR T 
cells were plated in TCM (200 mL) with saturating con-
centrations of phycoerythrin (PE)-conjugated anti-human 
CD107a or IgG isotype control and the protein transport 
inhibitor monensin. Flow cytometry was performed to 
determine CD107 expression in gated CD3+ T cells.

Carboxyfluorescein diacetate succinimidyl ester 
(CFSE) dilution assays were performed to monitor CAR 
T cell divisions. CAR T cells were labeled with CFSE 
(Invitrogen, Victoria, Australia) and co-cultured with 
Nalm-6 cells for 48 hrs. CFSE analysis was performed in 
bulk cultures in CD3+ gate using flow cytometry.23 Gating 
for divided and undivided CAR T cells was established 
using CFSE-stained CAR T cells at day 0 (undivided 
cells). Analysis was performed in duplicate. Two indepen-
dent experiments were performed.

FSChigh cell numbers, expression of PD-1, CD62L and 
CD45RO were analyzed in the CD3+ T cell gate to deter-
mine T cell activation, exhaustion and differentiation sta-
tus, respectively. Cells were washed with PBS, incubated 
with permeabilization solution (10 min, RT) and then with 
anti-INFγ or anti-CD107a antibodies for flow cytometry 
analysis in the CD3+ cell gate. All reagents were pur-
chased from Becton Dickinson, San Jose, CA. For each 
condition, measurements were done in duplicate or tripli-
cate in two independent experiments.

OX40L and OX40 expression in leukemia cells and 
CAR T cells, respectively, were analyzed using anti- 
OX40L (CD252) PE (clone 11C3.1, BioLegend, 
#326,307) and anti-OX40 PerCP (clone ACT35, Becton 
Dickinson). Anti-OX40L neutralizing antibody (R&D 
Systems, MAB10541-25) was used for functional block-
ade of OX40L.

CD19+ chemoresistant pediatric ALL cells derived 
from individual patient PDXs were co-cultured with 
CAR T cells in RPMI at E:T 1:1 (48 hr) as per published 
protocols.22,24 Association between TNFSF4 expression in 
PDXs and CAR T cell survival was performed using uni-
variate regression analysis with the least squares method in 
GraphPad Prism 7. R2 was estimated for T cell parameter 
combinations as the ratio of regression sum of squares to 
total sum of squares.

Animal Modeling
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were pur-
chased from the Jackson Laboratory (Bar Harbor, ME) and 
bred in the animal facility at Children’s Cancer Institute. 
Eight to ten-week-old mice were infused intravenously 
(IV) with chemoresistant pediatric CD19+ B-ALL cells 
(ALL-2, 3 x 106 cells/mouse).22–24 Mice were randomized 
and allocated to groups. Numbers of mice per group are 
indicated in figure legends. Single doses of AZA (2.5 mg/ 
kg) were given IV at 1 or 4 weeks post ALL-2 infusion in 
Experiments 1 and 2, respectively. CAR T or untransduced 
T cells (5 x 106 bulk T cells/mouse) were injected intra-
peritoneally (IP) 24 hrs post-AZA injection. Leukemia cell 
engraftment was monitored by flow cytometry. CD19+ 

leukemia cell engraftment in PB, bone marrow (BM) and 
spleen (SPL) was analyzed in the mouse (m) CD45– 

human (h) CD45+ gate. Anti-mCD45 PerCP and PerCP- 
Cy5.5 (clone 30-F11), anti-hCD45 APC-H7 and APC-Cy7 
(clone 2D1) and anti-hCD19 PE and FITC (clone HIB19) 
were used, respectively, in these experiments. Anti-CD3 
FITC and PE (clone UCHT1) and anti-CAR-APC were 
used to determine CAR T cell engraftment. Expression of 
CD62L, CD45RO and PD-1 was analyzed in the CD3+ T 
cell gate to determine T cell differentiation and exhaustion 
status, respectively. Anti-PD-L1 PE (clone MH1) and PD- 
L2 APC (clone MIH18) were used to determine PD-L1 
and PD-L2 expression in CD19+ leukemia cells. 
Phenotypic CAR T cell analysis was performed using 
anti-CD3, CD4, CD8, CD62L PE (clone DREG-56) and 
CD45RO PerCP-Cy5.5 (clone UCHL1) prior to infusion. 
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All antibodies were purchased from Becton Dickinson, 
San Jose, CA.

