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Cancer immunotherapy based on genetically redirecting T cells 
has been used successfully to treat B cell malignancies1–3. In this 
strategy, the T cell genome is modified by integration of viral vectors 
or transposons encoding chimaeric antigen receptors (CARs) that 
direct tumour cell killing. However, this approach is often limited 
by the extent of expansion and persistence of CAR T cells4,5. Here we 
report mechanistic insights from studies of a patient with chronic 
lymphocytic leukaemia treated with CAR T cells targeting the CD19 
protein. Following infusion of CAR T cells, anti-tumour activity was 
evident in the peripheral blood, lymph nodes and bone marrow; this 
activity was accompanied by complete remission. Unexpectedly, at 
the peak of the response, 94% of CAR T cells originated from a single 
clone in which lentiviral vector-mediated insertion of the CAR 
transgene disrupted the methylcytosine dioxygenase TET2 gene. 
Further analysis revealed a hypomorphic mutation in this patient’s 
second TET2 allele. TET2-disrupted CAR T cells exhibited an 
epigenetic profile consistent with altered T cell differentiation and, 
at the peak of expansion, displayed a central memory phenotype. 
Experimental knockdown of TET2 recapitulated the potency-
enhancing effect of TET2 dysfunction in this patient’s CAR T cells. 
These findings suggest that the progeny of a single CAR T cell 
induced leukaemia remission and that TET2 modification may be 
useful for improving immunotherapies.

Here we describe an unusual case in which CAR T cell therapy was 
used to treat chronic lymphocytic leukaemia (CLL) that sheds light on 
the determinants of CAR-T cell efficacy and persistence. A seventy-
eight-year-old man with advanced relapsed/refractory CLL (Patient-10, 
Supplementary Table 1) enrolled in a clinical trial for CD19 CAR  
T cell (CTL019) therapy (trial no. NCT01029366). He underwent two  
adoptive transfers of autologous CTL019 cells, approximately two 
months apart. Following the first infusion, he became persistently 
febrile and was diagnosed with cytokine release syndrome (CRS). 
Signs of CRS rapidly resolved following administration of interleukin  
(IL)-6 receptor-blocking therapy. Patient-10 continued to show pro-
gressive leukaemia six weeks after receiving his first dose of CAR  
T cells (Fig. 1a–c).

Because there was a concern that early blockade of IL-6-mediated 
signalling may have diminished the response to CAR T cell therapy, 
this patient was retreated with the remainder of his CAR T cells 70 days 
after the first dose (Supplementary Table 1). Infusions were again com-
plicated by CRS, but this resolved without anti-IL-6 receptor-blocking 

intervention. Evaluation of the patient’s bone marrow one month 
later revealed extensive infiltration of CLL (Extended Data Fig. 1), 
and computed tomography (CT) scans showed minimal improve-
ment in extensive adenopathy. Unexpectedly, two months after the 
second infusion, the expansion of CAR T cells peaked in the periph-
eral blood, followed by contraction (Fig. 1a). CTL019 cell outgrowth 
occurred mostly in the CD8+ T cell compartment, which is typical in 
patients with CLL who respond to CAR T cell treatment (Extended 
Data Fig. 2a). Delayed CAR T cell expansion was accompanied by 
high-grade CRS and elevated circulating levels of interferon (IFN)-γ, 
granulocyte-colony stimulating factor (G-CSF), IL-6, IL-8 and IL-10 
(Fig. 1b). Coincident with the onset of high fever, rapid clearance of 
CLL was observed (Fig. 1c, d). Next-generation sequencing of rear-
rangement products at the immunoglobulin heavy chain (IGH) locus 
showed a 1-log reduction in tumour burden 51 days after the second 
infusion, with complete eradication of this tumour clone from the 
blood one month later (Supplementary Table 2). CT scans showed a 
marked improvement in mediastinal and axillary adenopathy (69% 
change; Fig. 1d). Patient-10 achieved a complete response with no evi-
dence of CLL in his marrow (Extended Data Fig. 1, Supplementary 
Table 2) and resolution of all abnormal adenopathy six months later 
(Fig. 1d and data not shown). His most recent long-term follow-up 
evaluation (after more than 4.2 years) revealed the presence of CAR 
T cells in the peripheral blood, ongoing B cell aplasia (Extended Data 
Fig. 2b–e) and no evidence of circulating disease or marrow infiltration 
(Extended Data Fig. 1). Immune cell populations in the blood were 
normal in frequency, with no observed signs of lymphoproliferative 
abnormalities (Extended Data Fig. 2f and data not shown). The patient 
remains well in complete remission that has been sustained for more 
than five years at the time of this report.

Deep sequencing of the T cell receptor beta repertoire indicated that 
pre-infusion CD8+ CTL019 cells and the peripheral blood CD8 T cell 
compartment one month after the second infusion were polyclonal, 
with multiple distinct TCRVβ clonotypes that were similar between the 
samples (Fig. 2a, Extended Data Fig. 3a). Approximately two months 
after the second infusion, TCRVβ5.1 family usage exhibited a skew-
ing of greater than 50%, with clonal dominance occurring in CD8+ 
CTL019 cells (Fig. 2a, b). Subsequent analysis revealed that 94% of the 
CD8+ CAR T cell repertoire consisted of a single clone that was not 
detected at the time of transfer or one month after the second infusion 
(Fig. 2c). The expansion of this clonal population of cells declined in 
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line with CAR T cell decay kinetics (Fig. 2d). Thus, leukaemia was 
eliminated in this patient primarily by the progeny of a single CAR  
T cell that demonstrated massive in vivo expansion (approximately  
29 population doublings in the peripheral blood).

Longitudinal analysis of blood samples from Patient-10 revealed 
a highly abundant cell clone with an integration site in intron 9 of 
TET2, which was expanded in CAR T cells at the peak of clinical 
activity and not at earlier time points (Fig. 3a). This large degree of  
T cell clonal dominance has not been observed in more than forty 
leukaemia patients treated with CD19-directed T cells at the University 
of Pennsylvania, as determined by lentiviral integration site analysis 
(Extended Data Fig. 3b–d and data not shown). In CLL and acute 
lymphblastic leukaemia (ALL), accumulation of CAR T cells in vivo 

results from the expansion of a diverse polyclonal or pauciclonal reper-
toire within the transduced T cell population6. In Patient-10, cells bear-
ing the TET2 integration event were present in the blood at a relative 
abundance of 14% at 4.2 years after the infusion (Fig. 3a). The clonal 
population thus contracted, with no signs of insertional oncogenesis.  
Because TET2 is a tumour suppressor gene, we are continuing to  
monitor this patient carefully.

TET2 is a master regulator of blood cell formation. Haploinsuffciency 
or deletion of TET2 is found in normal clonal haematopoiesis7 as well as 
the initiation of lymphoma and leukaemia, including naturally arising  
and human T-lymphotropic virus type 1 (HTLV-1)-associated  
malignancies8–11. Although TET2 inactivation may contribute to 
increased self-renewal of haematopoietic stem and progenitor cells, its 

0 200 400 600 800
101

102

103

104

105

101

102

103

104

105

a b

d

c

Baseline Day 133 Day 256

C
LL

 (c
el

ls
 p

er
m

ic
ro

lit
re

 b
lo

od
)

0

1,000

2,000

3,000

C
yt

ok
in

es
 (p

g 
m

l–1
)

0 200 400 600 800

C
A

R
 (c

op
ie

s 
p

er
m

ic
ro

gr
am

 g
D

N
A

)

Time (days) Time (days) Time (days) 

Infusion 1 (day 0)
Infusion 2 (day 70)

Infusion 1 (day 0)

Infusion 2 (day 70)

Infusion 1 (day 0)
Infusion 2 (day 70)

