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Abstract | Most B‑cell malignancies express CD19, and a majority of patients with B‑cell malignancies are 
not cured by current standard therapies. Chimeric antigen receptors (CARs) are fusion proteins consisting 
of antigen recognition moieties and T‑cell activation domains. T cells can be genetically modified to express 
CARs, and adoptive transfer of anti-CD19 CAR T cells is now being tested in clinical trials. Effective clinical 
treatment with anti-CD19 CAR T cells was first reported in 2010 after a patient with advanced-stage lymphoma 
treated at the NCI experienced a partial remission of lymphoma and long-term eradication of normal B cells. 
Additional patients have subsequently obtained long-term remissions of advanced-stage B‑cell malignancies 
after infusions of anti-CD19 CAR T cells. Long-term eradication of normal CD19+ B cells from patients receiving 
infusions of anti-CD19 CAR T cells demonstrates the potent antigen-specific activity of these T cells. Some 
patients treated with anti-CD19 CAR T cells have experienced acute adverse effects, which were associated 
with increased levels of serum inflammatory cytokines. Although anti-CD19 CAR T cells are at an early stage 
of development, the potent antigen-specific activity observed in patients suggests that infusions of anti-CD19 
CAR T cells might become a standard therapy for some B‑cell malignancies.
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Introduction
Approximately 84,000 people were diagnosed with B‑cell 
malignancies in the USA in 2012.1,2 B‑cell malignancies 
comprise a heterogeneous group of leukaemias and lym‑
phomas and, despite substantial recent progress in the 
treatment of B‑cell malignancies, many patients succumb 
to these diseases. Approximately 30–50% of newly diag‑
nosed patients with the most-common lymphoma, diffuse 
large B‑cell lymphoma (DLBCL), are not cured by standard 
first-line treatment regimens of chemotherapy plus mono‑
clonal antibodies.3–6 Except for a small subset of patients 
who undergo allogeneic haematopoietic stem-cell trans‑
plantation (alloHSCT), adult patients with most B‑cell 
malignancies—including chronic lymphocytic leukaemia 
(CLL) and mantle-cell lymphoma—cannot generally be 
cured by current approaches;7,8 new therapies for these 
diseases are clearly needed.

Immunotherapies such as the anti-CD20 monoclonal 
antibody rituximab and the bispecific antibody blina‑
tumomab can be useful treatments for B‑cell malignan‑
cies.9,10 For example, adding rituximab to chemotherapy 
regimens improved overall survival of patients with 
B‑cell malignancies;3,8,9,11 however, rituximab admin‑
istered as a single agent is not curative.7,8,11 By contrast, 
alloHSCT can cure a variety of B‑cell malignancies.12–15 
Nonmyeloablative alloHSCT regimens include doses 

of chemotherapy and radiotherapy that are much lower 
than the chemotherapy and radiotherapy doses used in 
traditional myeloablative transplant regimens; patients 
receiving nonmyeloablative transplant regimens would 
spontaneously recover haematopoiesis without an infu‑
sion of allogeneic stem cells, whereas patients receiving 
myeloablative regimens would probably suffer permanent 
bone marrow aplasia without an infusion of donor stem 
cells.14–17 Nonmyeloablative alloHSCT depends on cellular 
immune responses against allogeneic antigens to eradicate 
malignancy;16,17 however, these immune responses can also 
target nonmalignant tissues and cause the potentially fatal 
complication of graft-versus-host disease (GVHD).17–19 
Nonrelapse mortality after alloHSCT is defined as death 
that occurs in patients who have not had progression 
of their primary malignancy.15 GVHD is a main cause of 
nonrelapse mortality occurring after nonmyeloablative 
alloHSCT, and nonrelapse mortality rates 3 years after non‑
ablative alloHSCT generally range from 15% to 40%.13–19 
Results of treatment with monoclonal antibodies and non‑
myeloablative alloHSCT demonstrate that immunotherapy 
can be effective in patients with B‑cell malignancies, but 
much room for improvement remains. The development 
of new immunotherapies with greater efficacy than mono
clonal antibodies and less toxicity than alloHSCT would be 
a major advance in the treatment of B‑cell malignancies.

Chimeric antigen receptors
One potential way to improve immunotherapy of B‑cell 
malignancies is to develop approaches using T cells 

Competing interests
S. A. Rosenberg declares an association with the following 
company: Kite Pharma. See the article online for full details of the 
relationship. J. N. Kochenderfer declares no competing interests.

REVIEWS

© 2013 Macmillan Publishers Limited. All rights reserved

mailto:kochendj@mail.nih.gov
www.nature.com/doifinder/10.1038/nrclinonc.2013.46


268  |  MAY 2013  |  VOLUME 10� www.nature.com/nrclinonc

targeted specifically to antigens expressed by B‑cell 
malignancies. Tumour-infiltrating lymphocytes (TILs) 
can be cultured from resected melanoma tumours and 
returned to the patient in an approach called adoptive 
T-cell therapy.20–23 This approach has been shown to 
mediate durable, complete regressions of metastatic 
melanoma.20–23 T cells can also be prepared for adoptive 
transfer by genetically modifying the T cells to express 
receptors that specifically recognize tumour-associated 
antigens.21,23–29 Genetic modification of T cells is a quick 
and reliable process, and clinical trials of genetically mod‑
ified T cells targeting a variety of malignancies have been 
carried out.21,30–33

