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Review Article

The aim of cancer immunotherapy is to enhance the immune re-
sponse against tumor cells. The emergence of immuno-oncology as the first 
broadly successful strategy to treat metastatic cancer will require clinicians 

to integrate this new type of medicine with chemotherapy, surgery, radiation 
therapy, and the use of targeted small molecules. Immuno-oncologic drugs include 
a broad range of agents, including antibodies, vaccines, adjuvant therapies, cytokines, 
oncolytic viruses, bispecific molecules, and cellular therapies.1 Vaccines have gener-
ally not proved to be efficacious unless they are used as a preventive agent against 
virally induced tumors.2 The selective targeting of neoantigens created by tumor-
specific mutations3 may prove otherwise. Alternatively, adoptive cell-transfer–based 
therapies bypass the need for active immunization and therefore have potential ef-
ficacy in immunologically compromised patients with cancer.

Genetically engineered T cells constitute a powerful new class of therapeutic 
agents that offer hope for curative responses in patients with cancer. Chimeric anti-
gen receptor (CAR) T cells were recently approved by the Food and Drug Administra-
tion (FDA) and are poised to enter the practice of medicine for the treatment of 
leukemia and lymphoma (see video). Synthetic biology approaches for cellular engi-
neering provide a broadly expanded set of tools to program immune cells for en-
hanced function. Advances in T-cell engineering, genetic editing, the selection of the 
most functional lymphocytes, and cell manufacturing have the potential to broad-
en T-cell–based therapies and foster new applications beyond oncology in infec-
tious diseases, organ transplantation, and autoimmunity. This review addresses 
the principles of T-cell engineering and synthetic immunity, with a focus on the 
efficacy and toxic effects of current CAR therapies.

Immuno - Oncol o gy

Adoptive cell transfer is a term that was first coined to describe the infusion of 
lymphocytes to mediate rejection of organ allografts and to treat tumors.4,5 The 
first successful clinical applications of adoptive cell transfer in the 1980s were based 
on the use of autologous tumor-infiltrating lymphocytes in patients with metastatic 
melanoma and allogeneic donor lymphocyte infusions in patients with relapsed 
leukemia.6,7 Gene-transfer techniques were developed in the 1990s to redirect the 
specificity of T cells with the use of T-cell receptors or CARs.8 CARs are engineered 
receptors that graft a defined specificity onto an immune effector cell, typically 
a T cell, and augment T-cell function.9 Once infused, CAR T cells engraft and undergo 
extensive proliferation in the patient (Fig. 1). Each CAR T cell can kill many tumor 
cells,10 and CAR T cells may promote immune surveillance to prevent tumor recur-
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Figure 1. Chimeric Antigen Receptor (CAR) T Cells Engrafting, Trafficking to Tumor, and Proliferating Extensively after Infusion.

After infusion, CAR T cells leave the blood and travel to sites of tumor, where they identify and kill tumor cells. This can trigger extensive 
proliferation of CAR T cells and the release of tumor antigens, which activates the immune system to recruit non–CAR T cells, thus elic-
iting further antitumor responses in a process known as cross priming.
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rence through antigen release, by assisting tumor-
infiltrating lymphocytes to attack tumors, or by 
their own persistence.11,12

Antitumor immunity comprises complemen-
tary innate and adaptive immune responses. The 
cellular components of innate immunity (natural 
killer cells and myeloid cells) recognize and de-
stroy virally infected cells and a range of tumor 
cells in a manner that is not restricted by the major 
histocompatibility complex. Adaptive immunity 
is antigen specific and is mediated by B lympho-
cytes and T lymphocytes that are controlled by 
antigen-presenting cells such as dendritic cells. 
More than a century ago, Paul Ehrlich proposed 
that the immune system is programmed to avoid 
the generation of autoreactive immune responses, 
and he termed this aversion to autoreactivity “hor-
ror autotoxicus.”13 The central challenge in im-
muno-oncology is that most tumor antigens are 
self-antigens that are also expressed on normal 
tissues.14 Thus, antitumor responses are often tran-
sient and ineffective, owing to host immune re-
sponses that evolved to prevent autoimmunity.15

T-cell engineering provides a means to overcome 
immune tolerance.

