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Abstract

Background: Chimeric antigen receptor (CAR) T cells directed against CD19 (CART19) are effective in B-cell malignancies, but
little is known about the molecular factors predicting clinical outcome of CART19 therapy. The increasingly recognized
relevance of epigenetic changes in cancer immunology prompted us to determine the impact of the DNA methylation profiles
of CART19 cells on the clinical course. Methods: We recruited 114 patients with B-cell malignancies, comprising 77 patients
with acute lymphoblastic leukemia and 37 patients with non-Hodgkin lymphoma who were treated with CART19 cells. Using
a comprehensive DNA methylation microarray, we determined the epigenomic changes that occur in the patient T cells upon
transduction of the CAR vector. The effects of the identified DNA methylation sites on clinical response, cytokine release syn-
drome, immune effector cell-associated neurotoxicity syndrome, event-free survival, and overall survival were assessed. All
statistical tests were 2-sided. Results: We identified 984 genomic sites with differential DNA methylation between CAR-
untransduced and CAR-transduced T cells before infusion into the patient. Eighteen of these distinct epigenetic loci were as-
sociated with complete response (CR), adjusting by multiple testing. Using the sites linked to CR, an epigenetic signature, re-
ferred to hereafter as the EPICART signature, was established in the initial discovery cohort (n¼79), which was associated
with CR (Fisher exact test, P< .001) and enhanced event-free survival (hazard ratio [HR] ¼0.36; 95% confidence interval [CI]
¼0.19 to 0.70; P¼ .002; log-rank P¼ .003) and overall survival (HR¼0.45; 95% CI¼0.20 to 0.99; P¼ .047; log-rank P¼ .04;). Most
important, the EPICART profile maintained its clinical course predictive value in the validation cohort (n¼35), where it was
associated with CR (Fisher exact test, P< .001) and enhanced overall survival (HR¼0.31; 95% CI¼0.11 to 0.84; P¼ .02; log-rank
P¼ .02). Conclusions: We show that the DNA methylation landscape of patient CART19 cells influences the efficacy of the
cellular immunotherapy treatment in patients with B-cell malignancy.
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Chimeric antigen receptor (CAR) T-cell therapy has proved to be
effective in patients for whom few therapeutic options other-
wise remain, such as those with relapsed/refractory B-cell acute
lymphoblastic leukemia (ALL) and B-cell lymphomas (1-4).
These results have led to clinical approval of commercially
available treatments (1). Despite the great hopes that CAR T
cells directed against CD19 (CART19) cells has raised, treatment
failure is not uncommon. The discovery of predictive bio-
markers of clinical outcome to CART19 therapy would be highly
relevant for risk stratification and the selection of alternative
therapies. The lack of initial clinical response or the occurrence
of relapse could have several causes related to the CART con-
struct, preparation of infused cells, delivery of transduced cells,
and biological features of the targeted B-cells, but only a few
defects associated with CART19 inefficacy have been identified,
the most studied being tumor antigen escape by loss of the
CD19 protein (5). Other candidate molecular biomarkers for pre-
dicting CART19 clinical response in preinfused cells include
CAR genomic integration sites (6-8) and cytokine expression
profiles (9).

Herein, we have addressed whether the epigenetic status of
the autologous CAR-transduced T-cells could also affect the
clinical course of CART19 therapy. DNA methylation is altered
in cancer (10,11), affecting the immune system and immuno-
therapy efficacy (12). In this regard, DNA methylation signatures
are associated with clinical response to programmed cell death
protein 1 checkpoint blockade (13) and the DNA methylation
status of the vector for transgenic T-cell receptor adoptive cell
therapy relates to changes in tumor burden (14). For these rea-
sons, we decided to assess the effects of the DNA methylation
landscape of preinfused CART19 cells on the clinical outcome of
patients with B-cell malignancies.