0 200 400 600 800

IFN-γ
G-CSF

IL-6

IL-8

IL-10

Fig. 1 | Evaluation of clinical responses following adoptive transfer of 
CAR T cells in a patient with CLL. a, In vivo expansion and persistence 
of CAR T cells. b, Longitudinal measurements of serum cytokines before 
and after CAR T cell infusions. c, Total number of circulating B-CLL 

cells before and after CTL019 therapy. d, Sequential CT imaging of 
chemotherapy-refractory lymphadenopathy. Red arrows indicate masses 
that were progressively reduced following the second CAR T cell infusion.
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Fig. 2 | Analysis of CAR T cell clonal expansion in a patient with 
CLL who had a delayed therapeutic response. a, Frequency of TCRVβ 
gene segment usage in the blood of Patient-10 one month (left) and 
two months (middle) after the second CAR T cell infusion. TCRVβ 
clonotype frequencies in sorted CAR T cells at the peak of expansion are 
also shown (right). b, Flow cytometric proportions of TCRVβ5.1- versus 
TCRVβ13.1-positive (negative control) CAR T cells. c, Abundance of 

different TCRVβ5.1 clones in CAR+ T cells at the peak of activity relative 
to other time points. Red dots indicate the dominant TCRVβ5.1 clone 
(representative of two independent experiments). d, Expansion kinetics  
of the TCRVβ5.1+ dominant clone following a second infusion of CAR  
T cells plotted in parallel with CTL019 levels. Percentages of positive cells 
were calculated from the results of a quantitative PCR assay designed to 
amplify clonotype-specific sequences.
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disruption alone infrequently leads to overt oncogenesis10,12. Analysis 
of polyadenylated TET2 RNA populations in clonal CAR T cells at the 
peak of expansion in Patient-10 showed the appearance of new chimae-
ric RNAs that spliced from TET2 exon 9 into the vector and terminated, 
truncating the encoded protein with premature stop codons (Fig. 3b, 
Extended Data Fig. 4a, b). Although it is possible that expression of the 
truncated fusion TET2 protein may have a dominant-negative effect, it 
has been demonstrated that other TET2 mutant proteins do not exhibit 
such characteristics13.

We next sequenced CAR+ and CAR− T cells from this subject and 
examined genes involved in haematologic malignancies (Extended 
Data Fig. 4c). In both samples, a missense variant in TET2 encoding 
amino acid 1879 was found in the catalytic domain, converting the 
wild-type residue, glutamic acid, to glutamine (Fig. 3c and data not 
shown). The c.5635C mutation was present in the allele of TET2 
without the integrated CAR transgene, as that allele contained the 
wild-type reference sequence (c.5635G; Extended Data Fig. 4d). 

No other mutations were found in the panel of 67 additional genes 
analysed.

TET2 encodes methylcytosine dioxygenase, an enzyme that  
catalyses the conversion of 5-methylcytosine (5-mC) into  
5-hydroxymethylcytosine (5-hmC) and the rarer bases 5-formylcytosine  
(5-fC) and 5-carboxylcytosine (5-caC), thereby mediating DNA 
demethylation14–19 (Fig. 3d, top panel). Methylation at the C5 position 
of cytosine normally represses transcription, and therefore, demeth-
ylation is expected to activate gene expression. We interrogated the 
functional significance of the E1879Q mutation using plasmids encod-
ing wild-type TET2 or this TET2 variant that were transfected into 
HEK293T cells (Extended Data Fig. 5a–c). Overexpression of wild-type 
or mutant TET2 proteins was verified by western blotting (Extended 
Data Fig. 5b, c). Analysis of genomic DNA isolated from these  
cells using both dot blotting (Extended Data Fig. 5a, b) and liquid  
chromatography–tandem mass spectrometry (LC–MS/MS) (Extended 
Data Fig. 5d, e) revealed that E1879Q compromises the step-wise 

Fig. 3 | Investigation of CAR lentiviral integration sites and TET2 
dysfunction in Patient-10. a, Longitudinal CAR T cell clonal abundance 
as marked by integration sites. Different colours (horizontal bars) indicate 
major cell clones. A key to the sites, named for the nearest gene, is shown 
below the graph (abundances below 3% binned as ‘Low abundance’). 
b, Diagram of the vector at the TET2 integration site locus illustrating 
splicing into the vector provirus to yield truncated transcripts. Asterisks 
denote ectopic stop codons. LTR, long terminal repeat; cPPT, polypurine 
tract; EF1α, elongation factor 1-α promoter. c, Domain organization of 
TET2 and location of a residue mutated in CAR+ and CAR− T cells from 
Patient-10. Cysteine (Cys)-rich and catalytic double-stranded β-helix 

(DSBH) domains are also shown (red arrow denotes an amino acid 
change resulting from a missense mutation). Representative results of next 
generation sequencing appear beneath the structural diagrams. Each grey 
bar denotes a DNA fragment. A single-base G/C nucleotide substitution 
is highlighted by dashed lines above the consensus sequence. d, Diagram 
of the TET2-catalysed sequential oxidations of 5-mC to 5-hmC and to 
5-fC and 5-caC (top). Genomic levels of 5-mC, 5-hmC, 5-fC, and 5-caC 
modifications produced by the E1879Q TET2 mutant shown as per cent of 
total cytosine modifications. Percentages derived from the mean of three 
independent experiments are shown. P values were determined using a 
two-tailed, paired Student’s t-test.
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oxidation of 5-mC relative to wild-type TET2, with reductions in 5-fC 
and 5-caC occurring (Fig. 3d). Therefore, the clonal expansion of CAR  
T cells in Patient-10 was comprised of a compound heterozygous  
loss-of-function in TET2 on one allele and a hypomorphic E1879Q 
variant on the other allele.

CAR+Vβ5.1+ T cells from Patient-10 exhibited lower total levels of 
5-hmC compared to their CAR−Vβ5.1− T cell counterparts (Fig. 4a). 
This was presumably the result of disruption of the wild-type TET2 
allele following lentiviral integration, as the TET2 E1879Q variant can 
form 5-hmC (Fig. 3d, Extended Data Fig. 5a, b). To investigate the 
effects of TET2 alteration on CAR T cell fate and function, we per-
formed assay for transposase-accessible chromatin using sequencing 
(ATAC–seq), which monitors DNA accessibility (Supplementary 
Table 3). The global epigenetic changes between CAR+ and CAR−  
T cells from Patient-10 were modest (Extended Data Fig. 6a). However, 
we found that genes with more accessible chromatin in CAR+ com-
pared to CAR− T cells were enriched in pathways that regulate the 
cell cycle and T cell receptor signalling (Extended Data Fig. 6b, 
Supplementary Tables 4, 5a). ATAC–seq peaks that were reduced or lost 

in the setting of TET2 biallelic dysfunction included those correspond-
ing to several regulators of T cell effector differentiation or exhaustion 
such as IFNG, NOTCH2, CD28, ICOS and PRDM1 (Fig. 4b, Extended 
Data Fig. 6c, Supplementary Tables 4, 5b). Furthermore, transcription 
factor motifs within sites that changed accessibility could have affected 
specific transcriptional circuits controlling CAR T cell fate and anti- 
tumour activity in this patient (Extended Data Fig. 6d, Supplementary 
Table 6a, b). Functional analysis of CAR+ T cells with biallelically 
altered TET2 cultured from this patient showed a diminished capacity 
to express IFNγ and CD107a (a degranulation marker) when activated 
(Fig. 4c), consistent with a less differentiated state. Thus, lentiviral inte-
gration into TET2 together with a hypomorphic mutation on the sec-
ond allele reprogrammed the epigenetic landscape of CAR T cells in a 
manner that was consistent with altered T lymphocyte differentiation.