 CD19 C A R T  Cell s

CARs are synthetic receptors that redirect the 
specificity, function, and metabolism of T cells 
(Fig. 2). CARs consist of a T-cell activating domain 
(typically including the zeta chain of the CD3 com-
plex) and extracellular immunoglobulin-derived 
heavy and light chains to direct specificity.16-18

These minimal structures, termed first-generation 
CARs,9 recognize antigen independently of HLA 
but do not direct sustained T-cell responses, owing 
to their limited signaling capability.19,20 Chimeric 
costimulatory receptors, which enhance prolifera-
tion and afford antiapoptotic functions in human 
primary T cells,21 paved the way for dual-signal-
ing CARs that could effectively direct the expan-
sion of functional T cells on repeated exposure to 
antigen.22 These receptors, termed second-gener-
ation CARs,9 enabled the generation of the per-
sistent “living drugs” that are the foundation of 
current CAR T-cell therapy.

We chose CD19 as our first target not only 
because of its frequent expression in B-cell leuke-
mias and lymphomas but also because of its 
broader and higher expression relative to other 

Figure 2. Structure of CARs and T-Cell Receptors.

Panel A shows the structure of a T-cell receptor, which consists of heterodimeric and antigen-specific α and β 
chains that closely associate with the invariant ε, δ, γ, and ζ chains of the CD3 complex. The T-cell receptor binds to 
the HLA allele that has a bound peptide derived from a tumor antigen on the target cell. Panel B shows the CAR, 
which includes the single-chain variable fragment (scFv) that binds to tumor antigens, fused to a spacer and trans-
membrane domain. The intracellular domain contains costimulatory domains, such as CD28 and 4-1BB and the 
CD3ζ chain, which drive signal activation and amplification of CAR T cells. S–S denotes disulfide bond.
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potential targets, such as CD20 or CD22.23,24 Its 
expression in normal tissues, which is confined 
to the B-cell lineage, predicted that on-target and 
off-tumor activity would be limited to B-cell apla-
sia, a side effect that can be mitigated with im-
munoglobulin-replacement therapy. We further 
reasoned that B-cell depletion may preempt a po-
tential antibody response to the CAR, especially its 
murine components. A single infusion of human 
peripheral-blood T cells engineered with a CD19-
specific CAR was shown to eradicate established 
lymphomas and leukemias in mice,24 which 
prompted pursuit of the clinical translation of 
CD19 CAR therapy.

Clinical implementation required a reproduc-
ible T-cell manufacturing platform, which hinges 
on effective gene-transfer tools and T-cell culture 
conditions. Research to restore immune function 
in patients with human immunodeficiency virus 
infection or the acquired immunodeficiency syn-
drome led to the development of reproducible cul-
ture techniques.25,26 The FDA approved the first 
applications for an investigational new drug for 
CD19 CAR therapy in 2007. The first protocols 
used either gamma-retroviral or lentiviral vectors 
that encoded CARs that included either CD28 or 
4-1BB costimulatory domains.22,27,28

Several clinical trials soon showed dramatic 
outcomes in patients with relapsed, refractory 
B-cell cancers, including non-Hodgkin’s lympho-
ma,29 chronic lymphocytic leukemia,30 and adult 
and pediatric acute lymphoblastic leukemia.31,32 
These results were confirmed in larger series8,33-35 
(Table 1). More than 1000 patients have received 
CD19-targeted CAR T cells in the United States 
alone. The defining characteristic of the respons-
es is that they tend to be durable. Although head-
to-head comparisons of various CAR T-cell designs 
are lacking, some inferences can be drawn from 
the available data. For instance, the inclusion of 
mouse sequences can trigger rejection of the 
CAR T cells by the host immune system, and many 
studies suggest that lack of immunogenicity, and 
hence persistence of CAR T cells, is associated with 
improved relapse-free survival among patients with 
leukemia. Thus, CAR designs that are composed 
of fully human sequences have become preferable.