Methods

Study Design

Patients were eligible to enter the study if they had an relapsed/
refractory B-cell malignancy for which CART19 therapy was rec-
ommended. Patient CD19-engineered T cells from 114 cases,
comprising 77 patients with ALL and 37 patients with non-
Hodgkin lymphoma (NHL), were obtained from 3 academic clini-
cal trials: NCT03144583 (15), NCT02772198 (16,17), and
NCT03373071 (18). Written informed consent was obtained, and
the Sheba Medical Center institutional review board and the
Israeli Ministry of Health, the Research Ethics Committee (Celm)
of the Hospital Clinic, and the institutional review board of
Bambino Ges�u Children Hospital, respectively, provided study
approval. The clinical characteristics of the studied 114 patients
are summarized in Table 1. The type of CART19 therapy used in
each trial is described in Supplementary Methods (available on-
line). High-molecular-weight DNA was extracted from all sam-
ples before CART19 infusion into patients.

DNA Methylation Procedure and Analysis

The DNA methylation status of the CART19 cells from each pa-
tient was established using the Infinium MethylationEPIC Kit
(Illumina, Inc, San Diego, CA) (19). DNA methylation data are
available in the Gene Expression Omnibus repository

(GSE179414, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc¼GSE179414). An epigenetic signature, referred to hereafter
as the EPICART DNA methylation signature (EPICART signature)
was obtained using a trained, supervised classification model
based on ridge-regularized logistic regression to predict clinical
response. The classification model was optimized by tuning
parameters (best performance with A¼ 0 from ridge regression
and regularization parameter k¼ 0.03), with 10-fold cross-
validation, repeated 3 times. Our model performance was
assessed using the receiver operating characteristic curve of the
resamples (area under the curve mean¼ 0.83; 95% confidence
interval [CI] ¼ 0.75 to 0.91). Flow cytometry analysis was used
for validation. DNA methylation status of specific CpG sites was
validated by pyrosequencing and bisulfite genomic sequencing
of multiple clones. Quantitative reverse transcription–polymer-
ase chain reaction (qRT-PCR) and Western blot were used to as-
sess gene expression (Supplementary Methods; Supplementary
Table 1, available online).

Clinical Statistical Analysis

Assay results were compared with patient outcomes in a
double-blind manner. The statistical significance of the differ-
ences between distributions of the groups was estimated with
Fisher exact test. The Mann-Whitney-Wilcoxon test was used to
test the statistical significance of the differences between distri-
butions of methylation or expression values among groups. The
correlation between methylation and gene expression was esti-
mated using Spearman test. Overrepresentation of T-cell popu-
lation phenotypes in EPICART-positive and EPICART-negative
CART19 cells was estimated using the Student t test. Event-free
survival (EFS) was defined as the time from the start of CART19
treatment until the first occurrence of progression, relapse, or
death. Overall survival (OS) was defined as the time from the
start of CART19 treatment until death. The Kaplan-Meier
method was also used to estimate the EFS and OS, the differen-
ces between the groups being calculated with the log-rank test.
Hazard ratios from univariate Cox regressions were used to de-
termine the association between clinicopathological features
and survival. A P value less than 0.05 was considered statisti-
cally significant. All statistical tests were 2-sided unless other-
wise stated.

Results

The Epigenomic Landscape of CART19 Cells

To discover an epigenomic profile associated with patients with
a B-cell malignancy who would gain clinical benefit from
CART19 treatment, we first studied the DNA methylation land-
scape of untransduced and transduced preinfusion T cells for
the CD19 CAR retrovirus in 43 patients from the NCT02772198
clinical trial (Figure 1, A). This set of cases included 30 NHL (28
adult and 2 pediatric patients) and 13 ALL (8 pediatric and 5
adult patients). In this initial set, we interrogated the methyla-
tion status of approximately 850 000 CpG sites (19). In the 43
patients with a B-cell malignancy, DNA methylation levels dif-
fered between CART19 untransduced and transduced cells at
984 CpG sites (Supplementary Table 2, available online). Among
these differential CpG sites, 52.7% (519 of 984) were
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hypermethylation events at the CART19 transduced cells vs the
untransduced cells, whereas 47.3% (465 of 984) were hypome-
thylation changes. The CpG methylation content of these 984
sites was not distinct between CD4 and CD8 T cells (CD4 meth-
ylation b value 95% CI¼ 0.57 to 0.61; CD8 methylation b value
95% CI¼ 0.57 to 0.61, Mann-Whitney-Wilcoxon test P¼ .73). The
genomic distribution of these CpG sites is illustrated in Figure 1,
B. They were associated with known genes in 75.1% (739 of 984)
of cases and, of these, were located within a defined regulatory
region in 45.9% (339 of 739) of cases. Gene set enrichment analy-
sis using gene ontology collections showed that the most over-
represented biological processes and Kyoto Encyclopedia of
Genes and Genomes and Reactome pathways were the “T-cell
receptor signaling pathway,” “Pathways in cancer,” and
“Separation of sister chromatids,” respectively (Figure 1, C).