To discriminate the effect of AZA on alloreactivity of 
CAR T cells from its effect on antigen-specific activation, 
CD19– CD10+ early T cell precursor leukemia (ETP-1) 
cells were used as target cells.22 CD10+ leukemia cell 
engraftment was analyzed in the mCD45– hCD45+ gate. 
Mice were monitored daily for signs of graft versus host 
disease (GVHD): weight loss, hair loss, altered posture, or 
reduced mobility.25 Mice that showed clinical signs of 
GVHD were sacrificed and their blood was analyzed for 
the presence of human leukemia and T cells.

Gene Expression Analysis
NSG mice were injected with ALL-2 cells (5 x 106 cells/ 
mouse). At week 8, when hCD45+ cell engraftment in PB 
reached 50–65%, mice were either injected with AZA (n = 
2) or PBS (n = 2). It is relevant that 10 mg/kg rather than 
2.5 mg/kg AZA dose was used in mice with high leukemia 
burden since 2.5 mg/kg AZA had minimal effect in the 
setting of advanced disease. Total RNA was isolated from 
splenocytes using the RNeasy Mini-Kit (Qiagen, 
Melbourne, Australia) 24 hrs after AZA or PBS injection. 
Biotinylated complementary RNA was prepared using the 
Illumina TotalPrep RNA Amplification Kit Q10 (Ambion, 
TX, USA). Complementary RNA was hybridized to 
Sentrix® HumanRef-8 BeadChips (Illumina, version 2.0) 
containing 24,526 human genes. All procedures for hybri-
dization, signal detection, and analysis were performed 
according to BeadStation 500X system protocols. Raw 
data were normalized to the background with detection P 
≤ 0.01 and fold-change ratio ≥1-fold. Annotation cluster-
ing was applied to the significant genes using standard 
correlation analysis with DAVID software (DAVID 
Bioinformatics Resources, National Institute of Allergy 
and Infectious Diseases, National Institute of Health). 
Genes with >1 log fold-change were filtered for further 
analysis. Gene set enrichment analysis (GSEA) of the 
differentially expressed genes was performed as described 
previously and using standard parameters.

Differential expression analysis of TNFSF4 in the 
panel of 7 chemoresistant pediatric B-ALL PDXs was 
performed using gene expression data from www.ncbi. 
nlm.nih.gov/geo (accession no. GSE52991). Microarray 
gene expression data were imported from GEO using R 
Studio’s xlsx package.

Statistical Analysis
ANOVA one-way analysis was performed to test for sys-
tematic within-subjects differences. GraphPad Prism 7 
(GraphPad Software, La Jolla, CA) was used for statistical 
analysis for both in vitro and in vivo experiments. The 
number of mice per condition is indicated in figure legends 
corresponding to each experiment. Data was presented as 
mean ± standard deviation (SD). The significance level P < 
0.05 was used in all experiments.

Results
Priming with AZA Delays Leukemia 
Growth and Promotes CAR T Cell 
Expansion in PDX Mouse Models of 
B-ALL
Retroviral gene transfer was used to manufacture CAR T 
cells with high levels of CAR (78%). These were enriched 
with CD4+ T cells, and predominantly CD62L+ CD45RO+ 

central memory (Tcm) and CD62L– CD45RO+ effector 
memory (Tem) cells (Figure 1A and B). Reduced CD19+ 

target Nalm-6 and Raji cell numbers and increased propor-
tion of apoptotic 7AAD+ target cells were observed in 24 
hr co-cultures with CAR T cells (Figure 1C and D). 
Additionally, co-culture with target cells promoted CAR 
T cell degranulation and increased IFNγ expression 
(Figure 1E and F).

Administration of CAR T cells to NSG mice reduced 
hCD19+ ALL-2 cell engraftment in PB analyzed 30 days 
post T cell infusion (Figure 2A and B). Single doses of 
AZA given alone reduced leukemia cell engraftment, and 
further reduced hCD19+ cell engraftment in mice when 
combined with CAR T cells (Figure 2B). Event-free survi-
val (EFS) analysis was performed using leukemia event 
(LE) defined as 10% of hCD19+ blasts in PB (Figure 2C). 
Priming with AZA significantly improved EFS in mice 
infused with CAR T cells (Figure 2C).