T ox ic Effec t s A sso ci ated  
w i th C A R T  Cell s

Adverse effects are associated with all cancer thera-
pies, and CAR T cells are no exception. The spec-

trum of toxic effects associated with CAR T cells 
(Table  2) differs from that of checkpoint anti-
bodies targeting programmed cell death 1 and 
cytotoxic T-lymphocyte antigen 4, in which the 
primary toxic effects are colitis, rashes, and poly-
endocrinopathies.15,64 Many of the toxic effects 
that are reported with CAR T cells are on-target 
effects. Their spectrum depends on the specific-
ity of antibody single-chain variable fragments 
and T-cell activation. These toxic effects are thus 
reversible when the target cell is eliminated or 
the engraftment of the CAR T cells is terminated. 
This reversibility contrasts with many of the toxic 
effects associated with cytotoxic chemotherapy, 
which are off-target effects and can cause per-
manent genetic modifications of cells in the en-
tire organism, including stem cells. These perma-
nent modifications can have long-term clinically 
significant consequences.65

B-cell aplasia was a predicted on-target, off-
tumor adverse effect of CARs that target B-cell 
differentiation antigens such as CD19, CD20, and 
CD22.23 Clinical experience indicates that the 
B-cell aplasia induced by CD19 CARs is more 
complete than that observed after antibody ther-
apy with rituximab. B-cell aplasia is rapidly 
reversed after CAR T cells are ablated.66 Guide-
lines for the clinical treatment of patients with 
CAR-induced B-cell aplasia are evolving and may 
differ for children and adults, since children 
may have an incomplete long-lived plasma-cell 
compartment and weaker humoral immunity. 
Most human plasma cells do not express CD19.67

In some patients, CAR T cells induce a clini-
cal syndrome of fevers, hypotension, hypoxia, and 
neurologic changes associated with marked ele-
vations of serum cytokine levels.36,54,55 This spec-
trum of clinical and laboratory findings has been 
termed the cytokine release syndrome. The occur-
rence of the cytokine release syndrome is associ-
ated with both CD19 and B-cell maturation anti-
gen (BCMA, also known as CD269) CARs, and 
in the case of CD19 CARs, the severity of the cy-
tokine release syndrome is associated with tumor 
burden as measured by blasts in bone marrow at 
the time of treatment.36,38 The cytokine release 
syndrome manifests with a noninfectious flulike 
syndrome and can progress to life-threatening 
capillary leakage with hypoxia and hypotension. 
The onset of the cytokine release syndrome cor-
relates with the pharmacokinetic characteristics 
of the CAR T cells, with a temporal association 
between the syndrome and peak levels of CAR 
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T cells. The cytokine release syndrome is an on-
target toxic effect and is not common in patients 
who do not have a clinical response after CAR 
therapy. This syndrome is associated with T-cell 
activation and high levels of cytokines, including 
interleukin-6 and interferon-γ. Tocilizumab 
(Actemra), an anti–interleukin-6-receptor antago-
nist, is usually effective in the management of se-
vere cytokine release syndrome induced by CAR 
T cells.32,36 The FDA recently approved tocili-
zumab for the treatment of CAR T-cell–induced 
cytokine release syndrome. Glucocorticoids are 
promptly administered if the patient does not 
have a rapid response to interleukin-6 receptor 
blockade. As of this writing, the use of interleu-
kin-6 blockade and glucocorticoids has not 
been reported to interfere with the efficacy of 
tocilizumab, and an ongoing prospective study 

(ClinicalTrials.gov number, NCT02906371) is ad-
dressing whether prophylactic tocilizumab can 
be administered without compromising efficacy. 
In pediatric and adult acute pre–B-cell lympho-
blastic leukemia, tumor burden at baseline pre-
dicts whether severe cytokine release syndrome 
will develop, and predictive biomarkers in the 
serum have been identified.35,36,55