Genetically modified antigen-specific T cells can be 
generated from peripheral blood mononuclear cells 
in sufficient numbers for clinical treatment within 
10  days.31 There are two approaches for generat‑
ing antigen-specific T cells by genetic modification: 

introducing genes encoding natural αβ T-cell recep‑
tors (TCRs) or introducing genes encoding chimeric 
antigen receptors (CARs).21,23,25,28 CARs are fusion pro‑
teins incorporating antigen recognition moieties and 
T-cell activation domains (Figure 1).27,34–36 The antigen-
binding domains of most CARs currently undergoing 
clinical and preclinical development are antibody vari‑
able regions.25,27,34,36 TCRs recognize peptides presented 
by human leukocyte antigen (HLA) molecules; there‑
fore, TCRs are HLA-restricted, and a particular TCR 
will only be useful in patients expressing certain HLA 
molecules.21,23,25,34 This specificity limits the number of 
patients who could be treated with T cells genetically 
modified to express a TCR. By contrast, CARs recog‑
nize intact cell-surface proteins and glycolipids, so CARs 
are not HLA-restricted and can be used to treat patients 
regardless of their HLA types.21,25,37–39

Preclinical experiments evaluating CAR-expressing 
T cells as cancer therapy were initiated in 1993.40,41 These 
experiments led to a clinical trial of CAR-transduced 
T cells targeting the α‑folate receptor on ovarian cancer 
cells; no tumour regressions were observed during 
this clinical trial.42 CARs that are capable of recogniz‑
ing a variety of tumour-associated antigens have been 
evaluated in many centres.25,34 Preclinical studies have 
assessed a variety of factors that could affect the in vivo 
function of CAR-expressing T cells. Multiple approaches 
for inserting CAR genes into T cells by using gamma‑
retroviruses,30,33,43–48 lentiviruses,31,49–52 or transposon 
systems,53,54 have been assessed. Furthermore, because all 
methods of T‑cell genetic modification require a period 
of in vitro culture, various T‑cell culture techniques 
have been evaluated for producing genetically modi‑
fied T cells.31,43,55 Different portions of CARs (Figure 1) 
including antigen-recognition moieties, extracellular 
structural components, co-stimulatory domains (such 
as the cytoplasmic portion of the CD28 protein), and 
T‑cell-activation moieties (such as the signalling domains 
of the CD3ζ protein) can all be important to the in vivo 
function of CAR-expressing T cells, and all of these por‑
tions of CARs remain the subject of intensive investiga‑
tion.34,43,50,56–59 Much of the preclinical work evaluating 
CARs has been performed with CARs that target the 
B‑cell antigen CD19.43,45,47,53,60–62

Preclinical anti-CD19 CAR development
CD19 is an appealing target for immunotherapy because 
it is uniformly expressed by the vast majority of B‑cell 
malignancies.63 Importantly, expression of CD19 in normal 
tissues is restricted to mature B cells, B‑cell precursors, and 
many plasma cells; CD19 might also be expressed by fol‑
licular dendritic cells.63–65 Early experiments demonstrated 
that anti-CD19 CARs could activate T cells in a CD19-
specific manner.47,53 The anti-CD19 CARs used in these 
studies contained antigen-binding regions derived from 
anti-CD19 monoclonal antibodies and T‑cell activation 
domains from the CD3ζ protein.47,53 T cells genetically 
modified to express these CARs could kill CD19+ primary 
leukaemia cells in vitro47,53 and eliminate CD19+ target cells 
in murine xenograft models.47

Key points

■■ T cells can be genetically modified to express chimeric antigen receptors 
(CARs), which are fusion proteins made up of antigen-recognition moieties 
and T‑cell activation domains

■■ CD19 is a suitable target for CAR T cells because it is expressed by B‑cell 
malignancies, but not by normal essential tissues

■■ Depleting endogenous lymphocytes by administering chemotherapy or 
radiotherapy before infusions of adoptively transferred T cells enhances the 
in vivo activity of the T cells

■■ Patients have achieved complete remissions during clinical trials of anti-CD19 
CAR T cells; however, acute toxicities associated with elevated serum levels 
of inflammatory cytokines were noted in trials

■■ Evidence for biological activity is provided by long-term depletion of CD19+ 
normal B cells from several patients receiving infusions of anti-CD19 CAR T cells