Using only CpG sites for regulatory regions, the most overrepre-
sented categories were “T-cell receptor signaling pathway” and
“Transcriptional regulation by RUNX3” (Supplementary Figure
1, A, available online), whereas using only gene body sites, the
most overrepresented categories were “Homophilic cell adhe-
sion via plasma membrane adhesion molecules” and
“Separation of sister chromatids” (Supplementary Figure 1, B,
available online).

T cells transduced with CD19 CAR retroviruses could them-
selves be vulnerable to DNA methylation silencing (20). Thus,
we examined whether a distinct DNA methylation status of the
retrovirus in the transduced T-cell could also influence clinical
outcome. Pyrosequencing analyses of the retroviral vector
showed an unmethylated status of the retroviral vector in the
CART19 cells (Supplementary Figure 1, C, available online).

Table 1. Clinicopathological characteristics of the patients with a B-cell malignancy treated with chimeric antigen receptor T cells directed
against CD19 cellsa

Characteristic
Entire cohort Discovery cohort Validation cohort

(n¼ 114) (n¼ 79) (n¼35)

Sex, No. (%)
Male 68 (59.6) 41 (51.9) 27 (77.1)
Female 46 (40.4) 38 (48.1) 8 (22.9)

Median age (range), y 24 (3-70) 22 (3-70) 27 (4-70)
Age, No. (%), y
<18 42 (36.8) 32 (40.5) 10 (28.6)
18-29 27 (23.7) 16 (20.3) 11 (31.4)
30-59 34 (29.8) 26 (32.9) 8 (22.9)
�60 11 (9.6) 5 (6.3) 6 (17.1)

Diagnosis, No. (%)
B-ALL 77 (67.5) 53 (67.1) 24 (68.6)
B-NHL 37 (32.5) 26 (32.9) 11 (31.4)

DLBCL 20 (17.5) 13 (16.5) 7 (20.0)
PMBCL 11 (9.6) 9 (11.4) 2 (5.7)
Follicular lymphoma 4 (3.5) 3 (3.8) 1 (2.9)
Burkitt lymphoma 1 (0.9) 0 (0.0) 1 (2.9)
Mantle cell lymphoma 1 (0.9) 1 (1.3) 0 (0.0)

Response, No. (%)
CR 74 (64.9) 50 (63.3) 24 (68.6)
PR 16 (14) 11 (13.9) 5 (14.3)
Stable disease 9 (7.9) 6 (7.6) 3 (8.6)
Disease progression 15 (13.2) 12 (15.2) 3 (8.6)

CRS, No. (%)
Grade 0 41 (36.0) 28 (35.4) 13 (37.1)
Grade 1 46 (40.4) 33 (41.8) 13 (37.1)
Grade 2 13 (11.4) 10 (12.7) 3 (8.6)
Grade 3 8 (7.0) 4 (5.1) 4 (11.4)
Grade 4 4 (3.5) 2 (2.5) 2 (5.7)
Grade 5 2 (1.8) 2 (2.5) 0 (0.0)

ICANS, No. (%)
Grade 0 87 (76.3) 59 (74.7) 28 (80.0)
Grade 1 11 (9.6) 8 (10.1) 3 (8.6)
Grade 2 5 (4.4) 4 (5.1) 1 (2.9)
Grade 3 6 (5.3) 4 (5.1) 2 (5.7)
Grade 4 5 (4.4) 4 (5.1) 1 (2.9)
Grade 5 0 (0.0) 0 (0.0) 0 (0.0)