CD3+ T cells were identified in PB of 6/12 mice 
infused with CAR T cells alone or AZA + CAR T cells. 
However, mice that were given AZA prior to CAR T cells 
exhibited an increased proportion of CD3+ T cells at day 
30 post CAR T cell infusion, suggesting that reduced 
leukemia cell burden in this group was associated with 
higher CAR T cell expansion (Figure 2D). It is unlikely 
that AZA or its metabolites, with half-life of 41 min and 4 
hrs respectively may mediate the direct effect on CAR T 
cells, suggesting that CAR T cell expansion in 
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AZA-primed mice rather results from the modulation of 
immune capacity of target cells to stimulate or inhibit T 
cell function.

The effect of priming with AZA was further exam-
ined in advanced leukemia settings when AZA and CAR 

T cells were injected at 4 weeks post-ALL-2 injection 
and analyzed 1 week later (Week 5). Both CAR T cells 
and AZA given alone had minimal effect in the setting 
of advanced disease. However, priming with AZA 
upfront of CAR T cell infusion significantly reduced 

Figure 1 Characterization of CAR T cells following ex vivo expansion. (A) Live lymphocytes were gated based on SSC/FSC fluorescence (left top panel). CAR expression 
(P3 gate, left bottom panel) was analyzed in the CD3+ P2 gate (right top panel). CAR expression in untransduced T cells is shown in right bottom panel in P3 gate. (B) CAR 
T cells were composed of CD4+ and CD8+ cells. Both CD4+ and CD8+ CAR T cells were represented by CD62L+ CD45RO+ Tcm, CD62L– CD45RO+ Tem and CD62L+ 

CD45RO– naïve T (Tn) cells. (C) Reduced numbers of CD19+ Raji and Nalm-6 cells were observed in 24-hour co-cultures with CAR T cells (E:T = 1:1, ****P < 0.0001). (D) 
Co-culture with Nalm-6 cells at 1:10 E:T ratio increased the proportion of 7AAD+ apoptotic target cells identified in CD10+ gates. (E) CAR T cells co-cultured with Nalm-6 
and Raji cells exhibited increased degranulation, measured using anti-CD107a in CD3+ gates. (F) IFNγ expression in CAR T cells co-cultured with target cells. IFNγ 
expression was analyzed in the CD3+ gate. Flow cytometry analysis of one representative experiment is shown in (D–F).
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leukemia engraftment in the PB and increased propor-
tions of CD3+, CAR+ and CD4+ T cells in the spleen 
(Figure 3A–E). Importantly, priming with AZA 
increased the numbers of IFNγ+ T cells (Figure 3F). T 
cells from CAR T alone and AZA + CAR T groups 
expressed similar levels of PD-1 (Figure 3G). 

Activation of the inhibitory PD-1 checkpoint in T cells 
is controlled by the availability of specific PD-1 ligands, 
PD-L1 and PD-L2.26 Flow cytometry analysis revealed 
PD-L2 but not PD-L1 expression in ALL-2 cells 
(Figure 3G), and host priming with AZA did not mod-
ulate PD-L2 expression (data not shown).

Figure 2 Host priming with AZA reduced leukemia cell growth and promoted CAR T cell expansion in low leukemia burden model. Mice were transplanted with CD19+ 