■■ Adoptive transfer of anti-CD19 CAR T cells is a potent new form of 
immunotherapy that has the potential to become an important therapy option 
for some advanced-stage B‑cell malignancies
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Figure 1 | Chimeric antigen receptors. a | CARs usually include a T‑cell activation 
domain, one or more co-stimulatory domains, a hinge region, a cell membrane-
spanning transmembrane domain, and an antigen-recognition moiety that is 
usually derived from an antibody. b | A schematic of an anti-CD19 CAR-expressing 
T cell recognizing a CD19+ malignant cell is shown. Abbreviation: CAR, chimeric 
antigen receptor.
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Data suggesting that T‑cell co-stimulation had an 
important role in the activity of CAR-expressing T cells 
in vivo led investigators to add signalling moieties from 
the co-stimulatory molecule CD28 to CARs.47,57 These 
studies showed that adding CD28 moieties to CARs 
enhanced antigen-specific cytokine production and pro‑
liferation by anti-CD19 CAR T cells.57,66,67 T cells express‑
ing CARs with CD28 signalling moieties and CD3ζ 
signalling domains were more effective at eradicating 
human leukaemia cells from mice than T cells express‑
ing CARs without CD28 moieties.66,67 Subsequently, 
CARs incorporating other signalling domains from 
co-stimulatory molecules, such as TNF receptor super‑
family member 9 (4-1BB, also known as CD137), were 
developed.49 Anti-CD19 CARs containing the signal‑
ling domains of both 4‑1BB and CD3ζ were superior at 
eradicating human malignant cells from mice than CARs 
containing the signalling domains of CD3ζ without any 
co-stimulatory domains.50,56 Similar to CD28, includ‑
ing 4‑1BB signalling moieties in CARs led to increased 
CD19-specific proliferation and enhanced in vivo per‑
sistence.50 In contrast to T cells expressing a CAR with 
a CD28 moiety, the increased in vitro proliferation 
and prolonged in vivo persistence of T cells express‑
ing a 4‑1BB-containing CAR occurred whether or not 
the T cells were exposed to the antigen that the CAR 
recognized.50,56 Antigen-independent proliferation of 
4‑1BB-containing CARs could be a positive character‑
istic that could enhance the anticancer efficacy of the 
CAR-expressing T cells, but antigen-independent prolif‑
eration could increase cell-mediated acute toxicity, and it 
raises the issue of immortalization of the infused T cells. 
Immortalization of T cells transduced with the gene for 
interleukin (IL)‑15 has been previously reported,68 and all 
efforts to increase T‑cell persistence should be balanced 
with the critical need to avoid malignant transformation.

Other approaches to increase the persistence and 
proliferation of anti-CD19 CAR T cells have been evalu‑
ated. Adoptive T‑cell therapies for treating malignancies 
expressing Epstein–Bar virus (EBV) antigens have been 
developed.69–71 In an attempt to improve the persistence 
of CAR-expressing T cells, investigators have developed 
methods to derive anti-CD19 CAR T cells that recognize 

antigens from common viruses such as EBV.60,72,73 These 
T cells recognize CD19 through their CARs, and they 
recognize the viral antigens through their natural T‑cell 
receptors.59,72,73 Selecting central memory cells for genetic 
modification, and genetic modification of allogeneic 
cord blood T cells are additional strategies entering 
clinical trials.52,72–74

 Depleting endogenous lymphocytes by administering 
chemotherapy or radiotherapy before infusions of 
tumour-antigen-specific T cells dramatically enhanced 
the antitumour efficacy of the transferred T cells in a 
variety of murine models.21,23,75–78 Depletion of endog‑
enous lymphocytes enhances adoptive T‑cell therapy 
by multiple mechanisms, including depletion of regula‑
tory T cells and elevation of serum cytokines including 
IL‑15 and IL‑7.76,78 Experiments in a murine xenograft 
model showed that regulatory T cells could impair 
the antitumour efficacy of anti-CD19 CAR T cells.79 
Experiments with a syngeneic murine model showed 
that lymphocyte-depleting total body irradiation admin‑
istered before infusions of anti-CD19-CAR-transduced 
T cells was required for the T cells to eradicate lymph
oma.62 In addition, T cells transduced with an anti-CD19 
CAR were superior to a monoclonal antibody sharing 
the CAR’s antigen-binding regions at treating lymphoma 
in lymphocyte-depleted mice.62

Clinical results
Several clinical trials of anti-CD19 CAR T cells have 
reported results from patients receiving autologous 
CAR-modified T cells (Table 1).30,31,33,44,48,80,81 An impor‑
tant point to remember when interpreting the results 
of these trials is that the lymphocyte-depleting chemo
therapy used in most of the trials could potentially 
contribute to the reported remissions of B‑cell malig‑
nancies. The first patients treated with anti-CD19-CAR 
T cells received T cells that were genetically modified by 
plasmid vector electrotransfer.81 This approach required 
a long in vitro culture period that lasted 55 days and 
required in vitro selection to yield high levels of CAR 
expression.81 Evidence of in vivo biological activity of the 
infused anti-CD19-CAR T cells was not detected in either 
of the two patients treated with this approach.81

Table 1 | Summary of published anti-CD19 CAR clinical trial results

Institution Gene-transfer 
vector used

Antibody* Co-stimulatory 
domain in 
CAR

Chemotherapy 
administered before 
cell infusion

Normal 
B‑cell 
depletion‡ 

Regression 
of malignancy 
reported?