Origin of the CAR T cells
NCT02772198 43 (37.7) 30 (38.0) 13 (37.1)
NCT03144583 45 (39.5) 31 (39.2) 14 (40.0)
NCT03373071 26 (22.8) 18 (22.8) 8 (22.9)

aB-ALL ¼ B-cell acute lymphoblastic leukemia; B-NHL ¼ B-cell non-Hodgkin lymphoma; CAR ¼ chimeric antigen receptor; CR ¼ complete response; CRS ¼ cytokine re-

lease syndrome; DLBCL ¼ diffuse large B-cell lymphoma; ICANS ¼ immune effector cell-associated neurotoxicity syndrome; PMBCL ¼ primary mediastinal B-cell lym-

phoma; PR ¼ partial response.
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Impact of CART19 Epigenetics in Clinical Outcome: The
EPICART Signature

Fisher exact test with correction for multiple hypothesis testing
using the false discovery rate (FDR) was applied to identify any
association between the DNA methylation status of the 984 CpG
sites identified in CART19-transduced cells and the clinical out-
comes in 114 patients with a B-cell malignancy treated with this
type of cell therapy (Table 1). For the contingency tables, clinical
response was categorized as complete response (CR) vs non-CR
(partial response þ stable disease þ disease progression). For
the adverse effects, we followed the guidelines of the American
Society for Transplantation and Cellular Therapy (21): Cytokine
release syndrome (CRS) was divided into grade 0 vs grades 1
through 5, and immune effector cell-associated neurotoxicity
syndrome (ICANS) was split into grade 0 vs grades 1 through 5.
These cases were divided into a discovery cohort of 79 patients
and a validation cohort of 35 patients (Table 1). The 2 cohorts
did not show statistically significant differences related to age
(pediatric vs adult; Fisher exact test, P¼ .29), origin of the sam-
ple (NCT03144583, NCT02772198, and NCT03373071; Fisher ex-
act test, P¼ 1), type of B-cell malignancy (ALL vs NHL; Fisher
exact test, P¼ 1), clinical response (CR vs partial response, stable
disease, or disease progression; Fisher exact test, P¼ .67), or the
appearance of CRS (0 vs 1-5; Fisher exact test, P¼ 1) or ICANS (0
vs 1-5; Fisher exact test, P¼ .64). DNA from the CART19-
transduced cells infused in each patient was hybridized to the
described DNA methylation microarray (19).

In our discovery cohort (n¼ 79), we found 54 CpG sites (5.5%
of the 984 sites) at the initial screening by Fisher exact test for
which the DNA methylation levels were statistically

significantly associated with clinical variables. The DNA meth-
ylation status of 45, 8, and 5 CpG sites was associated, respec-
tively, with CR (Supplementary Table 3, available online), CRS
(Supplementary Table 4, available online), and ICANS
(Supplementary Table 5, available online). We then applied to
all the identified CpG sites with potential clinical value derived
from the Fisher exact test the FDR statistical approach used in
multiple-hypothesis testing to correct for multiple comparisons.
We found that although the epigenetic loci linked to CRS and
ICANS failed this test, 40.0% (18 of 45) of the CpG sites associ-
ated with CR passed the FDR for multiple testing
(Supplementary Table 6, available online).

When we had established that a set of 18 epigenomic loci ad-
justed by multiple testing could discriminate a CR result follow-
ing CART19 treatment (Supplementary Table 6, available
online), we examined whether these sites could also predict EFS
and OS in our discovery cohort (n¼ 79). In this regard, the pres-
ence of a CR was associated with enhanced EFS and improved
OS (Figure 2, A). When we selected the 18 methylation sites as-
sociated with CR (Supplementary Table 6, available online) to
train a supervised classification model based on ridge-regular-
ized logistic regression, we obtained an EPICART signature. The
use of the EPICART signature in the supervised hierarchical
clustering for the discovery cohort of CART cases classified
patients as those exhibiting CR or non-CR (Fisher exact test,
P< .001) (Supplementary Figure 2, available online). Most impor-
tant, the EPICART signature was associated with EFS (Figure 2,
B) and OS (Figure 2, B).