All research groups testing CD19 and BCMA 
CAR T cells have reported neurotoxicity.36,38,43 This 
appears to be a class effect with CD19-directed 
therapies because the same spectrum of toxic ef-
fects has been reported with blinatumomab, a 
bispecific anti-CD19 and anti-CD3 monoclonal 
antibody.68 The cause of the neurotoxicity re-
mains unknown; it is usually fully reversible and 
not related to spread of cancer to the central 
nervous system (CNS). Cerebral edema has been 

Disease
Response  

Rate Comments Reference

percent

Leukemia

B-cell acute lymphoblastic  
leukemia (in adults)

83–93 High initial remission rates; unresolved issue is whether 
CAR T-cell therapy is definitive therapy or should be 
followed by allogeneic hematopoietic stem-cell therapy

Park et al.,35 Davila et al.,36 
Turtle et al.37

B-cell acute lymphoblastic  
leukemia (in children)

68–90 Approximately 25% of patients reported to have a relapse 
with CD19-negative or CD19-low leukemia; CD22 
CAR T cells may improve survival among some pa-
tients with CD19 relapses

Maude et al.,34 Maude et al.,38 
Fry et al.,39 Lee et al.40

Chronic lymphocytic leu
kemia

57–71 Relapse is rare in patients who have a complete response; 
ibrutinib appears to increase response rates

Porter et al.,41 Turtle et al.42

Lymphoma

Diffuse large B-cell lym-
phoma

64–86 Approximately 40–50% of patients reported to have a  
durable complete response

Turtle et al.,43 Kochenderfer  
et al.,44 Schuster et al.,45 
Neelapu et al.46

Follicular lymphoma 71 At a median follow-up of 28.6 mo, the response was 
maintained in 89% of patients who had a response

Schuster et al.45

Transformed follicular 
lymphoma

70–83 A total of 3 of 3 patients with transformed follicular lym-
phoma had a complete response

Turtle et al.,43 Schuster et al.,45 
Neelapu et al.46

Refractory multiple myeloma 25–100 B-cell maturation antigen CAR T cells; stringent complete 
response in approximately 25% of patients

Ali et al.,47 Fan et al.,48  
Berdeja et al.49

Solid tumors

Glioblastoma ND In case report from phase 2 study, complete response on 
magnetic resonance imaging after intravenous and 
cerebrospinal fluid administration of CAR T cells;  
response lasted 7.5 mo

Brown et al.50

Pancreatic ductal adeno-
carcinoma

17 In one patient with liver metastasis, CAR T-cell treatment 
produced a complete metabolic response in the liver 
but was ineffective against the primary pancreatic tumor

Beatty et al.51

*	�ND denotes not determined.

Table 1. Responses to CAR T-Cell Therapy.*
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reported in trials by Gust et al.58 and Kite Pharma69 
but has not been observed in trials conducted by 
Maude et al.34 and Park and colleagues.35 Until the 
pathophysiology of the neurologic syndromes is 
explained, management remains empirical.

Integration of viral vectors has been associ-
ated with safety concerns in clinical applications 
using genetically modified hematopoietic stem 
cells. For example, patients with X-linked severe 
combined immunodeficiency underwent gene 
transfer to restore expression of the gene encod-
ing interleukin-2 receptor γ chain (IL2RG) with 
the use of gamma-retroviral vectors. Although 9 of 
10 patients were successfully treated, T-cell leu-
kemia developed in 4 of the 9 several years after 
gene therapy.70 In more than 1000 patients infused 
with T-cell receptors or CAR-modified T cells, no 
occurrence of an oncogenic transformation has 
yet been reported.