ALL-2 cells and randomized in 4 groups: untreated (n = 8), mice treated with CAR T cells alone on day 8 (CAR T, n = 12), mice treated with AZA (2.5 mg/kg) on day 7 (AZA, 
n = 9), mice treated with AZA on day 7 and then infused with CAR T cells on day 8 (AZA + CAR T, n = 12). (A) Flow cytometry analysis of CD19+ leukemia and CD3+ CAR 
T cells from PB of mice. Live cells were gated based on FSC/SSC fluorescence (P1 gate, left panel). Mouse CD45+ (mCD45+) and human CD45+ (hCD45+) cells were 
analyzed in the P1 gate (second left panel). Human (hCD19+) and human CD3+ (hCD3+) cells were identified in the hCD45+ Q4 gate (second and first right panels). One 
representative dot plot is shown. (B) hCD19+ leukemia cell engraftment in PB measured at days 30 and 38 post CAR T cell infusion (left and right panels, respectively). (C) 
Kaplan-Meier survival analysis showing significant differences in event-free survival (EFS) between untreated and CAR T and/or AZA-treated groups. (D) CD3+ T cells 
identified in PB of 6/12 mice from CAR T and AZA + CAR T groups at day 30, with each dot plot representing the analysis of individual mice from CAR T and AZA + CAR T 
groups.
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Figure 3 Host priming with AZA delays leukemia cell growth and promotes CAR T cell expansion in high leukemia burden models. Mice transplanted with ALL-2 cells, were 
treated with AZA and CAR T cells 4 weeks post ALL-2 injection, with AZA injected 24 hrs prior to CAR T cells. (A) Expression of mCD45, hCD45, hCD19 and hCD3 is shown in 
one representative flow cytometry dot plot for each condition. (B and C) hCD19+ leukemia and hCD3+ T cell engraftment in PB at 1 week post CAR T cell infusion, respectively. 
Each group except AZA alone (n = 2) contained 3 mice. (D) Host priming with AZA increased CAR T cell numbers in SPL analyzed post-mortem at week 5. Each dot plot 
represents analysis of individual mice from CAR T or AZA + CAR T groups. (E) Host priming with AZA increased %CD4+ and %CD8+ (not significant). (F) Host priming with AZA 
increased the proportion of IFNγ+ T cells in the SPL of mice infused with CAR T cells. (G) PD-1 expression in hCD3+ T cells (left and middle panels) and PD-L1/PD-L2 expression in 
hCD19+ cells isolated from the SPL of mice infused with CAR T cells (right panel).
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AZA Potentiates CAR T Cells in Co- 
Cultures with CD19+ Leukemia Cells
CAR T cells were co-cultured with CD19+ B-ALL Nalm-6 
cells pre-treated with AZA (0.4 μM, 24 hrs) or untreated 
cells. Multiparameter flow cytometry analysis was per-
formed to determine the effect of leukemia priming with 
AZA on the formation of effector:target (E:T) CD3+ 

CD10+ cell conjugates, target CD10+ cell cytolysis, and 
proliferative and inflammatory functions of CAR T cells.23 

Pre-treatment with AZA increased the proportion of 
CD10+ leukemia cells forming CD3+ CD10+ conjugates 
(Q2/Q1 + Q2) and reduced the numbers of single CD10+ 

target cells (Q1) at E:T = 10 and E:T = 20 (Figure 4A–C). 
Additionally, priming with AZA increased the proportion 
of 7-AAD+ apoptotic cells identified in CD10+ gate 
(Figure 4D, P4 gate).

Antigen stimulation in CAR T and Nalm-6 co-cultures 
increased the proportion of dividing CFSEdim T cells com-
pared to CAR T alone culture (Figure 4E, top and middle 
panels). However, CD3+ T cell numbers were reduced in co- 
cultures presumably due to activated T cell death (ATCD).23 

Importantly, priming with AZA increased the proportion of 
rapidly dividing CFSEdim T cells identified in P10 gate and 
CD3+ T cell numbers identified at the end of co-culture 
(Figure 4E and F respectively). It is relevant that the propor-
tion of apoptotic 7AAD+ T cells was not modulated by pre- 
treatment of Nalm-6 cells with AZA (data not shown).

Unlike CAR T cells cultured with only IL-2 (CAR T 
only), CAR T cells co-cultured with Nalm-6 cells rapidly 
up-regulated PD-1 (Figure 4G). Pre-treatment of Nalm-6 
cells with AZA did not significantly modulate PD-1 in 
CAR T cells (Figure 4G). Similar to ALL-2 cells derived 
from PDXs, Nalm-6 cells did not express PD-L1 but 
expressed PD-L2, an alternative PD-1-specific ligand that 
activates the PD-1 checkpoint in T cells (Figure 4H). Pre- 
treatment with AZA did not affect PD-L1 or PD-L2 
expression in Nalm-6 cells (Figure 4H), suggesting that 
AZA does not modulate the PD-1 checkpoint.

Pre-treatment of target cells with AZA increased target 
cell killing, expanded CAR T cells in co-cultures with 
CD19+ Burkitt lymphoma Raji cells (Figure 5A and B), 
and increased the numbers of CD62L– CD45RO+ Tem and 
effector IFNγ+ CD3+ T cells (Figure 5C and D). Pre-treat-
ment with AZA did not modulate PD-L1 or PD-L2 expres-
sion in Raji cells, and PD-1 expression in CAR T cells was 

not affected by priming leukemia cells with AZA 
(Figure 5E and F respectively). Collectively, our in vitro 
data suggest that priming target cells with AZA increases 
functional capacity and improves the anti-tumor potency 
of CAR T cells.