Taking advantage of the dissected DNA methylation pat-
terns of the different T-cell populations from the International
Human Epigenome Consortium (22), we undertook a molecular
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Figure 1. Characterization of epigenetic changes in patient T cells upon transduction of the chimeric antigen receptor (CAR) vector. A) Experimental design developed

to detect DNA methylation changes in patient T cells upon CAR transduction. B) Distribution of the 984 CpG sites identified in the human genome. C) Gene ontology

(GO) analysis of genes with CpGs that changed upon CAR transduction (overrepresentation analysis with false discovery rate adjusted P< .05). KEGG ¼ Kyoto

Encyclopedia of Genes and Genomes; PBMC ¼ Peripherla Blood Mononuclear Cell.
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dissection of the T-cell classes in our EPICART signature. We
found that the EPICART-positive signature identified CART19
cells enriched in CD4 and CD8 naive-like or early memory phe-
notype T cells (Fisher exact test, P¼ .03). Conversely, EPICART-
negative CART19 cells were enriched in more committed and
differentiated lineages, such as effector memory CD4 and CD8 T
cells, and terminally differentiated effector memory CD8 T cells
(Fisher exact test, P< .001). The described population pheno-
types assigned by computational projection were validated by
flow cytometry analyses in 43 cases (38 ALL and 5 NHL) of the
discovery cohort, where these data were available. The use of
the markers CD3, CD45RA, and CCR7 to define the population
status of naive T cells (TNs: CD3þCD45RAþCCR7þ), central
memory T cells (TCMs: CD3þCD45RA-CCR7þ), effector memory
T cells (CD3þCD45RA�CCR7�), and effector T cells (TEMRAs:
CD3þCD45RAþCCR7�) confirmed that EPICART-positive
CART19 cells were enriched in TNs/central TCMs (EPICART-pos-
itive cells, 95% CI¼ 48.39% to 66.17%; EPICART-negative cells,
95% CI¼ 20.13% to 56.19%; Student t test, P¼ .04), whereas in
EPICART-negative cells effector memory T-cell/TEMRA

populations were overrepresented (EPICART-positive cells, 95%
CI¼ 28.31% to 45.63%; EPICART-negative cells, 95% CI¼ 39.86%
to 75.24%; Student t test, P¼ .03) (Supplementary Methods,
available online). Examples of flow cytometry analyses are
shown in Supplementary Figure 3, A (available online).
Importantly, we observed that those patients with a B-cell ma-
lignancy receiving CARTs enriched with TNþTCM showed im-
proved EFS and OS compared with those given adoptive cell
therapy enriched with effector memory T cellþTEMRA
(Supplementary Figure 3, B, available online). These results are
consistent with the adoptive cell therapy concept that TNs or
early TCMs can outperform TEMRAs because of the limited
niche homing, survival, and self-renewal capacity of the effector
cells relative to the less committed and more immature T cells
(23-27).

Related to any obvious impact on gene expression for the 18
CpG sites that defined the EPICART signature, RNA or protein
for the CART19 cells was not available; thus, we data-mined 100
blood cell lines analyzed for DNA methylation and expression
(28). We observed that hypermethylation of those CpG sites
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Figure 2. Complete response (CR) and DNA methylation signature (EPICART) associated with event-free survival (EFS) and overall survival (OS) in the discovery cohort

of patients with a B-cell malignancy treated with chimeric antigen receptor T cells directed against CD19 (CART19) therapy. A) Kaplan-Meier analysis of EFS (left) and

OS (right) in 79 patients with a B-cell malignancy according to the presence of CR or its absence (partial response [PR] þ stable disease [SD] þ progression of the disease