O ther T y pes of C A R Ther a py for 
O ther Hem at ol o gic C a ncer s

CD19 CAR therapy is the most successful and best-
known CAR therapy. Several important lessons 
with respect to target selection have emerged. 
The common occurrence of B-cell aplasia high-
lights the damage that CAR T cells can inflict on 
normal tissues that express the target antigen. 
Although this on-target side effect is not life-

threatening in the case of CD19, other targets 
may result in death.62 Relapses after a complete 
remission may be CD19-negative71; this highlights 
the critical need to anticipate antigen escape. Tar-
geting CD19 has proved to be more effective than 
targeting CD20 and CD22, which suggests that 
high density of CAR target expression is prefer-
able, although other factors may be at work.39 
Although there is no indication that CAR T-cell 
trafficking is rate-limiting in B-cell cancers, some 
extramedullary disease sites (e.g., retroperitoneal 
or CNS leukemia) have, on occasion, not had a 
response. Data are lacking from a formal assess-
ment of response rates among patients with ex-
tramedullary disease as compared with those in 
whom leukemia is confined to marrow. It remains 
unclear why responses to CD19 CAR therapy are 
more frequent and deeper in acute lymphoblastic 
leukemia than in chronic lymphocytic leukemia 
or non-Hodgkin’s lymphoma. Disease location and 
tumor microenvironment as well as host T-cell 
function probably account for these differences, 
given that the CD19 target density is similar.59

The efficacy of CAR therapy against B-cell can-
cers is a good omen for the treatment of other 
hematologic cancers. Several candidate targets for 
multiple myeloma have been explored preclinically; 
these include kappa light chain, CD138, Lewis Y 
antigen, BCMA, CS1 (cell-surface glycoprotein CD2 
subset 1, also called signaling lymphocytic activa-

CAR Specificity and Adverse Effect Reference

CD19 CAR

B-cell aplasia and hypogammaglobulinemia Kochenderfer et al.,52 Kalos et al.53

Cytokine release syndrome Davila et al.,36 Lee et al.,54  
Teachey et al.55

Dermatitis Rubin et al.56

Hematophagocytic lymphohistiocytosis and macrophage activation  
syndrome

Grupp et al.,32 Porter et al.,41  
Teachey et al.55

Neurologic effects such as ataxia and aphasia Brudno and Kochenderfer57

Cerebral edema Gust et al.58

B-cell maturation antigen CAR: the cytokine release syndrome Riches et al.59

Mesothelin CAR: anaphylaxis (antibody to murine single-chain variable  
fragments)

Maus et al.60

Carbonic anhydrase IX CAR: cholangitis (on-target) Lamers et al.61

HER2/neu CAR: lethal cytokine release syndrome Morgan et al.62

Carcinoembryonic antigen–related cell-adhesion molecule 5 (CEACAM5)  
CAR: hemorrhagic colitis (on-target)

Thistlethwaite et al.63

Table 2. Reported Toxic Effects of CAR T Cells.
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tion molecule F7 [SLAMF7] or CD319), CD38, and 
integrin β7. The results of recent clinical studies 
of the targeting of BCMA, albeit preliminary, are 
encouraging,47 and registration trials by several 
companies are ongoing. Several targets have also 
been suggested for acute myeloid leukemia: CD33, 
CLEC12A, CD44v6, EMR2, Tim3, CD70, Lewis Y 
antigen, CD123, and folate receptor β. Clinical 
trials that are designed to investigate the latter 
three targets have already been initiated. Although 
the mechanism is unclear, a fatal complication 
involving the capillary leak syndrome after admin-
istration of CD123 CAR T cells warrants further 
scrutiny of this target. Lacking targets with an 
expression profile as favorable as CD19, the tar-
geting of two or more antigens (combinatorial 
targeting) may prove to be necessary to preempt 
antigen escape without exacerbating toxicity.72

Cell Engineer ing  
a nd S y n the tic Biol o gy

The combination of genetic engineering and syn-
thetic biology offers a wide range of possibilities 
to design T cells with enhanced functions. New 
prospects to increase the efficacy (prevention of 
antigen escape) and safety (reduction of on-target 
and off-tumor activity) of CAR therapy include 
combinatorial targeting and Boolean logic–gated 
T cells that may recognize either one of two 
antigens or the two antigens only.8,73 Engineered 
T cells can also be used as a launching pad to 
reach the tumor microenvironment by, for ex-
ample, expressing costimulatory ligands on the 
surface of CAR T cells74 or secreting cytokines or 
other molecules.75,76 The safe use of T cells may 
be further increased with the use of controllable 
suicide switches such as inducible caspase 9 and 
truncated epidermal growth factor receptor.66,77