Cytokine-
release‑type 
toxicities§ 
reported?

n

Baylor College of Medicine48 Gamma-
retrovirus

FMC63 CD28 or none None No No No 6

City of Hope81 Plasmid 
electroporation

FMC63 None Fludarabine before 
some T cell infusions

No No No 2

Memorial Sloan–Kettering 
Cancer Center30,84

Gamma-
retrovirus

SJ25C1 CD28 None or 
cyclophosphamide

No Yes Yes 9

National Cancer Institute33,44 Gamma-
retrovirus

FMC63 CD28 Cyclophosphamide 
and fludarabine

Yes Yes Yes 8

University of Pennsylvania31,51 Lentivirus FMC63 4-1BB Variable Yes Yes Yes 3

*The antibody that CAR antigen-recognition moiety was derived from. ‡Reported for >3 months. §For example, hypotension. Abbreviation: CAR, chimeric antigen receptor.
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The next anti-CD19 CAR clinical trials that were 
initiated used gammaretroviral transduction as the 
method of genetic modification.30,33,44,48 Genetically 
modifying T cells with gammaretroviruses consist‑
ently causes high and sustained levels of expression of 
introduced genes without in vitro selection,30,33,44,48 and 
genetic modification of mature T cells with gamma
retroviruses has a long history of safety in humans.46,82 
The first-in-human evidence of antigen-specific activity 
of anti-CD19 CAR T cells was generated during a clinical 
trial in the Surgery Branch of the NCI in a patient who 
experienced a dramatic regression of advanced follicular 
lymphoma.44 This clinical trial used a gammaretroviral 
vector to introduce an anti-CD19 CAR containing the 
signalling domains of the CD28 and CD3ζ molecules.44 
The anti-CD19 CAR-transduced T cells were prepared 
by using a 24-day in vitro culture process. The clinical 
treatment regimen consisted of lymphocyte-depleting 
chemotherapy followed by an infusion of anti-CD19 CAR 
T cells and a course of high-dose IL‑2. The first patient 
treated on this protocol had a large disease burden of fol‑
licular lymphoma on recruitment to the trial (patient 1 
in Table 2). This first patient experienced no acute 
adverse effects except for a low-grade fever that lasted for 
2 days, and he obtained a partial remission that lasted 
for 32 weeks.44 Bone marrow biopsies revealed a com‑
plete elimination of extensive bone marrow lymphoma 
that was present before treatment; in addition, normal 
B‑lineage cells were completely eradicated from the bone 
marrow, and the eradication persisted for over 36 weeks 
(Figure 2).44 B cells were also completely absent from the 
blood during this time, while T cells and other blood cells 
recovered rapidly.44 Progressive lymphoma was detected 
in the patient’s cervical lymph nodes 7 months after 
the anti-CD19 CAR T cell infusion. As the lymphoma 
was still CD19+, patient 1 was treated a second time with 
anti‑CD19 CAR T cells. The first and second treatment 
regimens were the same except the patient received a 
higher dose of cells with the second treatment (Table 2). 
After the second treatment, the patient obtained a second 
partial remission that lasted for 33 months (Table 2).33 

Seven more patients were subsequently treated with 
the same regimen of chemotherapy, anti-CD19 CAR 
T cells, and high-dose IL‑2 (Table 2).33 In four of the 
seven evaluable patients on the trial, administration of 
anti-CD19 CAR T cells was associated with a profound 
and prolonged B‑cell depletion, which lasted for over 
36 weeks.33,44 The B‑cell depletion could not be attrib‑
uted to the chemotherapy that was administered because 
blood B‑cells recovered to normal levels in 8–19 weeks in 
patients receiving the same chemotherapy plus infusions 
of T cells targeting NY‑ESO or gp100, which are anti‑
gens that are not expressed by B cells.44 Because normal 
B cells express CD19, prolonged normal B‑cell deple‑
tion after anti‑CD19 CAR T‑cell infusions demonstrated 
that CAR-expressing T cells had a powerful ability to 
eradicate CD19+ cells in humans. All of the patients with 
long-term B‑cell depletion obtained either complete or 
partial remissions of their malignancies, and the four 
patients with long-term B‑cell depletion also developed 
hypogammaglobulinemia. Hypogammaglobulinemia 
in these patients was routinely treated with infusions of 
intravenous immunoglobulins. Six of the seven evaluable 
patients had remissions of their malignancies (Table 2), 
two of which were complete remissions of CLL.33 Both of 
these complete remissions were confirmed by multicolour 
flow cytometry of bone-marrow cells (Figure 3).33 One 
of these complete remissions lasted 24 months, and the 
other is ongoing at 21 months (Table 2 and Figure 4).33 
Most patients treated with this regimen of chemo‑
therapy, anti-CD19 CAR T cells, and IL‑2 experienced 
significant acute adverse effects including fever, hypo‑
tension, and fatigue.33 All of these adverse effects peaked 
within 10 days after the cell infusion and resolved less 
than 3 weeks after the cell infusion.33 These acute adverse 
effects correlated with serum levels of the inflammatory 
cytokines TNF and interferon (IFN)‑γ, and T cells pro‑
ducing these inflammatory cytokines in a CD19-specific 
manner were detected in the blood of patients after the 
anti-CD19 CAR T cell infusions.33

In response to the adverse effects experienced by the 
patients in the first-in-man study, multiple changes were 

Table 2 | Summary of the first patients treated on the NCI adult autologous anti-CD19 CAR trial33 

Patient* Age (years) Malignancy Number 
of unique prior 
therapies

Number of CAR-
expressing T cells 
infused per kg

Response (duration 
in months after 
T‑cell infusion)

1a‡ 47 Follicular lymphoma 4 0.3 × 107 PR (7)

1b‡ 48 Follicular lymphoma 5 1.3 × 107 PR (33)

2 48 Follicular lymphoma 5 0.3 × 107 NE

3 61 Chronic lymphocytic leukaemia 3 1.1 × 107 CR (24)