[PD]). B) Kaplan-Meier analysis of EFS (left) and OS (right) in the same patients with a B-cell malignancy according to the presence of an EPICART signature in the prein-

fused CART19 cells, defined by the methylation status of the 18 CpG sites associated with CR (EPICART-positive [þ] signature). For all cases, the P value was calculated

using the log-rank function. Univariate Cox regression analysis is represented as the hazard ratio (HR), with a 95% confidence interval (CI). A P value less than .05 was

considered statistically significant. The number of events is also shown. All statistical tests were 2-sided.
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located in the gene bodies was associated with transcript upre-
gulation (methylated CpGs z score, 95% CI¼ 0.30 to 0.49; unme-
thylated CpGs z score, 95% CI¼�0.28 to �0.02; Mann-Whitney-
Wilcoxon test, P< .001) (Supplementary Figure 4, A, available
online). Illustrative examples are shown for the hypermethy-
lated CpG sites in the gene bodies of INPP5A and ECHDC1
(Supplementary Table 6, available online) (Spearman test in 100
blood cell lines, q> 0.3; P< .001) (Supplementary Figure 4, B,
available online). The presence of gene body hypermethylation
accompanied by gene upregulation has been reported (29).
Importantly, using T-cell–derived lines from these analyses, we
validated that INPP5A and ECHDC1 gene-body hypermethylation
was associated with elevated expression, whereas gene-body
hypomethylation was associated with gene downregulation
(Supplementary Figure 4, C, available online). Concordantly, the
use of the DNA methylation inhibitor 5-Aza-2’-deoxycytidine in
the hypermethylated cell lines downregulated INPP5A and
ECHDC1 expression (Supplementary Figure 4, D, available on-
line). Furthermore, we experimentally validated by pyrose-
quencing and bisulfite genomic sequencing of multiple clones

the DNA methylation status of these CpG sites in EPICART-
positive and negative patients (Supplementary Figure 4, E, avail-
able online). Further data mining of the T-cell–derived lines
showed that hypermethylation of 50-end CpG sites was statisti-
cally significantly associated with transcript downregulation
(Supplementary Figure 4, F, available online). An illustrative ex-
ample is the 50-UTR CpG hypermethylation of FOXN3, a candi-
date tumor suppressor for T-cell ALL (30) (Supplementary Figure
4, G, available online).

EPICART Validation and Single Loci Associated With
Clinical Course

Having characterized the EPICART signature as being a predictor
of CR, EFS, and OS in the discovery cohort of B-cell malignancies
treated with CART19, we asked whether the identified DNA
methylation landscape could also distinguish clinical outcome
in the validation cohort (Table 1). From a clinical standpoint, CR
was associated with enhanced EFS and improved OS in the
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Figure 3. Complete response (CR) and DNA methylation (EPICART) signature associated with event-free survival (EFS) and overall survival (OS) in the validation cohort

of patients with a B-cell malignancy treated with chimeric antigen receptor T cells directed against CD19 (CART19) therapy. A) Kaplan-Meier analysis of EFS (left) and

OS (right) in 35 patients with a B-cell malignancy according to the presence of CR or its absence (partial response [PR] þ stable disease [SD] þ progression of the disease

[PD]). B) Kaplan-Meier analysis of EFS (left) and OS (right) in the same patients with a B-cell malignancy according to the presence EPICART signature in the preinfused

CART19 cells, defined by the methylation status of the 18 CpG sites associated with CR (EPICART-positive [þ] signature). For all cases, the P value was calculated using

the log-rank function. Univariate Cox regression analysis is represented as the hazard ratio (HR) with a 95% confidence interval (CI). A P value less than .05 was consid-

ered statistically significant. The number of events is also shown. All statistical tests were 2-sided.
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validation set (Figure 3, A). Importantly, EPICART signature pre-
dicted CR to CART cell therapy with 82.9% accuracy (95%
CI¼ 66.4% to 93.4%; j¼ 0.60), 87.5% sensitivity, and 72.7% specif-
icity in the validation cohort. We further evaluated the model
performance using the receiver operating characteristic curve,
obtaining an area under the curve value of 0.80. Use of the
EPICART signature in the supervised hierarchical clustering for
the validation cohort of CART cases also distinguished CR or
non-CR (Fisher exact test, P< .001) (Supplementary Figure 5, A,
available online). Remarkably, the EPICART-positive signature