We next analysed the differentiation state of ex vivo CTL019 cells 
from Patient-10 and compared it to those of CAR T cells from six 
other patients who responded to this therapy (Extended Data Fig. 7), 
including two subjects with CLL (Patient-1 and Patient-2) who had  
long-term durable remissions (of more than 6 years) and did not have 

Fig. 4 | Effect of TET2 alteration on the epigenetic landscape of CAR 
T cells. a, Total 5-hmC levels in CAR+ and CAR− T cells cultured from 
Patient-10. Histograms depict the intensity of intracellular 5-hmC 
staining. b, Genome browser views of ATAC enrichment at the IFNG 
locus of T cells from Patient-10. c, Frequencies of IFNγ- and CD107a-
expressing T cells expanded from Patient-10, unstimulated or stimulated 
with anti-CD3/CD28 antibodies. Insets indicate frequencies of gated cell 
populations. d, Longitudinal differentiation phenotypes of CAR− (left) 
and CAR+ (middle) CD8+ T cells from Patient-10. Black arrows denote 
pre-infusion CAR T cells. Differentiation phenotype at the peak of in 
vivo activity is shown in two patients with CLL who showed long-term 
complete responses (Patient-1 and Patient-2) compared to Patient-10 
(right). Pie slices represent T cell subset frequencies. The CTL019 cell level 

and frequencies of activated CAR T cells expressing HLA-DR (surface 
molecule indicative of T cell activation) at the peak of each patient’s 
response are listed below the pie charts. e, TET2 expression in healthy 
donor CD8+ T cells transduced with a scrambled shRNA (control) or 
TET2 shRNA. Error bars depict s.e.m. f, Frequencies of central memory 
(left), effector memory (middle) and effector (right) CD8+ T cells 
following shRNA-mediated knockdown of TET2 (n = 12; pooled results 
from 4 independent experiments). g, Proliferation of healthy donor 
CTL019 cells (n = 8; 3 independent experiments) in response to repetitive 
stimulation (denoted by black arrows) with K562 cells expressing CD19 or 
mesothelin (negative control). CAR T cells were transduced to express either 
a scrambled control or TET2-specific shRNA. P values were determined 
using a two-tailed, paired Student’s t-test. All error bars depict s.e.m.
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TET2 integrations (data not shown). At the peak of in vivo expan-
sion and activation marker expression, 65% of the CAR T cells in 
Patient-10 had a central memory phenotype (Fig. 4d, Extended Data 
Fig. 7a) which differed from other responders whose repertoires were 
dominated by CD8+ effector memory and effector CTL019 cells at the 
height of the response (Fig. 4d, Extended Data Fig. 7b). Experimental 
knockdown of TET2 (Fig. 4e) recapitulated the effect of its dysfunction 
in Patient-10 on the differentiation state of both total and CAR+CD8+ 
as well as CD4+ primary T cells (Fig. 4f, Extended Data Fig. 8a, b), 
implicating TET2 as an epigenetic modulator of human T lymphocyte 
fate. TET2-mediated regulation of CD8+ T cell differentiation may not 
occur at the transcriptional level, as we did not observe differential 
TET2 mRNA expression between naive and memory subsets (Extended 
Data Fig. 8c).

To investigate the effects of TET2 inhibition on CAR T cell function, 
we performed an in vitro serial re-stimulation assay. Repeated stimu-
lation with CD19-expressing tumour cells enabled TET2 knockdown 
CAR T cells to continue to expand in an antigen-dependent manner, 
whereas re-stimulation of CAR T cells with unaltered TET2 resulted in 
arrest of culture growth (Fig. 4g) without affecting viability (Extended 
Data Fig. 8d). We next examined cytokine production following acute 
(Extended Data Fig. 9a) and chronic (Extended Data Fig. 9b, c) anti-
gen stimulation. Consistent with our analysis of CD8+CAR+ T cells in 
Patient-10, IFNγ production following activation of CD3 and CD28 
was diminished in CD8+ as well as CD4+ T cells with reduced TET2 
levels (Extended Data Fig. 9a). A similar decrease was observed for 
TNFα generation (Extended Data Fig. 9a). By contrast, acute produc-
tion of both TNFα and IL-2 by CD4+ T cells was increased upon CAR-
specific stimulation (Extended Data Fig. 9a). While repeated exposure 
of bulk CTL019 cells to CD19-expressing tumours also led to decreased 
IFNγ elaboration (Extended Data Fig. 9b, c), TET2 inhibition resulted 
in the sustained production of various other cytokines following 
multiple rounds of stimulation (Extended Data Fig. 9b). Thus, TET2 
may control human T cell subset-specific cytokine production in an 
antigen-receptor-dependent and/or co-stimulatory signal-dependent 
fashion.

On the basis of our evaluation of CAR+ T cells expanded from 
Patient-10, we predicted that knockdown of TET2 would decrease 
effector molecule expression. Unexpectedly, CAR-specific stimula-
tion, but not CD3 and CD28 stimulation, increased the expression of 
CD107a (Extended Data Fig. 10a). This may be attributed, at least in 
part, to enhanced cytolytic capacity mediated by 4-1BB over CD28 
co-stimulation due to NKG2D upregulation20. Because CD8+ T cell 
differentiation is accompanied by decreased methylation and upregu-
lated gene expression at effector gene loci, including GZMB (encoding 
granzyme B) and IFNG21, we subsequently investigated whether TET2 
inhibition influences critical components of the cytotoxic machinery. 
In contrast to IFNγ, TET2 reduction in CD8+ CAR+ T cells increased 
granzyme B and perforin expression (Extended Data Fig. 10b). These 
changes were associated with the heightened cytotoxic activity of TET2 
knockdown CAR T cells (Extended Data Fig. 10c).

The above findings suggest that TET2 dysfunction may produce 
potent CAR T cells with properties of short-lived memory cells that 
can expand and elicit effector responses, as well as long-lived, persistent 
memory cells. We thus examined additional effector or memory mark-
ers in CD8+CAR+ and CAR− T cells using post-infusion samples from 
Patient-10 and other long-term responding patients with CLL. At the 
height of the response, tumour-reactive CAR+ T cells from Patient-10 
possessed higher levels of granzyme B (Extended Data Fig. 11a) and 
eomesodermin (Eomes; a transcription factor involved in the formation 
and maintenance of the CD8+ memory T cell pool; Extended Data 
Fig. 11b) compared to matched CAR− T cells, unlike the other complete 
responders. All clinically active CD8+ CAR+ T cells in these patients 
expressed CD27, a co-stimulatory receptor involved in the generation 
of T cell memory (Extended Data Fig. 11b). The frequency of CTL019 
cells expressing KLRG1, a marker of T lymphocyte senescence that is 
known to be regulated by DNA methylation21, was significantly lower 

on CAR+ T cells from Patient-10 than on cells from other patients 
(Extended Data Fig. 11b). A high frequency of Ki-67-positive CAR+ 
T cells was observed at the peak of in vivo expansion in Patient-10 
(Extended Data Fig. 11a), further suggesting that TET2 is required for 
CAR-specific CD8+ T cell proliferation. These observations collectively 
support the idea that TET2 dysfunction promotes the development 
of human memory CAR T cells that can elicit effective anti-tumour 
responses. The remission observed in Patient-10 was likely to result 
from the marked increase in the number of CTL019 cells with TET2 
dysfunction, despite the reduction in certain effector functions.