4 55 Splenic, marginal zone lymphoma 3 1.1 × 107 PR (12)

5 54 Chronic lymphocytic leukaemia 4 0.3 × 107 SD (6)

6 57 Chronic lymphocytic leukaemia 7 1.7 × 107 PR (7)

7 61 Chronic lymphocytic leukaemia 4 2.8 × 107 CR (21+)

8 63 Follicular lymphoma 7 3.0 × 107 PR (11)§

*All eight patients were male. ‡Patient 1 was treated twice. §Not evaluable for malignancy response beyond 11 months because the patient developed laryngeal 
carcinoma. Abbreviations: CAR, chimeric antigen receptor; CR, complete remission; NE, not evaluable for malignancy response because the patient died with 
influenza pneumonia; PR, partial remission; SD, stable disease.
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made to the clinical protocol and the anti-CD19 CAR 
T‑cell production process. The dose of cells administered 
was decreased, and administration of IL‑2 was elimi‑
nated. The current adult autologous anti-CD19 CAR 
protocol used in the Surgery Branch of the NCI consists 
of cyclophosphamide and fludarabine chemotherapy fol‑
lowed by a single infusion of 2.5 × 106 CAR+ T cells per 
kg of recipient body weight (Figure 5). In addition, the 
cell culture method used to produce the anti-CD19 CAR 
T cells was shortened from 24 days to 10 days. Infusing 
cells that are cultured for a shorter period of time simpli‑
fies preparation of the clinical cell product; furthermore, 
a shorter culture period might improve the ability of the 
adoptively transferred T cells to eradicate malignancy as 
has been shown in murine models.21,83 To date, six patients 
have been treated with this modified approach and 
although results for most patients are immature, all four 
evaluable patients have obtained remissions of their malig‑
nancies, and high levels of CAR+ cells have been detected 
in the blood of all patients with sufficiently long follow-up 
to allow assessment of persistence of the infused cells.

In a clinical trial conducted at the Memorial Sloan–
Kettering Cancer Center, nine patients, including eight 
patients with CLL and one patient with acute lympho‑
cytic leukaemia (ALL), were treated with a protocol that 
used a gammaretroviral vector to modify T cells with an 
anti-CD19 CAR containing CD28 and CD3ζ domains.30 
The first three patients treated on this trial received an 
infusion of anti-CD19 CAR T cells alone, and the remain‑
ing six patients received cyclophosphamide chemo
therapy before the anti-CD19 CAR T-cell infusion.30 
No regressions of CLL or depletion of normal B cells 
were observed in the three patients treated without the 
cyclophosphamide-conditioning regimen.30 A delayed 

regression of adenopathy occurred between 4 weeks and 
14 weeks after anti-CD19 CAR T-cell infusion in one of 
the four evaluable patients with CLL receiving cyclo‑
phosphamide followed by a CAR-transduced T-cell infu‑
sion.30 One patient on this trial died with hypotension, 
renal failure, and elevated serum levels of inflammatory 
cytokines.84 This outcome was thought to be due to an 
undiagnosed infection that was present before the anti-
CD19 CAR T‑cell infusion, because elevated levels of 
serum inflammatory cytokines were detectable before 
the CAR-transduced T‑cell infusion.84 Other patients who 
took part in this clinical trial experienced milder adverse 
effects that were probably associated with the anti-CD19 
CAR T cells, such as fever and hypotension.30

The CARs used in the clinical trials conducted at the 
NCI and at Memorial Sloan–Kettering Cancer Center 
have a similar structure and design.30,33 Despite the 
similar design of these CARs, substantial differences 
existed between the T cells infused on the two trials.30,33 
For example, CD4+ T cells made up a mean of 46% of 
the infused cells in the trial reported by Kochenderfer 
et al.,33 and CD4+ T cells made up a mean of 83% of the 
infused T cells in the trial of Brentjens et al.30 In addi‑
tion, all of the anti-CD19 CAR T-cell products infused 
in the trial reported by Kochenderfer et al.33 produced 
substantial amounts of IL‑2 in a CD19-specific manner 
at the time of infusion, but the T cells infused to most 
of the patients in the trial of Brentjens et al.30 produced 
minimal amounts of IL‑2. Although the reasons for the 
differences in the infused T cells are unclear, the differ‑
ent cell-culture approaches used in the two trials might 
have contributed to the differences in the T cells infused 
in these trials. The clinical importance of these biological 
differences remains to be determined.

a

b

H&E CD19 CD79a CD20

Figure 2 | Eradication of bone marrow lymphoma and normal B cells occurred after anti-CD19 CAR T cell infusion.  
a | A patient with follicular lymphoma (patient 1 in Table 1) had extensive bone marrow involvement with lymphoma 
before treatment with chemotherapy followed by anti-CD19 CAR T cells and IL-2. The lymphoma cells expressed the B-cell 
markers CD19, CD79a, and CD20. b | 14 weeks after treatment, the lymphoma as well as normal B cells were absent. 
Abbreviations: CAR, chimeric antigen receptor; H&E, haematoxylin and eosin; IL, interleukin. The CD19 and CD79a panels 
of part a are reproduced with permission from American Society of Hematology © Kochenderfer, J. N. et al. Blood 116, 
4099–4102 (2010).
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The effect of adding the signalling domain of CD28 to 
CARs was tested in a study in which patients at the Baylor 
College of Medicine received simultaneous infusions of 
two populations of T cells.48 One population of T cells was 
transduced with an anti-CD19 CAR containing signalling 
domains from CD3 and CD28, and the other population 
was transduced with a CAR that was identical except that 
it lacked the CD28 domain.48 By simultaneously infusing 
both T‑cell populations into the patients, the persistence 
of the T‑cell populations could be compared using PCR 
assays that could distinguish the nucleotide sequence 
of the CD28-containing CAR and the sequence of the 
CAR lacking CD28.48 Compared to T cells transduced 
with CARs lacking a CD28 domain, CARs with a CD28 
domain had higher peak blood levels and enhanced 