Genetic engineering techniques are evolving 
as well. The advent of targeted nucleases offers 
new prospects to either delete genes in T cells or 
insert transgenes into a selected locus.78,79 Adop-
tive transfer of genetically modified T cells will 
probably provide the initial proofs of concept for 
the emerging field of genome editing. Our re-
search group recently found that expressing a 
CAR from the T-cell receptor locus enhances tu-
mor elimination by sustaining T-cell function, 
through diminished tonic signaling and delayed 
T-cell exhaustion.80

Ch a llenges a nd Per spec ti v es

The FDA approvals of CD19 CAR T cells for re-
lapsed and refractory acute lymphoblastic leuke-
mia and for diffuse large B-cell lymphoma are 
noteworthy from several perspectives, but per-
haps most important is that this is the first form 
of gene-transfer therapy to gain commercial ap-
proval by the FDA. Because of the risk of the 
cytokine release syndrome and neurologic toxic 
effects, these CAR T cells were approved contin-
gent with a Risk Evaluation and Mitigation Strat-
egy, whereby the FDA requires that physicians 
and hospital staff complete training for manage-
ment of adverse effects.

The use of genetically engineered T cells as a 
precision medicine for leukemia and lymphoma 
has the potential to transform therapy for can-
cer. The principal scientific challenge in the field 
is the use of CAR therapy to treat solid tumors. 
T cells can eliminate solid tumors, as exemplified 
by checkpoint therapy and infusions of tumor-
infiltrating lymphocytes for advanced cancers, 
including melanoma, cholangiocarcinoma, and 
colorectal cancer.6,81-83 As of this writing, there is 
a singular example of a striking regression of 
multifocal glioblastoma after intracranial admin-
istrations of CAR T cells targeting interleukin-13 
receptor alpha 2 (IL13Rα2).50 The identification of 
suitable targets for CAR T cells in solid tumors 
requires further research to prevent or minimize 
off-tumor activity.8,72,73

Although autologous CAR T-cell therapies have 
immense therapeutic potential, the cost implica-
tions and complexity of autologous T-cell thera-
pies remain problematic for broader application. 
The development of off-the-shelf “universal” CAR 
T cells is possible with the use of a variety of 
gene-editing techniques and has been successful 
in a few children with pre–B-cell acute lympho-
blastic leukemia with a high degree of immuno-
suppression.84 The major challenge in developing 
off-the-shelf T cells is avoidance of immune 
rejection in both host-versus-graft and graft-
versus-host directions. T cells may also be gen-
erated from human embryonic stem cells and 
induced pluripotent stem cells. Thus, the com-
bination of techniques involving induced pluri
potent stem cells and synthetic biology may 
provide an opportunity to generate off-the-shelf 
T cells that uniquely combine favorable attri-
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butes, including antigen specificity, lack of allo
reactivity, histocompatibility, and enhanced func-
tional properties.85

The principles discussed here could also be 
used to design cell therapies targeted to treat other 
diseases. Autoimmunity, infection, inflammation, 
degeneration, wound healing, and fibrosis are all 
examples of conditions that could benefit from 
engineered effector T cells or regulatory T cells.86,87 
CAR therapy is now global, with more than 250 
trials listed on ClinicalTrials.gov, although most 
open trials are located in the United States and 

China, with relatively few in Europe and Japan.88 
The reasons for this geographic disparity are prob-
ably complex and may in part relate to regional 
differences in the social acceptance of therapies 
involving genetic interventions. The momentum 
that has been generated by the approval of CD19 
CAR T cells for oncology is likely to accelerate 
the translation of engineered cell therapies for a 
plethora of inflammatory and regenerative med-
icine applications.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.
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