In summary, profound clonal expansion of a single CAR-transduced 
T cell with biallelic TET2 dysfunction transformed a non-curative 
response into a deep molecular remission in a seventy-eight-year-old 
patient with CLL. Characterization of this T lymphocyte population 
revealed that changes to the epigenetic environment altered the dif-
ferentiation state and proliferative capacity of the cells and translated 
into a considerable therapeutic effect. Although our initial studies were 
based on an extensive analysis of one subject, recapitulation of the effect 
of TET2 dysfunction on CAR T cell fate and anti-tumour activity in 
relevant culture systems involving primary human T-lymphocytes sup-
ports the discovery of a modifiable epigenetic pathway that can shape 
the immune response. Thus, targeting the epigenome may improve 
the efficacy and persistence of CAR T cells. Finally, our results indi-
cate that the progeny of a single CAR T cell are sufficient to mediate 
potent anti-tumour effects in advanced leukaemia, a finding that has 
substantial clinical implications regarding the delivery of bespoke cel-
lular therapies.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
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Methods
Patient samples. Patients were enrolled in institutional review board (IRB)-
approved clinical protocol: ‘Genetically engineered lymphocyte therapy in treating 
patients with B cell leukemia or lymphoma that is resistant or refractory to chemo-
therapy’ (ClinicalTrials.gov number: NCT01029366) which was designed to evalu-
ate the safety and efficacy of the adoptive transfer of autologous T cells expressing 
CD19 chimaeric antigen receptors (CAR19) that incorporate TCR-ζ and 4-1BB 
costimulatory domains (CTL019). Participants provided written informed consent 
in accordance with the Declaration of Helsinki and the International Conference 
on Harmonization Guidelines for Good Clinical Practice. All regulations were 
followed according to this United States (US) Food and Drug Administration 
(FDA)-approved clinical protocol. The current study is a secondary investigation 
using patient samples collected from existing clinical trials. Therefore, the sample 
sizes in this report were determined by the original clinical trial designs and sample 
availability; no additional inclusion/exclusion criteria were applied.
Cell lines. NALM-6, K562 and HEK293T cell lines were originally obtained from 
the American Type Culture Collection (ATCC). OSU-CLL cells22 were obtained 
from Ohio State University. Cells were expanded in RPMI medium containing 
10% fetal bovine serum (FBS), penicillin and streptomycin at a low passage and 
tested for mycoplasma using the MycoAlert detection kit as per the manufac-
turer’s (Lonza) instructions. Authentication of cell lines was performed by the 
University of Arizona (USA) Genetics Core based on criteria established by the 
International Cell Line Authentication Committee. Short tandem repeat (STR) 
profiling revealed that these cell lines were well above the 80% match threshold. 
NALM-6 and OSU-CLL cells were engineered to constitutively express click beetle 
green (CBG) luciferase/enhanced GFP (eGFP). K562 cells were transduced with a 
lentiviral vector encoding human CD19 (K562-CD19), and negative control cells 
were K562 cells expressing mesothelin (K562-mesothelin)23. Following transgene 
introduction, cells were sorted on a FACSAria (BD) to obtain a >99% pure pop-
ulation. Mycoplasma and authentication testing were routinely performed before 
and after molecular engineering.
CAR T cell manufacturing and correlative studies. Peripheral blood T cells 
for CTL019 cell manufacturing were obtained by leukapheresis as previously 
described1,4. The processing, flow cytometric evaluation, quantification of 
cytokines and quantitative PCR analyses (that is, detection of CAR19 and the 
TCRVβ5.1+ dominant clone) on pre- and post-CTL019 infusion samples were 
conducted as previously reported24. Next-generation sequencing of immuno-
globulin heavy chain (IGH) rearrangements was carried out on DNA isolated 
from blood and marrow samples. In brief, primers specific for the variable and 
joining gene segments of the third complementarity-determining region of the 
IGH were used for amplification and deep sequencing to identify the leukaemic 
clone relative to baseline samples (Adaptive Biotechnologies). The frequency of 
the leukaemic clone in each sample was calculated using the number of total and 
unique productive reads.

Population doublings of clonal CAR T cells in the blood (assuming a 5-litre 
volume of peripheral blood) were calculated using the equation At = A02n, in which 
n is the number of population doublings, A0 is the input number of cells (assuming 
a single TET2-disrupted cell), and At is the number of CAR T cells at day 121 (peak 
CAR T cell expansion; 95.445 CD3+ CD8+ CAR+ cells per microlitre whole blood).

These correlative assays were carried out at time points defined by the clinical 
protocol in parallel with disease response evaluations. This clinical trial was a 
single-treatment study; comparisons between patients in the current study were 
defined by the observed clinical responses. Investigators were blinded to clinical 
responses as correlative assays were conducted using de-identified subject samples.
Flow cytometry. Routine assessments of CAR T cell expansion and persistence as 
well as measurement of B-CLL burden in the blood and marrow were conducted 
according to our previously published methods using a six-parameter Accuri C6 
flow cytometer (BD)1,4. T cell immunophenotyping was performed by surface 
staining with flow cytometry antibodies immediately following pre-incubation 
with Aqua Blue dead cell exclusion dye (Invitrogen). The Alexa Fluor 647– 
conjugated monoclonal antibody that was used to detect the CAR molecule 
has previously been described25. Commercially available flow cytometry antibodies 
against the following antigens used in the study are as follows: CD3 allophycocya-
nin (APC) H7, CCR7 PE/CF594, CD107a APC, (BD Biosciences); CD45RO bril-
liant violet (BV)570, CD8 BV650, CD4 BV785, perforin BV421, Ki-67 Alexa Fluor 
(AF)700, TNFα BV605 (Biolegend); TCRVβ5.1 APC, IFNγ PE, IL-2 PerCP-eFluor 
710, Eomes FITC (eBioscience); Granzyme B PE/cyanine5.5 (Invitrogen). For 
intracellular staining, cells were fixed and permeabilized using the Foxp3 Fixation/
Permeabilization Kit (eBioscience) or the Cytofix/Cytoperm Kit (BD Biosciences). 
The GolgiStop protein transport inhibitor containing monensin and GolgiPlug 
protein transport inhibitor containing brefeldin A (BD Biosciences) were used 
when staining for intracellular cytokine production. All flow cytometry reagents 
were titrated before use. Samples were acquired on an LSRFortessa (BD) and data 
were analysed using FlowJo software (TreeStar).