was associated with improved OS in the validation cohort (haz-
ard ratio¼ 0.31; 95% CI¼ 0.11 to 0.84; P¼ .02; log-rank P¼ .02)
(Figure 3, B). We also found a nonstatistically significant trend
between the EPICART-positive signature and EFS (hazard
ratio¼ 0.52; 95% CI¼ 0.20 to 1.35; P¼ .18; log-rank P¼ .19)
(Figure 3, B).

Finally, for the entire cohort, CR was associated with EFS and
OS (Supplementary Figure 5, B, available online). The EPICART
signature in the supervised hierarchical clustering for the com-
plete set of available cases (discoveryþvalidation, n¼ 114) also

Table 2. Annotation of the 6 CpGs correlated with complete response and with statistically significant improvement in event-free survival and
overall survivala

Probe IDb

Chromosomal
position (hg19)c Associated gened CR FDR P valuee EFS P valuef OS P valuef

cg12012941 chr1:188676237 Not described <.001 .01 .01
cg04267686 chr6:105907265 Not described .001 .02 .001
cg25534076 chr1:234087867 SLC35F3 .002 .04 .03
cg12260379 chr2:86332162 PTCD3; POLR1A .01 .03 .04
cg09992216 chr11:32353565 Not described .01 .009 .004
cg12610471 chr10:22634199 SPAG6 .02 .001 .003

aAnnotation retrieved from the Infinium MethylationEPIC Array Kit (Illumina, Inc, San Diego, CA) manifest. CR ¼ complete response; EFS ¼ event-free survival; FDR ¼
false discovery rate; OS ¼ overall survival.
bUnique identifier from the Illumina CpG database.
cChromosomal coordinates of the CpG (build hg19).
dTarget gene name from the University of California Santa Cruz database.
eThe FDR-adjusted P value of the CR is derived from the Fisher exact test (CR vs no response/stable disease/disease progression). All tests were 2-sided.
fThe P value of EFS and OS is derived from the log-rank test in Kaplan-Meier curves. All tests were 2-sided.
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Figure 4. Kaplan-Meier estimates of event-free survival with respect to the chimeric antigen receptor T cells directed against CD19 (CART19) cell preinfusion methyla-

tion status of 6 candidate single CpG loci in patients with a B-cell malignancy treated with the adoptive cell therapy. The P value was calculated using the log-rank

function. Univariate Cox regression analysis is represented as the hazard ratio (HR) with a 95% confidence interval (CI). A P value of less than .05 was considered statis-

tically significant. The number of events is also shown. All statistical tests were 2-sided. M ¼methylated; U ¼ unmethylated.
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classified patients as those exhibiting CR or non-CR (Fisher ex-
act test, P< .001) (Supplementary Figure 5, C, available online).
Importantly, in the entire cohort, EPICART-positive signature
was associated with improved EFS and OS (Supplementary
Figure 5, D, available online). The hazard ratios and P values for
EFS and OS obtained from each cohort are summarized in
Supplementary Table 7 (available online).

To identify a smaller set of biomarkers that could simplify
the analysis, we found 6 epigenomic loci from the EPICART sig-
nature that, analyzed alone, were also associated with im-
proved EFS and OS. These CpG sites are summarized in Table 2,
and the corresponding Kaplan-Meier curves for EFS and OS are
shown in Figures 4 and 5, respectively. The 4 genes associated
with these 6 DNA methylation loci were PTCD3 and POLR1A, in-
volved in protein production regulation at ribosomes (31,32);
SLC35F3, a thiamine transferase involved in T-cell infiltration
(33); and SPAG6, which regulates cell apoptosis through tumor
necrosis factor–related apoptosis-inducing ligand (TRAIL) sig-
naling (34). SPAG6 was further studied, given the proposed used
of a TRAIL variant to overcome CART resistance (35) and the
CpG location at the transcription start site. We observed in T-
cell–derived lines the association between SPAG6 hypermethy-
lation and downregulation measured by qRT-PCR and Western
blot (Supplementary Figure 6, A and B, available online).
Hypermethylation-associated silencing was also found for
PTCD3, the other candidate gene with an identified differentially
methylated CpG site in its promoter region (Supplementary
Figure 6, C and D, available online).