Gene Expression in Leukemia Cells 
Isolated from Mice Primed with AZA
To determine the mechanisms triggered by AZA prim-
ing, 4 mice were injected with ALL-2 cells, and 2 of 
those mice were treated with AZA (ALL-2 + AZA 
mice) at week 8 when leukemia engraftment reached 
56.75% in average in PB (data not shown) or remained 
untreated (ALL-2 mice). RNA was isolated from sple-
nocytes 24 hrs post-AZA treatment. Gene expression 
analysis revealed 1682 genes modulated by AZA, with 
828 genes up-regulated and 854 down-regulated. GSEA 
revealed the up-regulation of numerous immune path-
ways identified in leukemia cells isolated from AZA- 
treated mice (Supplementary Table S1). AZA up-regu-
lated genes encoding cancer testis antigens, integrins 
and HLA-I (HLA-B, C, F and H) and HLA-II (HLA- 
DRB1, 3, 4, 5 and HLA-A29.1, HLA-DQA1 and 2, 
HLA-DPA1) that are key for antigen presentation and 
processing. Genes encoding immune stimulatory 
ligands (LITAF, TNFAIP8L2, TNFSF4, IL-32) and 
chemokines CXCL16 and CCL25 promoting T cell 
migration, and epigenetically deregulated in pediatric 
B-ALL-26,27 were up-regulated following treatment 
with AZA (Figure 6). In addition, reduced expression 
of genes encoding IL-10 and TNFSF14 that negatively 
regulate T cell function was identified in leukemia cells 
isolated from AZA-treated mice. Remarkably, AZA 
also down-regulated genes that encode CD24, which 
is over-expressed in many cancers.28 GSEA also high-
lighted pathways with previously underappreciated 
roles in regulating the responses of leukemia cells to 
cytotoxic T lymphocyte (CTL)-mediated killing 
(Supplementary Table S1). Pre-treatment with AZA 
did not modulate target CD19 gene expression or the 
expression of genes encoding PD-L1 or PD-L2, which 
is consistent with flow cytometry data. Up-regulation 
of genes encoding pro-apoptotic proteins Bax, CASP9, 
FASL, FADD and down-regulation of genes encoding 
anti-apoptotic Bcl2L1 were registered in leukemia cells 
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derived from AZA-treated hosts (Figure 6), suggesting 
that pre-treatment with AZA activates pro-apoptotic 
programs in leukemia cells. Up-regulation of 

CDKN1A in leukemia cells derived from AZA-treated 
mice suggests that AZA suppresses leukemia cell 
cycling in addition to apoptosis.

Figure 4 Pre-treatment of leukemia cells with AZA potentiates CAR T cells in co-cultures. (A and B) Nalm-6 cells were primed with AZA (0.4 μM, 24 hrs) or remained 
untreated. Equal numbers of viable cells were then co-cultured with CAR T cells for another 24 hrs at (E) T = 1:1, 1:10, 1:20. Proportions of CD3+ CD10+ T cell/leukemia- 
cell conjugates were determined as number of events in Q2/Q1 + Q2. (C) single CD10+ target cell numbers were determined in Q1. (D) Proportions of apoptotic 7AAD+ 

target cells (P4) were analyzed in CD3+ gate. (E) CFSE-labeled CAR T cells cultured alone (in the presence of IL-2 only) or co-cultured with Nalm-6 cells for 48 hrs at (E) 
T=1:1 exhibit dye dilution during 48 hr culture with each peak representing one division. It is relevant that all CFSE+ T cells analyzed prior to culture were located in P6 (data 
not shown). Rapidly dividing CFSEdim T cells that underwent 4 divisions were determined in P10 gate. Each condition was done in duplicate, with 1 representative histogram 
for each condition shown. (F) CD3+ T cell numbers per culture. (G) PD-1 expression in CAR T cells before and after 24-hour co-culture with Nalm-6 cells analyzed in CD3+ 

T cell gates. One representative flow cytometry analysis is shown for each condition. (H) hPD-L1/hPD-L2 expression in Nalm-6 cells.
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Figure 5 Priming Raji cells with AZA modulates CAR T cell function in co-cultures. Pre-treatment with AZA promoted Raji cell killing (A), increased CAR T and hCD62L– 