TCRVβ deep sequencing. Genomic DNA from pre-infusion T cells, peripheral 
blood samples or sorted post-infusion T cells was isolated using the DNeasy Blood 
and Tissue Kit (Qiagen). TCRVβ deep sequencing was carried out by immunoSEQ 
(Adaptive Biotechnologies). Only productive TCR rearrangements were used in 
the assessment of TCR clonotype frequencies.
Integration site analysis. Vector integration sites were detected from genomic 
DNA as described previously26–29. Genomic sequences were aligned to the human 
genome by BLAT (hg38, version 35, >95% identity) and statistical methods for 
analysing integration site distributions were carried out as previously described30. 
The SonicAbundance method was used to infer the abundance of cell clones from 
integration site data28. All samples were analysed independently in quadruplicate 
to suppress founder effects in the PCR and stochastics of sampling.
Detection of TET2 chimaeric transcripts. RNA was isolated from cells and used 
as template with the One-Step RT–PCR Kit (Qiagen). Primers were designed to 
target the exon 9 and 10 boundaries of TET2, flanking the vector integration site 
and sequences internal to the anti-CD19BBζ CAR lentiviral vector. These included 
various regions of the vector sequence (Extended Data Fig. 4a). Reactions were 
carried out as per the manufacturer’s specifications. Thermocycling temperatures 
and time for reverse transcription as well as PCR activation were conducted using 
the following cycling conditions: 30 s at 94 °C for melting, 30 s at 57 °C for primer 
annealing and 1.5 min at 72 °C for primer extension (35 cycles). A final extension 
at 72 °C was held for 10 min for each sample. PCR products were visualized on 
ethidium bromide agarose gels (1.5% by weight) via electrophoresis and ultraviolet 
imaging.
Next-generation sequencing of post-infusion CAR T cell samples. CAR+ 
and CAR− CD8+ T cells were purified from post-infusion PBMC samples cor-
responding to the peak of in vivo expansion in Patient-10. T cells were sorted 
using a FACSAria (BD) and genomic DNA was isolated from these lymphocytes 
as described above. A custom targeted next-generation sequencing panel of 68 
genes associated with haematologic malignancies was then used (TruSeq Custom 
Amplicon, Illumina), and sequencing was carried out on an Illumina MiSeq 
(Illumina). A minimal mean depth of 2,110 reads was achieved for the specimens 
sequenced, with the assay and bioinformatics performed as previously described31. 
The data presented are based on human reference sequence UCSC build hg 19 
(NCBI build 37.1).
Identifying the TET2 allele hosting vector integration. A PCR assay was devel-
oped to amplify the region of DNA (approximately 4 kb) between the vector integra-
tion and the locus of the c.5635G>C mutation. Primers were designed to anneal to 
the vector sequence (MKL-3: 5′-CTTAAGCCTCAATAAAGCTTGCCTTGAG-3′) 
and multiple locations downstream of the mutation, chr4:105,276,145 
(50 bp: 5′ GCTGGTAAAAGACGAGGGAGATCCTG-3′, 99 bp: 5′-GGCTT 
CCCAAAGAGCCAAGCCATG-3′, 120 bp: 5′-CACGGGCTTTTTCA 
GCCATTTTGGC-3′). Genomic DNA samples from sorted CAR+ and CAR− 
CD8+ T cells corresponding to the peak of clonal expansion in Patient-10 were 
selected for amplification. PCR reactions were carried out with Long Amp Taq  
polymerase (New England BioLabs) and 100–400 ng of DNA isolated from  
samples, according to the manufacturer’s recommendations. Amplification was 
conducted as follows: 94 °C for 30 s, 30 cycles of (94 °C for 30 s, 60 °C for 30 s, and 
65 °C for 3 min 20 s), and a final extension of 65 °C for 10 min. Amplified prod-
ucts were separated by electrophoresis on a 1% ethidium bromide agarose gel and 
prominent bands of 4 kb in size were isolated using the QIAquick Gel Extraction 
Kit (Qiagen). Isolated bands were ligated into pCR2.1 and cloned into TOP-10 
chemically competent cells using the TOPO TA Cloning Kit (Invitrogen). Purified 
plasmids were sequenced with M13 forward and reverse primers using standard 
Sanger technology. Sequencing results were aligned to the vector sequence and 
reference genome.
Characterization of the TET2 E1879Q mutation. The previously character-
ized and crystalized human TET2-CS variant (1129–1936 Δ1481–1843) with 
an N-terminal FLAG-tag was expressed using a pLEXm expression vector32,33. 
The E1879Q mutation or mutation of the catalytic H1382Y and D1384A (HxD 
mutant) were generated by standard means. HEK293T cells were cultured in 
DMEM with GlutaMAX (Thermo Fisher Scientific) and 10% FBS (Sigma). Cells 
were transfected with wild-type (WT), mutant hTET2-CS or an empty pLEXm 
vector control using Lipofectamine 2000 (Thermo Fisher Scientific) according 
to the manufacturer’s protocol. Medium was changed 24 h after transfection, and 
cells were collected by trypsinization 48 h after transfection and resuspended in 
phosphate-buffered saline. Genomic DNA was isolated from four-fifths of the cells 
using the DNeasy Blood and Tissue Kit (Qiagen) and the remaining one-fifth of 
the cells were lysed using CytoBuster Protein Extraction Reagent (EMD Millipore) 
for western blot analysis.

DNA blots for cytosine modifications were carried out according to estab-
lished protocols34. Purified DNA from HEK293T cells was diluted to 15 ng/µl in 
Tris–EDTA (TE) buffer, pH 8.0 for twofold dilutions of each sample. One-quarter 
volume of 2 M NaOH–50 mM EDTA was added to each sample. The DNA was 
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denatured for 10 min at 95 °C and transferred quickly to ice, followed by the addi-
tion of 1:1 ice cold 2 M ammonium acetate. Polyvinylidene difluoride (PVDF) 
membranes were cut to size, wet with MeOH and equilibrated in TE buffer and 
then assembled into the PR 648 Slot Blot Manifold (GE Healthcare Life Sciences). 
Each well was washed with 400 µl TE drawn through with gentle vacuum, and 
genomic DNA was loaded, followed by another TE wash. Membranes were blocked 
for 2 h in 5% milk-TBST, washed thrice with TBST, and blotted at 4 °C overnight 
with primary antibodies against each modified cytosine (1:5,000 mouse anti-5-mC 
(Abcam); 1:10,000 rabbit anti-5-hmC (Active Motif); 1:5,000 rabbit anti-5-fC 
(Active Motif); 1:10,000 rabbit anti-5-caC (Active Motif)). Blots were then washed, 
incubated with a 1:2,000 dilution of a secondary horse anti-mouse-horseradish  
peroxidase (HRP; Cell Signaling Technology) or 1:5,000 goat anti-rabbit-HRP 
(Santa Cruz Biotechnology) for 2 h, washed and imaged using the Immobilon 
Western Chemiluminescent HRP Substrate (Millipore) and the Amersham Imager 
600 (GE Healthcare Life Sciences).

For protein detection, clarified cell lysates were run on 8% sodium dodecyl 
sulphate polyacrylamide (SDS–PAGE) gels. Gels were transferred together onto a 
PVDF membrane using the iBlot 2 Gel Transfer Device (Thermo Fisher Scientific). 
Membranes were blocked for 2 h at room temperature with 5% (w/v) milk in Tris-
buffered saline with 0.1% (v/v) Tween-20 (TBST), washed three times with TBST 
and blotted either with primary 1:10,000 anti-FLAG M2 (Sigma) or 1:1,000 anti-
Hsp90α/β (Santa Cruz Biotechnology) antibodies at 4 °C overnight. Following 
incubation, membranes were washed and blotted with a 1:5,000 dilution of sec-
ondary goat anti-mouse-HRP antibodies (Santa Cruz Biotechnology) for 2 h, 
washed and imaged with Immobilon Western Chemiluminescent HRP Substrate 
(Millipore) on an Amersham Imager 600 (GE Healthcare Life Sciences).

For LC–MS/MS, 1–2 µg of genomic DNA from each sample was degraded 
to component nucleosides with 1 U DNA Degradase Plus (Zymo Research 
Corporation) at 37 °C overnight. The nucleoside mixture was diluted tenfold into 
0.1% formic acid, and injected onto an Agilent 1200 Series HPLC with a 5 µm, 
2.1 × 250 mm Supelcosil LC-18-S analytical column (Sigma) equilibrated to 45 °C 
in buffer A (5 mM ammonium formate, pH 4.0). The nucleosides were separated 
in a gradient of 0–15% buffer B (4 mM ammonium formate, pH 4.0, 20% (v/v) 
methanol) over 8 min at a flow rate of 0.5 ml per minute. Tandem MS was per-
formed by positive ion mode ESI on a 6460 triple-quadrupole mass spectrometer 
(Agilent) with a gas temperature of 250 °C, a gas flow of 12 l/min, a nebulizer  
pressure of 35 psi, a sheath gas temperature of 300 °C, a sheath gas flow of  
11 l/min, a capillary voltage of 3,500 V, a fragmentor voltage of 70 V and a delta EMV 
of +1,000 V. Collision energies were optimized to 10 V for 5-mC and 5-fC; 15 V for 
5-caC; and 25 V for 5-hmC. Multiple reaction monitoring (MRM) mass transitions 
were 5-mC 242.11→126.066 m/z; 5-hmC 258.11→124.051; 5-fC 256.09→140.046; 
5-caC 272.09→156.041; and T 243.10→127.050. Standard curves were generated 
using standard nucleosides (Berry & Associates) ranging from 2.5 μM to 610 pM 
(12.5 pmol to 3 fmol total). Digested oligonucleotides containing equimolar 
amounts of each modified cytosine were used as quality control samples. The 
sample peak areas were fit to the standard curve, as adjusted by the quality control 
samples to determine the amount of each modified cytosine in the genomic DNA 
sample. Amounts are expressed as the percentage of total cytosine modifications.
Measurement of total 5-hydroxymethylcytosine levels. CD8+ T cells were puri-
fied from post-infusion PBMC samples using the EasySep Human CD8+ T cell 
Immunomagnetic Negative Selection Kit (StemCell Technologies) and expanded 
ex vivo using a previously reported rapid expansion protocol35. Following culture, 
CD8+CAR+TCRVβ5.1+ and CD8+CAR−TCRVβ5.1− T cells were sorted on a 
FACSAria (BD). Cells were permeabilized and treated with 300 µg/ml DNase I 
for 60 min at 37 °C. After washing, samples were incubated with an anti-5-hmC 
monoclonal antibody or an isotype control for 30 min, followed by staining with an 
Alexa Fluor 647-conjugated secondary antibody, as previously described36. Cells 
were immediately acquired on an LSRFortessa (BD).
Global chromatin profiling by ATAC–seq.  Fol lowing culture, 
CD8+CAR+TCRVβ5.1+ and CD8+CAR−TCRVβ5.1− T cells were sorted on a 
FACSAria (BD). ATAC–seq was carried out as previously described37,38. Two rep-
licates were performed for each ex vivo expanded CD8+CAR+TCRVβ5.1+ and 
CD8+CAR−TCRVβ5.1− T cell culture. In brief, nuclei were isolated from 200,000 
sorted CD8+ T cells for each replicate, followed by the transposition reaction in 
the presence of Tn5 transposase (Illumina) for 45 min at 37 °C. Purification of 
transposed DNA was subsequently completed with the MinElute Kit (Qiagen) 
and fragments were barcoded with dual indexes (Illumina Nextra). Paired-end 
sequencing (2 × 75-bp reads) was carried out using the Illumina NextSeq 500. 
Raw sequencing data were processed and aligned to the GRC37/hg19 reference 
genome using Bowtie 2 and regions of significant enrichment were identified using 
MACS v1.4.2. Merged peak lists were created using BedTools. ATAC sequencing 
tag enrichment and DNA motif analysis across the merged peak list were carried 
out using HOMER (http://homer.salk.edu). Gene Ontology pathway analysis was 