Discussion

The use of CART19 therapy has improved the clinical outcome
of patients with relapsed/refractory B-cell malignancies (1-4).
Despite the promising initial results, however, a not-negligible
proportion of cases does not show CR or does not achieve long-
term remission (1-4). This finding is relevant from the point of
view of patient care because this therapy may be accompanied
by some serious side effects, such as CRS and ICANS, and also
from the health provider standpoint because it is an expensive
therapy. Thus, it would be helpful to identify biomarkers associ-
ated with CART19 clinical outcomes. Our study shows that the
epigenetic profiling in CAR19-transduced T lymphocytes pro-
vides a consistent readout associated with clinical outcomes.

Our findings indicate that the intrinsic molecular features of
the preinfusion cells determine the success of the adoptive cell
therapy. In this regard, global RNA expression patterns of the
preinfused T-cell differs between CR and non-CR patients (6), an
observation added to the impact on outcome of the CAR integra-
tion site (8). All these findings support the finding that the
“fitness” of preinfused CART19 cells contributes to treatment ef-
fectiveness. In this regard, CART19 cell products that harbor
particular T-cell subsets are more clinically effective (6).
Differences in the conditions of the manufacturing process
from commercially available treatments and the unique func-
tional background of the transduced T cells of each patient can
modify the “omics” landscape of preinfused cells, directly af-
fecting their activity. Importantly, it has recently been reported
that epigenetic remodeling can restore functionality in
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Figure 5. Kaplan-Meier estimates of overall survival relative to the chimeric antigen receptor T cells directed against CD19 (CART19) cell preinfusion methylation status

of 6 candidate single CpG loci in patients with a B-cell malignancy treated with adoptive cell therapy. The P value was calculated using the log-rank function.

Univariate Cox regression analysis is represented as the hazard ratio (HR) with a 95% confidence interval (CI). A P value of less than .05 was considered statistically sig-

nificant. The number of events is also shown. All statistical tests were 2-sided. M ¼methylated; U ¼ unmethylated.
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exhausted CART cells (36), further supporting the impact of
these changes.

Our results strengthen the notion that the molecular profiles
of the cells used in adoptive cell therapy is of great value for de-
termining treatment success. This approach has also been pro-
posed for immune checkpoint inhibitors (13,14). Thus,
biomarkers of the efficacy of adoptive cell therapy, similar to
those cited here (5-9,37), and the DNA methylation markers dis-
covered in our study almost certainly await discovery. Two
examples highlight the potential of studies in this area. One is
the occurrence of T-cell receptor epigenetic inactivation associ-
ated with reduced tumor responsiveness in patients with mela-
noma and sarcoma infused with autologous T cells transduced
with a retrovirus (14). Importantly, US Food and Drug
Administration–approved CART19 treatments with axicabta-
gene ciloleucel and brexucabtagene autoleucel use retroviruses.
A second pertinent study used single-cell RNA sequencing, a
technique recently applied for CAR T cells (38), to show that mu-
ral cells, which surround the endothelium maintaining blood-
brain barrier integrity, express the CD19 antigen (39), which
may explain the neurotoxicity observed in CART19 therapies
(40).

Overall, we report that the DNA methylation landscape of
preinfusion CART19 cells can predict which patients with a B-
cell malignancy will gain a clinical benefit. Importantly for its
proposed clinical use, the best of the candidate sites identified
within our epigenomic signature could be assessed using single
PCR-based assays. In this regard, although larger, prospective
clinical studies are required to determine the final value of the
DNA methylation loci identified here, assessing the epigenetic
profile of the CAR19-transduced, preinfused T cells could help
solve the unmet medical need to identify patients who would
benefit the most from CAR T-cell therapy.
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