persistence.48 This trial did not include chemotherapy 
before the T‑cell infusion, and no remissions of malig‑
nancy occurred in the six patients who were treated; 
in addition patients did not suffer significant toxicities 
attributable to the anti-CD19 CAR T cells.48

Investigators from the University of Pennsylvania 
reported results from three patients who received 
infusions of T cells modified with a lentiviral vector 
to express an anti-CD19 CAR containing the signalling 
domain of the 4‑1BB molecule along with the 
signalling domain of the CD3ζ molecule.31,51 The three 
reported patients on this trial each received a different 
chemotherapy regimen within a few days before their 
CAR-transduced T-cell infusions:31,51 one patient received 
bendamustine, one patient received bendamustine plus 
rituximab, and the third patient received pentostatin 
plus cyclophosphamide.31 This was the first clinical trial 
to test a CAR containing a 4‑1BB moiety.31,51 Two of the 
three patients obtained prolonged complete remissions 
of CLL after infusion of the anti-CD19 CAR T cells.31,51 
The CAR+ T cells infused into the patients on this trial 
underwent in vivo proliferation and levels persisted 
in the blood for several months. CAR-expressing 
memory T cells were detected, and persisting T cells 
that could be activated by ex vivo exposure to CD19 
were demonstrated.31 One of the patients developed 
tumour lysis syndrome that was treated successfully with 
rasburicase.51 Other reported adverse effects in this trial 
included fevers and mild hypotension.31,51 Interestingly, 
the adverse effects reported from this trial were sometimes 
delayed. In the patient with tumour lysis syndrome, the 
diagnosis of this condition was not made until 22 days 
after the cell infusion.51 Normal B cells were eliminated 
from patients on this trial, and two of the three patients 
experienced hypogammaglobulinemia.31,51

Several additional groups have initiated clinical trials 
of anti-CD19 CAR T cells.30,31,33,44,48,51,81 Currently, 18 
clinical trials of adoptive T‑cell therapy with anti-CD19 
CAR-expressing T cells are actively recruiting patients 
(Table 3). Some of these trials are recruiting patients who 
have never undergone HSCT, and some trials are recruit‑
ing patients with persistent or relapsed malignancy after 
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Figure 4 | Regression of adenopathy occurred in a patient with CLL after treatment 
with chemotherapy followed by an infusion of anti-CD19 CAR T cells and IL-2. The 
arrow indicates the adenopathy. The CT scans are of patient 7 in Table 1: a | Before 
treatment, b | 32 days after the anti-CD19 CAR T cell infusion, c | 132 days after 
infusion, and d | 645 days after infusion. Abbreviations: CAR, chimeric antigen 
receptor; IL, interleukin. Parts a, b and c reproduced with permission from American 
Society of Hematology © Blood 119, 2709–2720 (2012).

Figure 3 |  Eradication of bone marrow and blood CLL cells occurred in a patient treated with chemotherapy followed by 
anti-CD19 CAR T cells and IL‑2. a | Before treatment almost all bone marrow CD19+ B‑lineage cells also expressed CD5. 
Expression of CD5 together with CD19 is an aberrant phenotype that is typical for CLL. 14 months after treatment, the 
aberrant CD19+, CD5+ population is absent. b | Blood B cells, most of which were CLL cells, were eliminated after 
treatment. B cells, which were defined as CD19+ cells, were assayed by flow cytometry. The results are from patient 3 
from Table 1. Abbreviations: CAR, chimeric antigen receptor; CLL, chronic lymphocytic leukaemia; IL, interleukin. 
Reproduced with permission from American Society of Hematology © Kochenderfer, J. N. et al. Blood 119, 2709–2720 (2012).
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alloHSCT (Table 3). Most trials use autologous mature 
T cells, but some trials use allogeneic mature T cells 
or cord blood T cells (Table 3).