performed with Metascape (http://metascape.org). Only high-confidence peaks 
were used for gene ontology and DNA motif analyses. For these evaluations, peaks 
with an enrichment score less than 5 were filtered out as previously established39.
CAR T cell differentiation and expansion potency assays. Bulk primary human  
T cells were activated with paramagnetic beads coated with anti-CD3 and anti-CD28  
monoclonal antibodies as previously described40 and transduced with lentiviral 
vectors encoding the CD19BBζ CAR and shRNA hairpin sequences targeting TET2 
or a scrambled control with GFP co-expression (Cellecta). Knockdown efficiency 
in CTL019 cells following shRNA transduction was determined by real-time quan-
titative PCR with Taqman gene expression assays (Applied Biosystems) for TET2 
(assay Hs00325999_m1) and GAPDH (assay (Hs03929097_g1), which served as a 
loading and normalization control. Following 14 days of culture, the differentiation 
phenotype of these cells was determined by flow cytometry. GFP+CAR+ T cells 
were sorted on a FACSAria (BD) and combined 1:1 with irradiated K562 cells engi-
neered to express CD194 or mesothelin as a negative control. CTL019 cells were 
serially re-stimulated with irradiated K562 targets three times, with absolute counts 
and viability assessments taken at regular intervals over 17 days. Cell counts and 
viability measurements were obtained using the LUNA Automated Cell Counter 
(Logos Biosystems). Supernatants were collected 24 h after each stimulation for 
longitudinal measurements of cytokine levels in cultures, as previously described41.
Intracellular cytokine, perforin and granzyme B analysis. CD8+ T cells from 
Patient-10 were stimulated 3:1 with paramagnetic beads coated with anti-CD3 and 
anti-CD28 monoclonal antibodies for 6 h in the presence of CD107a monoclonal 
antibody and the golgi inhibitors brefeldin A and monensin. Cells were washed 
and stained with live/dead viability dye, followed by surface staining for CD3, 
CD8 and TCRVβ5.1. These lymphocytes were subsequently fixed/permeabilized 
and intracellularly stained for IFNγ. CAR T cells generated from healthy donors 
(TET2 knockdown or control) were stimulated in the same way with CD3/CD28 
beads or beads coated with an anti-idiotypic antibody against CAR19. Cells were 
then stained for surface antigens (CD3, CD4, CD8 and CAR19). After fixation and 
permeabilization, intracellular staining for IFNγ, TNFα and IL-2 was performed.

For perforin and granzyme B analysis, CTL019 cells that had been transduced 
with a TET2 or scrambled control shRNA were expanded for 14 days and cryopre-
served. These CAR T cells were then thawed and rested for 4 h, followed by live/
dead and surface staining for CD3, CD8 and CAR19. Intracellular staining for 
perforin and granzyme was carried out following fixation and permeabilization. 
Cells were analysed on an LSRFortessa (BD).
Cytotoxicity assay. Healthy donor CTL019 cells transduced with a shRNA directed 
against TET2 or a scrambled control were co-cultured with CBG luciferase-expressing  
NALM-6 and OSU-CLL cell lines at the indicated ratios for 16 h41. Cell extracts 
were created using the Bright-Glo Luciferase Assay System (Promega Corporation) 
and substrate was added according to the manufacturer’s instructions. Luciferase 
measurements were taken on a SpectraMax luminescence microplate reader 
(Molecular Devices), and specific lysis was calculated as previously described41.
Analysis of TET2 gene expression levels in T cell subsets. TET2 expression levels 
were determined by analysing a published gene expression dataset (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23321) for CD8+ T cell subsets 
(naive, stem cell memory, central memory and effector memory) isolated from 
three healthy human subjects42. Genechip (Affymetrix) data were processed with 
the Bioconductor Oligo software package43 (release 3.6, Bioconductor) using the 
RMA method44.
Statistical analyses. Normality was assessed for all data using the D’Agostino–
Pearson omnibus test. For integration site data analysis, genomic feature data com-
parisons were carried out as previously described using χ2, Fisher’s exact tests, or a 
combination of Bayesian model averaging, conditional logit and regression27,45,46. 
Assessments of T cell differentiation and function in shRNA-mediated TET2 
knockdown experiments were performed using a paired Student’s t-test. Estimates 
of variation within each group of data are presented as error bars. Analyses were 
performed with SAS (SAS Institute), Stata 13.0 (StataCorp) or GraphPad Prism 6 
(GraphPad Software). Cytokine heat maps were constructed using Morpheus soft-
ware (Broad Institute; accessed at https://software.broadinstitute.org/morpheus/). 
All tests were two-sided. Exact P values are reported. P < 0.05 was considered 
statistically significant.
Reporting summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this paper.
Data availability. Sequencing data are available at the NCBI Sequence Read 
Archive (accession number SRP136348; analyses of lentiviral integration sites, 
TET2 chimaeric transcripts and alleles as well as mutations associated with 
hematologic malignancies), Adaptive Biotechnologies’ immuneACCESS database 
(https://doi.org/10.21417/B72D1Q; TCRVβ and BCR IgH immunosequencing) 
and Gene Expression Omnibus (accession number GSE112494; ATAC–seq). Any 
other data that support the findings of the study will be made available upon rea-
sonable request.
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Extended Data Fig. 1 | Timeline of disease clearance by CAR T cells in 
Patient-10. An outline of clinical findings in Patient-10, including the 

results of bone marrow assessments, tumour cytogenetics and CAR T cell 
persistence. CTL019 cell infusion time points are indicated by red arrows.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | CAR T cell detection and profiling of immune 
cell populations in Patient-10 and other responders. a, Pre- and post-
infusion kinetics of CAR T cell expansion (CD3+, CD8+ and CD8−) 
are shown in Patient-10 compared to other responders. The number of 
circulating CTL019 cells was calculated based on frequencies of CD3+, 
CD8+ and CD8− CAR T cell populations and absolute cell counts.  
b, Flow cytometry gating strategy to identify peripheral blood CAR T cells 
in Patient-10. c, Relative percentages of CTL019 cells in the CD4 and  
CD8 compartments of this patient. T cells from a healthy subject served 
as a negative control. d, The persistence of CAR T cells in the peripheral 
blood of Patient-10 was determined by qPCR. The average threshold cycle 