CD45RO+ Tem numbers (B and C) and increased proportion of IFNγ+ CAR T cells co-cultured with Raji cells, with IFNγ expression in CD3+ T cells measured in triplicate 
(D). Flow cytometry measurements of PD-L1/PD-L2 expression in Raji cells (E) and PD-1 expression in CAR T cells at the end of co-culture (F).
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Host Priming with AZA Promotes Allo- 
and Xenoreactivity of Human 
Untransduced T Cells but Only Weakly 
Modulates CAR19T Cell Allo/Xeno- 
Responses
Priming mice with AZA promoted graft versus leukemia 
(GVL) effects induced by untransduced (mock) T cells, 

although without statistical significance (Figure 7A–C). 
Increased T cell expansion and differentiation to more 
cytotoxic CD62L– CD45RO+ Tem in the expense of less 
cytotoxic Tcm was observed in mice primed with AZA 
before mock T cell infusion (Figures 7D and 8A). 
Additionally, mice infused with mock T cells following 
AZA priming were apathetic, appeared ruffled, had rapid 
breath, and exhibited weight loss over the last week 

Figure 6 Priming leukemia-bearing mice with AZA modulates gene expression in leukemia cells. Selected differentially expressed genes in hCD19+ leukemia cells isolated 
from the spleen of 2 AZA-treated mice (ALL-2 + AZA) and 2 untreated ALL-2 mice. Genes up-regulated by AZA are shown in red, and down-regulated in blue.
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(Supplementary Figure S1), a surrogate marker for the 
severity of xenogeneic GVH (xGVH) reactivity.25 xGVH 
was confirmed in post-mortem analysis (data not shown). 
Increased allo- and xenoreactivity of mock T cells isolated 
from AZA-primed mice is consistent with the up-regula-
tion of genes encoding HLAs critical for allo- and xeno- 
antigen presentation (Figure 6).

To discriminate alloreactivity from antigen-specific 
reactivity of CAR19T cells and to determine whether 
alloreactivity of CAR T cells could potentially contribute 
to the increased GVL effect in AZA-pre-treated mice in 
mismatched settings, mice bearing CD19– CD10+ ETP-1 
cells were treated with CAR19 T cells (Figure 8B, left 
panel). CAR19 T cells alone did not reduce CD19– CD10+ 

ETP-1 cell engraftment in the PB of mice, thus exhibiting 
low allo-reactivity, while AZA alone slightly reduced 
ETP-1 cell engraftment, although not significantly 
(Figure 8B, left panel). Priming with AZA reduced 
CD10+ cell engraftment in mice infused with CAR19T 

cells, suggesting increased alloreactivity in CAR19T cells 
isolated from AZA-treated mice. However, this effect did 
not reach significance (Figure 8B, right panel). Thus, 
increased alloreactivity of CAR19T cells in AZA-primed 
mice appears to only marginally contribute to the 
increased GVL effect against CD19+ leukemia. 
Importantly, unlike mock T cells, CAR19 T cells did not 
induce xGVHD, with the latter correlating with reduced 
allo- and xenoreactivity of human CAR T cells used fol-
lowing ex vivo expansion.29

TNFSF4/OX40L Up-Regulation in AZA- 
Primed Leukemia Cells May Play a Role in 
Potentiating CAR T Cell Function
Gene expression analysis showed significant up-regulation 
of the TNFSF4 gene in ALL-2 cells isolated from AZA- 
primed mice (Figure 6). TNFSF4 encodes OX40L that 
stimulates T cells via ligation of OX40, the member of 
tumor necrosis factor (TNF) receptor superfamily highly 

Figure 7 Host priming with AZA promoted GVL effect mediated by mock T cells. Untransduced (mock) T cells were injected 1 week post ALL-2 infusion, and AZA was 
injected 1 day prior to mock T cell infusion as in Figure 3. (A–C) Human CD19+ leukemia cell engraftment in PB, SPL, and bone marrow (BM). (D) hCD3+ T cell engraftment 
in PB.
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Figure 8 Host priming with AZA promoted GVL effect mediated by mock T cells (continued). (A) Host priming with AZA promoted T cell differentiation of infused mock 
T cells into CD62L– CD45RO+ Tem in expense of CD62L+ CD45RO+ Tcm. Representative dot plots of CD62L and CD45RO expression are shown. (B) hCD19 expression 
in leukemia ETP-1 and ALL-2 cells. hCD10+ cell engraftment in PB in mice infused with CD19– CD10+ ETP-1 cells and treated with CAR19 T, AZA, or AZA + CAR19 T (n = 
5 per group).
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expressed in activated T cells.30 OX40L/OX40 is involved 
in various important regulatory functions associated with 
lymphocyte activation.31 Flow cytometry confirmed up- 
regulation of OX40L in AZA-treated ALL-2 cells, and 
increased OX40L expression remained in ALL-2 cells 
co-cultured with CAR T cells (Figure 9A).