Factors affecting efficacy and toxicity
Despite the limited number of patients treated with 
anti-CD19 CAR T cells, preclinical experiments com‑
bined with early clinical results allow us to identify 
some factors that probably have a major impact on the 
in vivo activity of anti-CD19 CAR T cells. The particular 
co-stimulatory domains and T‑cell activation domains 
included in CARs affect the in vitro and the in vivo func‑
tion of CAR-expressing T cells.48,50,57,66,67 Differences in 
other parts of the CAR, including the structural compo‑
nents that connect the antigen-recognition moiety to the 
co-stimulatory and T‑cell activation domains can poten‑
tially affect the biological activity of CAR-expressing 
T cells.59 Multiple reports demonstrate an advantage 
associated with the inclusion of either CD28 signalling 
domains or 4‑1BB signalling domains in CARs,48,50,66,67 
but the optimal sequences to include in each part of anti-
CD19 CARs have not been determined, and optimizing 
these sequences is a subject of ongoing research. In addi‑
tion, the type of gene-transfer vector used to genetically 
modify T cells could affect in vivo function, and differ‑
ent groups are investigating gammaretroviral vectors, 
lentiviral vectors, and transposon-based vectors.30,31,33,52,54

The cell culture and genetic modification methods 
used to produce anti-CD19 CAR T cells for clinical use 
vary among the different reported clinical trials.30,31,33,48,81 
These differences in T‑cell production methods could 
impact the in vivo function of anti-CD19 CAR T cells. 
Animal models indicate that shorter periods of in vitro 
culture yield cells with a less-differentiated phenotype 
that is associated with better in vivo anticancer activity.21,83 
As with other factors that might affect the efficacy of anti-
CD19 CAR T cells, the optimal method of cell production 
has not been determined.

As mentioned previously, eradication of malignancy 
in murine models is dramatically enhanced when either 
chemotherapy or radiation is administered to deplete 
endogenous lymphocytes before adoptive T‑cell trans‑
fer.61,77,78 The degree of lymphocyte depletion that can 
optimally enhance anti-CD19 CAR T-cell efficacy 
without causing excessive toxicity is not known. The 
optimal radiotherapy or chemotherapy regimen to 
administer before infusions of anti-CD19 CAR T cells 
also has not been determined.

One of the biggest challenges facing the field of 
anti‑CD19 CARs is acute adverse effects that follow 
infusions of the CAR-expressing T cells.30,31,33,51 Reported 
adverse effects include fevers, hypotension, and extreme 
fatigue.30,31,33,51 Acute adverse effects after anti-CD19 CAR 
T-cell infusions have been shown to correlate with serum 
levels of the inflammatory cytokines IFNγ and TNF.33 An 
important goal of the field is to decrease toxicity while 
maintaining or enhancing the antimalignancy activ‑
ity of the CAR-expressing T cells. Possible approaches 
to achieve this goal include designing CARs that 
produce lower levels of inflammatory cytokines upon 

antigen-specific stimulation, adjusting cell culture 
methods to produce T cells that make lower levels of 
inflammatory cytokines, and administering drugs to 
block inflammatory cytokines such as TNF or IL‑1.85,86 
Another approach for controlling toxicity is to include 
suicide genes in CARs, so infused T cells could be rapidly 
eliminated if severe toxicity occurs.87,88

Endogenous normal B cells and malignant B cells might 
stimulate anti-CD19-CAR-expressing T cells to proliferate 
and to produce cytokines. On the one hand, stimulation of 
proliferation by large numbers of endogenous CD19+ cells 
might enhance persistence and anti-malignancy activity 
of the anti-CD19 CAR T cells. On the other hand, murine 
experiments showed an enhancement of lymphoma 
treatment when CD20+ normal B cells were depleted by 
treating mice with a monoclonal antibody before infu‑
sion of anti-CD20 CAR T cells.89 Nonmalignant and 
malignant CD19+ B cells likely stimulate inflammatory 
cytokine production by anti-CD19 CAR T cells in vivo, 
which probably increases toxicity because levels of serum 
inflammatory cytokines following anti-CD19 CAR T‑cell 
infusions was shown to correlate with toxicity.33 One 
possible strategy to decrease toxicity associated with 
anti-CD19 CAR T cell therapy is to reduce the number 
of endogenous normal B cells and malignant B cells in 
patients. This reduction could be accomplished by admin‑
istering chemotherapy or monoclonal antibodies before 
the anti-CD19 CAR T‑cell infusions.

PBMC collected for
genetic modi�cation

Patient recieves
lymphocyte-depleting

chemotherapy

Anti-CD19 CAR cells
returned to patient

T-cell activation T-cell proliferationTransduction with gammaretroviral
vector encoding CAR gene

Patient

Ex vivo cell processing

Figure 5 | A schematic of our current approach to anti-CD19 CAR T cell therapy is 
shown. The ex vivo cell processing takes 10 days. The lymphocyte-depleting 
chemotherapy regimen consists of fludarabine and cyclophosphamide. All patients 
receive 25 mg/m2 of fludarabine daily for 5 days. The cyclophosphamide dose 
depends on the patient’s platelet count. A cyclophosphamide dose of 60 mg/kg 
daily for 2 days is administered to patients with a blood platelet count of 
100,000/μl or more. A cyclophosphamide dose of 30 mg/kg daily for 2 days is 
administered to patients with a blood platelet count between 75,000 and 99,000/μl. 
Patients with platelet counts less than 75,000/μL are not eligible for the clinical 
trial. Abbreviations: CAR, chimeric antigen receptor; PBMC, peripheral blood 
mononuclear cell.
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Conclusions
New curative treatments are needed for B‑cell 
malignancies. Many patients have already obtained 
complete remissions from advanced-stage B‑cell 

malignancies during phase I clinical trials of anti-CD19 
CAR T cells. Several of these complete remissions have 
been long-lasting and were associated with an absence 
of minimal residual malignancy.31,33,51 Infusions of 