(Ct) value obtained from three replicates and a standard deviation (SD) 
is listed. Calculations of CAR T cell abundance are reported as average 
marking per cell as well as transgene copies per microgram of genomic 
DNA. e, Frequencies of circulating B cells in Patient-10 compared to a 
healthy subject. Pre-gating was performed to exclude dead cells as well 
as doublets, and all gating thresholds were based on fluorescence minus 
one (FMO) controls (representative of two independent experiments). 
f, Enumeration of various immune cell populations in the blood of 
Patient-10. The frequency of each population is listed in a separate column 
that corresponds to its phenotypic marker.
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Extended Data Fig. 3 | Clonal composition of CAR T cells from 
Patient-10 and other subjects treated with CTL019. a, TCRVβ 
distribution in CD8− (left) and CD8+ (right) CAR T cells in the cellular 
infusion product of Patient-10. b, Relative frequencies of CAR T cell 
clones in three patients who had complete responses to CTL019 therapy, 
summarized as stacked bar graphs. Each colour (horizontal bar) denotes a 

major cell clone, as marked by lentiviral integration sites. c, Integration  
site analysis in CAR T cells from two partially responding patients.  
d, In vivo expansion of CAR T cells in the above patients as determined 
by quantifying the average CAR transgene copies per microgram DNA at 
each time point.
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Extended Data Fig. 4 | Detection of TET2 chimaeric transcripts in 
Patient-10 CAR T cells and DNA sequencing for mutation detection. 
a, The strategy for detection of polyadenylated RNA corresponding to 
truncated TET2 transcripts is depicted. Boxes represent the genomic 
regions between TET2 exons 9 and 10 with the integrated vector present. 
Blue and red arrows indicate general locations of the forward and reverse 
primers, which are listed below the diagram. LTR, long terminal repeat; 
cPPT, polypurine tract; EF1α, elongation factor 1-α promoter. Sequences 
corresponding to the splice junctions for the three chimaeric messages 
(five total junctions) are listed in the bottom chart. Underlines indicate 
consensus splice donors and acceptors. b, Visualization of chimaeric TET2 
RT–PCR products. PCR products were separated on a native agarose 

gel and stained with ethidium bromide. Expected sizes of amplicons are 
listed above the gel. Truncated transcripts are highlighted by blue boxes. 
A key to the RT–PCR reactions is shown below the diagram. *Band size 
not determined (two independent experiments). c, Genes interrogated 
by the next generation sequencing panel used to analyse DNA isolated 
from CD8+CAR+ T cells and CAR− T cells in Patient-10 at the peak of his 
response. d, Sanger sequencing of specific amplifications corresponding to 
the allele that was disrupted by integration of the CAR lentivirus is shown. 
The mutation that was detected by next generation sequencing of total 
genomic DNA from CAR+ T cells (Fig. 3c) is not present in the TET2 allele 
hosting the lentiviral integration site.
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Extended Data Fig. 5 | Analysis of DNA methylation variants from 
HEK293T cells overexpressing TET2. a, Depiction of sequential 
oxidations of 5-mC to 5-hmC, 5-fC and 5-caC catalysed by TET2 (top). 
Dot blots for 5-mC, 5-hmC, 5-fC and 5-caC in genomic DNA (gDNA) 
isolated from HEK293T cells transfected with the E1879Q TET2 mutant 
are shown. Assay controls include an empty vector, wild-type TET2 and a 
catalytically inactive (HxD) TET2 mutant (bottom left). A western  
blot using anti-FLAG antibody to detect hTET2 in the above cells is  
also shown. Hsp90α/β was used as a loading control (bottom right).  
Brightness and contrast were adjusted evenly across blots. b, Original, 
uncropped DNA (left) and western (right) blots. A dilution series was  
used for semiquantitative analysis of DNA methylation variants. 
Representative results of three independent experiments are shown.  
c, Validation of anti-FLAG and anti-Hsp90α/β antibodies. Serial dilutions 
of lysates (0.008, 0.04, 0.2, 0.8, 4.0 µg µl−1) obtained from HEK293T 
cells transfected with wild-type TET2. Gels were probed by western 

blot. Both chemiluminescence (left) and digital (right) images were 
captured, demonstrating that these antibodies exhibit specificity for 
the expected FLAG tag and Hsp90 based on molecular weight markers. 
d, 5-mC, 5-hmC, 5-fC and 5-caC nucleosides were analysed at fixed 
concentrations using LC–MS/MS to generate standard curves. The area 
under the curve (AUC) was calculated for each MS/MS fragment. In the 
case of 5-hmC, the slope was further adjusted because of quality control 
analysis of an equimolar mixture of oligonucleotides, each containing 
a single modification. e, Analysis of gDNA from individual biological 
replicates within each HEK293T cell group. The top chart lists the raw 
AUCs that were converted to relative amounts of modified cytosine 
(middle) according to their signal intensities from the respective standard 
curves. The percentage of each modified cytosine calculated for each 
sample is shown in the bottom chart. Results are from three independent 
experiments.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Global chromatin profiling of CAR+ and 
CAR− T cells from Patient-10. a, Venn diagrams of high-confidence 
differential ATAC–seq regions (left) and enrichment of those peaks in 
regions of the diagrams (right) in CAR+ and CAR−CD8+ T cells expanded 
from Patient-10 (two biological replicates analysed in two independent 
experiments). Boxes extend from the 25th to 75th percentiles, the middle 
line denotes the median and whiskers show minimum and maximum. 
b, Gene Ontology terms associated with chromatin regions that are 
significantly more open in CD8+CAR+ T cells from Patient-10 compared 
to their matched CD8+CAR− T cell counterparts. c, Ontology analysis for 
chromatin regions that are less accessible in CD8+CAR+ T cells than in 
CD8+CAR− T cells. d, Enrichment of transcription factor (TF) binding 

motifs in chromatin regions gained or lost in CAR+ compared to CAR−  
T cells from Patient-10. Transcription factor motifs that were potentially 
more accessible in increased ATAC–seq peaks of CAR+ T cells included 
E26 transformation-specific (ETS) (GABPα, ELF1, Elk4) and zinc finger 
(ZF) transcription factor (Sp1) binding sites that are known to be enriched 
in human CD8+ T cells before differentiation occurs47. Transcription 
factor motifs that were potentially less accessible owing to reduced ATAC–
seq peaks in CAR+ T cells from Patient 10 (NF-κB, IRF1, NFAT–AP1 and 
CTCF) are enriched in terminally differentiated effector and exhausted  
T cells and have known key roles in forming the epigenetic landscape that 
programs their biology38.
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Extended Data Fig. 7 | The differentiation state of CAR T cells in 
Patient-10 compared to other responders over time. a, Representative 
contour plots of flow cytometric data depicting the frequency of CAR+ 
and CAR−CD8+ T cells in Patient-10 that express HLA-DR. The 
proportions of these cells that express CD45RO and CCR7 as determinants 
of differentiation status are shown. Contour plot insets indicate the 

frequencies of the gated cell populations. b, Example gating strategy 
used to determine the differentiation phenotype of CD8+CAR+ and 
CAR− T cells from a complete responder (top left). Line graphs depict the 
differentiation state of these cell populations in other responding patients 
over time and are plotted with corresponding CAR T cell levels in the 
blood, as determined by qPCR.
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Extended Data Fig. 8 | Effect of TET2 expression on T cell 
differentiation and viability. a, Representative flow cytometry plots 
showing the differentiation state of healthy donor CD8+CAR+ T cells after 
transduction with a scrambled shRNA (control) or shRNA targeting TET2. 
Insets define frequencies of gated populations. b, Frequencies of healthy 
subject CAR+CD8+ (top) and CAR+CD4+ (bottom) T cells according to 
differentiation phenotype following control or TET2 shRNA transduction 
(n = 10; pooled results from four independent experiments). P values were 
determined using a two-tailed, paired Student’s t-test. c, Comparison of 