CD19+ pediatric B cell precursor ALL (BCP-ALL) 
including mixed lineage leukemia ALL (MLL-ALL) 
demonstrate heterogeneous expression of TNFSF4, and 
regression analysis revealed that high TNFSF4 expression 
in PDXs is associated with high CAR T cell numbers 
identified in 24-hour co-cultures (Figure 9B and C). It is 

relevant that correlation analysis did not show any asso-
ciation between the expression of genes encoding other T 
cell co-stimulatory ligands such as ICOSL, CD70, CD86 
and CD137/4-1BB, all differentially expressed in B-ALLs, 
and CAR T cell survival in co-cultures with individual 
B-ALL (data not shown).

The role of the OX40L/OX40 co-stimulatory pathway 
was examined in CAR T cells co-cultured with OX40+ 

Nalm-6 cells using OX40L-blocking antibodies. OX40 
expression was up-regulated in CAR T cells co-cultured 
with target cells (Figure 10A), and the proportion of acti-
vated FSChigh T cells was higher in gated OX40+ 

Figure 9 TNFSF4/OX40L up-regulation in AZA-primed leukemia cells promotes CAR T cell function. (A) Representative histograms showing OX40L expression in ALL-2 
cells. ALL-2 cells were pre-treated with AZA (1 µM, 24 hrs) or remained untreated. Target cells were then co-cultured with CAR T cells for 6 hrs. Pre-treatment with AZA 
increased the proportion of OX40L+ cells. (B) TNFSF4 mRNA expression in 7 BCP-ALL and 8 MLL-ALL PDXs were determined using transcriptome analysis. (C) High 
TNFSF4 expression in PDXs is associated with high CAR T cell numbers identified in 24-hour co-cultures.
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Figure 10 TNFSF4/OX40L up-regulation in AZA-primed leukemia cells promotes CAR T cell function (continued). (A) Co-culture with target cells increased proportion of 
OX40+ CAR T cells. OX40 and CAR expression were analyzed in CD3+ gate (top panel). Proportions of OX40+ CAR T cells in 24-hour co-cultures with ALL-2 cells 
(bottom panel). (B) High OX40 expression in CAR T cells is associated with the increased proportion of activated FSChigh cells (right panel). Representative dot plot analysis 
of OX40 versus FSC T cells in the CD3+ gate is shown (left panel). CAR T cells co-cultured with leukemia cells at E:T = 20:1, 10:1, 1:1 (24 hrs). (C) Reduced proportion of 
OX40L+ CD10+ target cells following co-culture with CAR T cells. OX40L blockade increased the proportion of OX40L+ target cells preserved from CAR T cell killing. 
Representative flow cytometry analysis for each condition is shown (bottom panel). OX40L-blocking antibodies and the antibodies used for detecting OX40L expression 
bound to different OX40L epitopes.
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compared to the OX40– subset, suggesting that OX40/ 
OX40L signaling promotes CAR T cell activation 
(Figure 10B). Importantly, the proportion of OX40L+ 

Nalm-6 cells was reduced following co-culture with 
CAR T cells (Figure 10C), and OX40L blockade increased 
the proportion of OX40L+ target cells that survived CAR T 
cell killing (Figure 10C), suggesting that OX40L expres-
sion makes leukemia cells more susceptible to CAR T cell 
cytotoxicity. We propose that AZA-priming up-regulates 
OX40L in leukemia cells promoting OX40 co-stimulatory 
signaling in CAR T cells.

Discussion
Our study reveals the capacity of AZA given upfront to 
improve the efficacy of CAR T cell therapy for CD19+ 

chemoresistant pediatric B-ALL patients. Single doses of 
AZA given 24 hrs prior to CAR T cell infusion delayed 
leukemia cell growth in PDX mouse models of B-ALL, 
promoted CAR T cell expansion and improved their effec-
tor function to increase INFγ+ cell numbers. Importantly, 
this effect was seen at large leukemia burden when both 
AZA and CAR T cells given as monotherapies were not 
effective, which suggests that priming patients with AZA 
prior to CAR T cell infusion may be beneficial for patients 
with advanced disease. The pro-immunogenic effects of 
AZA were reproduced in CAR T cells co-cultured with 
AZA-pre-treated leukemia cells. Pre-treatment of target 
cells with AZA increased CD19+ Nalm-6 leukemia cell/ 
CAR T cell conjugation, promoted CAR T cell expansion, 
and increased INFγ+ effector cell numbers and leukemia 
cell killing. Thus, AZA appears to promote cytotoxicity 
(INFγ+ CAR T cells) and proliferation (higher CFSElow 

cells). However, it remains to be determined whether 
priming leukemia cells with AZA will modulate CAR T 
persistence in long-term experiments. It is relevant that 
excessive CAR T cell activation may lead to premature 
exhaustion.32–34