Table 3 | Active anti-CD19 CAR clinical trials

Center* Clinical setting Malignancies 
treated

Conditioning 
regimen

Method of genetic 
modification

Co-stimulatory domain or 
viral specificity

ClinicalTrials.gov 
reference

Baylor College of 
Medicine

Autologous 
transplant or no 
transplant

Lymphoma and CLL Cyclophosphamide 
or none

Gammaretrovirus Patients receive a mix of CAR 
T cells with or without a 
CD28 domain

NCT00586391

Baylor College of 
Medicine

Allogeneic 
transplant

Persistent B‑cell 
malignancies or 
prophylaxis for high 
risk of relapse

None Gammaretrovirus CD28 co-stimulatory domain, 
multi-virus-specific T cells

NCT00840853

Baylor College of 
Medicine

Autologous 
transplant or no 
transplant

Lymphoma and CLL Cyclophosphamide 
or none

Gammaretrovirus Patients receive a mix of 
EBV-specific CAR T cells and 
CAR T cells with a CD28 
domain

NCT00709033

Children’s 
Hospital of 
Philadelphia

No transplant 
or allogeneic 
transplant

Pediatric ALL or 
lymphoma

Variable 
chemotherapy

Lentivirus 4-1BB co-stimulatory domain NCT01626495

City of Hope APBCST Intermediate-grade 
B‑cell lymphoma

T cells infused 
2 days after 
APBSCT

Lentivirus No co-stimulatory domain NCT01318317

Fred Hutchinson 
Cancer Center

After allogeneic 
transplant

Persistent B‑cell 
malignancies or 
prophylaxis for high 
risk of relapse

None Lentivirus CMV or EBV-specific central 
memory-derived T cells. CAR 
with CD28 domain

NCT01475058

MD Anderson Autologous 
transplant

B-cell lymphoma and 
CLL

T cells infused day 
2–7 after APBSCT

Transposon CD28 co-stimulatory domain NCT00968760

MD Anderson Allogeneic 
transplant

Prophylaxis or active 
malignancies

None Transposon CD28 co-stimulatory domain NCT01497184

MD Anderson Cord blood 
transplant

Prophylaxis or active 
malignancies

None Transposon CD28 co-stimulatory domain NCT01362452

Memorial 
Sloan–Kettering 
Cancer Center

Allogeneic 
transplant

Pediatric ALL Variable 
chemotherapy

Gammaretrovirus EBV-specific anti-CD19 CAR 
T cells with a
CD28 domain

NCT01430390

Memorial 
Sloan–Kettering 
Cancer Center

No transplant Relapsed/refractory 
CLL and indolent
lymphomas

Cyclophosphamide Gammaretrovirus 
and lentivirus 

Mix of CAR T cells with CD28 
or 4‑1BB domains

NCT00466531

Memorial 
Sloan–Kettering 
Cancer Center

No transplant CLL consolidation 
after prior 
chemotherapy

Cyclophosphamide Gammaretrovirus CD28 co-simulatory domain NCT01416974

Memorial 
Sloan–Kettering 
Cancer Center

No transplant Adult ALL Either ALL 
re-induction or 
cyclophosphamide

Gammaretrovirus CD28 co-stimulatory domain NCT01044069

National Cancer 
Institute

No transplant Any adult B‑cell 
malignancy

Fludarabine + 
cyclophosphamide

Gammaretrovirus CD28 co-stimulatory domain NCT00924326

National Cancer 
Institute

Allogeneic 
transplant

Any adult B‑cell 
malignancy after 
transplant

None Gammaretrovirus CD28 co-stimulatory domain NCT01087294

National Cancer 
Institute

No transplant 
or allogeneic 
transplant

Pediatric ALL or 
lymphoma

Fludarabine + 
cyclophosphamide

Gammaretrovirus CD28 co-stimulatory domain NCT01593696

University College 
London

Allogeneic 
transplant, 
multiple 
European sites 

Pediatric ALL, 
prophylactic or MRD

Fludarabine for 
all; vincristine and 
dexamethasone 
added for MRD

Gammaretrovirus EBV-specific, no co-
stimulatory domain, EBV cell 
vaccination

NCT01195480

University of 
Pennsylvania

No transplant Adult B‑cell leukemia 
or lymphoma

Variable 
chemotherapy

Lentivirus 4-1BB co-stimulatory domain NCT01029366

*Sources from the ClinicalTrials.gov website and communication with the Principle Investigators of the studies. Abbreviations: ALL, acute lymphoblastic leukaemia; APBSCT, autologous 
peripheral blood stem-cell transplant; CAR, chimeric antigen receptor; CLL, chronic lymphocytic leukaemia; CMV, cytomegalovirus; EBV, Epstein–Barr virus; MRD, minimal residual disease.
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autologous anti-CD19 CAR T cells can completely 
eradicate blood and bone marrow B cells for prolonged 
periods of time. This B‑cell eradication demonstrates 
the powerful biological activity of anti-CD19 CAR 
T cells.31,33,44,51 Results so far provide encouragement 
that infusions of autologous anti-CD19-CAR T cells 
can be developed into an immunotherapy with greater 
efficacy than monoclonal antibodies, but less toxicity 
than alloHSCT. The field of CARs is young, and much 
improvement remains to be made, but infusions of 

anti-CD19 CAR T cells hold great promise to become 
an important standard therapy for B‑cell malignancies 
in the near future.
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