the expression levels of TET2 in naive and memory CD8+ T cell subsets 
from three healthy donors. Two variants encoding different isoforms have 
been identified for this gene in humans. Expression levels of each TET2 
variant were estimated by measuring the probe intensity from microarray 
analysis. d, Viability of CAR+ T cells transduced with a TET2 shRNA or 
scrambled control and restimulated with K562 cells expressing CD19 
(n = 12; pooled results from three independent experiments). Each arrow 
indicates the time point at which CAR T cells were exposed to antigen. 
Error bars depict s.e.m.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | CAR T cell cytokine profiles following TET2 
inhibition. a, Representative flow cytometry of acute intracellular 
cytokine production by healthy donor (n = 6; three independent 
experiments) CAR T cells transduced with a TET2 shRNA or a scrambled 
control shRNA (left). Production of IFNγ, TNFα and IL-2 by total CD3+, 
CD4+ and CD8+ CAR T cells is shown. These cells were stimulated with 
beads coated with anti-CD3 and anti-CD28 antibodies (top right) or 
CAR anti-idiotypic antibodies (bottom right). Boxes represent the 25th to 
75th percentiles, the middle line denotes the median and whiskers depict 
minimum and maximum. b, Heat map and cluster analysis of cytokine 

profiles for CAR T cells transduced with a TET2 shRNA or scrambled 
control and serially restimulated with irradiated K562 cells expressing 
CD19 are shown. Colours represent scaled cytokine data corresponding 
to each stimulation time point. Hierarchal clustering was used to generate 
the cluster dendrogram and cytokine response groups. c, Production of 
IFNγ (top), TNFα (middle) and IL-2 (bottom) by TET2 knockdown or 
control CAR T cells (n = 6; three independent experiments) following 
restimulation with CD19 antigen. Black arrows indicate when CAR T cells 
were exposed to CD19-expressing K562 cells. Error bars denote s.e.m. All 
P values were determined using a two-tailed, paired Student’s t-test.
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Extended Data Fig. 10 | Effect of TET2 knockdown on the cytotoxic 
machinery of CAR T cells. a, Flow cytometry plots showing the frequency 
of TET2 knockdown or control CAR T cells expressing CD107a (a marker 
of cytolysis) following CD3 and CD28 or CAR-specific stimulation (left). 
Summarized data from analysis of CAR T cells manufactured from n = 6 
different healthy donors is shown (right). b, Representative histograms 
illustrating expression levels of granzyme B and perforin in CAR T cells in 
the setting of TET2 inhibition as compared to its counterpart control (left). 

Pooled data from CAR T cells of n = 5 healthy donors are summarized on 
the right. c, Cytotoxic capacity of CTL019 cells (transduced with a TET2 
or scrambled control shRNA) after overnight co-culture with luciferase-
expressing OSU-CLL (left) or NALM-6 (right) cells. Untransduced T cells 
were included as an additional group to control for non-specific lysis.  
P values were determined using a two-tailed, paired Student’s t-test. All 
data were pooled from three independent experiments.
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Extended Data Fig. 11 | Effector and memory molecule expression by 
CAR T cells from Patient-10 compared to those from other responding 
subjects. a, Expression of granzyme B (left) and the frequency of CAR− 
and CAR+ T cells co-expressing granzyme B/Ki-67 (right panel) at the 
peak of in vivo CTL019 expansion in Patient-10 compared to three other 

complete responders. b, Representative histograms of intracellular Eomes 
expression (left), and contour plots depicting frequencies of CD27- 
(middle) and KLRG1-expressing (right) lymphocytes in the same cell 
populations of these patients. These results are representative of three 
experiments repeated independently with comparable findings.
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Describe how sample size was determined. The current study is a secondary investigation using  patient  samples  collected  
from  existing  clinical  trials.  Therefore,  the  sample  sizes  in  this  report  were  
determined  by  the  original  clinical  trial  designs  and  sample  availability

2.   Data exclusions

Describe any data exclusions. Please see the above response. No additional inclusion/exclusion criteria were 
applied. 

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

All in vitro experiments were repeated with primary cells from different subjects in 
each separate experimental run. All attempts at replication of these experiments 
were successful. 

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

The clinical trials were single-treatment studies; the comparison groups of patients 
in the current study were defined by the observed clinical responses. 

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

Investigators were blinded to clinical responses as correlative assays were 
conducted using de-identified subject samples.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

Flow cytometry data were analyzed using FlowJo software.  For ATAC Seq. data,  
BedTools,  HOMER and Metascape were used. Analysis of TCR VB and BCR IgH 
sequencing was done using the ImmunoSeq Analyzer.   

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

B. Jena and L. Cooper (MD Anderson Cancer Center)  provided the CAR anti-
idiotype detection reagent.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

Information about flow cytometry antibodies can be found in the methods section. 
All clinical and research samples were analyzed in the Product Development and 
Correlative Sciences laboratories at the University of Pennsylvania and antibodies 
were validated in these laboratories. Western blot antibodies against FLAG and 
Hsp90 were validated using serial dilutions of HEK293T cell lysates as shown in 
Supplementary Figure 1c. 

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. NALM-6, K562 and HEK293T cell lines were originally obtained from the American 

Type Culture Collection (ATCC). The OSC-CLL line was derived and provided by 
investigators at Ohio State University. 

b.  Describe the method of cell line authentication used. Cell line authentication was performed by the University of Arizona (USA) Genetics 
Core based on criteria established by the International Cell Line Authentication 
Committee. Short tandem repeat (STR) profiling revealed that these cell lines were 
above the 80% match threshold. 

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

Low passage working banks of cells were tested for mycoplasma using the 
MycoAlert detection kit according to the manufacturer’s (Lonza) instructions. 
Mycoplasma testing and authentication are routinely performed before and after 
molecular engineering. 

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

NALM-6, OSU-CLL, K562 and HEK293T cell lines are not listed in the latest version 
of the database of commonly misidentified cell lines maintained by ICLAC (Version 
8.0, released 1 December 2016). 

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

N/A

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

We did not perform covariate analyses in this secondary correlative investigation.  
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Flow Cytometry Reporting Summary
 Form fields will expand as needed. Please do not leave fields blank.

    Data presentation
For all flow cytometry data, confirm that:

1.  The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

2.  The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of 
identical markers).

3.  All plots are contour plots with outliers or pseudocolor plots.

4.  A numerical value for number of cells or percentage (with statistics) is provided.

    Methodological details
5.   Describe the sample preparation. Primary human PBMC or T-cells were isolated from the peripheral blood of CLL 

patients and healthy donors. Immunophenotyping was performed by surface 
staining with flow cytometry antibodies immediately following pre-incubation with 
Aqua Blue dead cell exclusion dye (Invitrogen). For intracellular staining, cells were 
fixed and permeabilized using the Foxp3 Fixation/Permeabilization Kit 
(eBioscience) or the Cytofix/Cytoperm Kit (BD Biosciences).  The GolgiStop protein 
transport inhibitor containing monensin and GolgiPlug protein transport inhibitor 
containing brefeldin A (BD Biosciences) were used when staining for intracellular 
cytokine production. 

6.   Identify the instrument used for data collection. Samples were acquired on a custom 17-color, 19-parameter special order 
LSRFortessa (BD Biosciences). Routinemeasurements of the expansion and 
persistence of CAR T-cells, as well as peripheral B-CLL burden were conducted with 
a six-parameter Accuri C6 flow cytometer (BD Biosciences). 

7.   Describe the software used to collect and analyze 
the flow cytometry data.

Data were analyzed using FlowJo software (TreeStar).  

8.   Describe the abundance of the relevant cell 
populations within post-sort fractions.

Cell frequencies/abundances are listed in the flow plot (insets). 

9.   Describe the gating strategy used. Gating strategies are depicted in Extended Data Figure 2. 

 Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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