There are various means by which priming with AZA 
can affect CAR T cell function.32 Another demethylating 
agent, decitabine, was shown to increase the expression of 
CD19 on lymphoma cells and enhanced the cytotoxic 
effect of CAR19 T cells.35 In our experiments, however, 
AZA did not up-regulate CD19 cell surface expression in 
B-ALL cells. Additionally, neither PD-L1/PD-L2 expres-
sion in leukemia cells nor PD-1 expression in CAR T cells 
was affected by pre-treatment of leukemia/hosts with 
AZA, suggesting that AZA effects were not mediated 
through the modulation of the inhibitory PD-1 checkpoint. 

It is relevant that PD-1/PD-L1 axis was shown to be 
modulated by AZA in acute myeloid leukemia 
(AML).36–38

Host priming with AZA, however, modulated multiple 
immune genes and pathways in leukemia cells. AZA treat-
ment enriched genes that encode HLAs key for antigen 
presentation. Leukemia-bearing mice primed with AZA 
showed up-regulated cytokine/chemokines, cancer testis 
antigens, integrins and immune stimulatory ligands. Pro- 
immunogenic modulation of gene expression in B-ALL 
cells aligns with previous studies that showed modulation 
of similar immune pathways in breast, colorectal and 
ovarian cancers treated with AZA.39 Importantly, AZA 
up-regulates TNFSF4 that encodes the T cell co-stimula-
tory ligand OX40L.30 OX40L binds its receptor OX40, the 
TNF receptor superfamily member that is highly specific 
for activated T cells. OX40L stimulates T cells to promote 
T cell proliferation, effector differentiation and long-term 
survival.31,40 OX40L/OX40 signaling was shown to pro-
mote Bcl-xL and Bcl-2 expression essential for long-term 
T cell survival and in vivo persistence of CAR.CD30T 
cells.41,42 AZA down-regulated IL-10 in ALL-2 cells, 
and OX40 co-stimulation was shown to abrogate IL-10 
inhibitory effects on CAR T cells.19,43 Thus, we focused 
on exploring the effect of OX40L/OX40 signaling on CAR 
T cell function. PDXs from individual B-ALL patients 
express variable levels of TNFSF4, and high TNFSF4 
expression in leukemia cells was associated with enhanced 
CAR T cell numbers in co-cultures. High OX40L expres-
sion seems to increase the susceptibility of leukemia 
Nalm-6 cells to CAR T cell killing, and OX40L blockade 
reduced CAR T cell-mediated killing of Nalm-6 cells. 
Additionally, higher proportions of activated T cells were 
seen in OX40+ T cell subsets, suggesting that up-regula-
tion of OX40L in AZA-treated leukemia cells activates co- 
stimulatory OX40 signaling in CAR T cells. It is relevant 
that decitabine was shown to promote TCR-specific T cells 
through up-regulation of OX40L in colorectal cancer 
cells.44

Gene expression analysis revealed up-regulation of 
pro-apoptotic genes and down-regulation of anti-apoptotic 
genes in leukemia cells derived from AZA-primed mice. 
CAR T cell cytotoxicity depends on the expression of pro- 
apoptotic proteins in target cells.45 We have previously 
shown that treatment with AZA up-regulates caspase-3/ 
cleaved caspase-3 in Nalm-6 cells and promotes CAR T 
cell-mediated cytolysis of target cells.23 Thus, direct 
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activation of pro-apoptotic machinery by AZA may pre-
sent an additional mechanism to promote CAR T cell 
therapy.

Conclusion
In summary, our findings provide a strong rationale to 
investigate AZA pre-treatment prior to adoptive CAR T 
cell therapy. Better understanding of the mechanisms of 
immunogenic modulation of AZA-treated leukemia cells 
will be required to determine how to best apply AZA to 
enhance CAR T cell therapy. Overall, our results suggest 
that AZA can be used to make leukemia cells more immu-
nogenic through epigenetic modulation of genes stimula-
tory to T cells, and in particular, OX40L.
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