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Introduction
The genetic engineering of T cells provides a means to rapidly 
generate antitumor T cells for any cancer patient. This approach 
is predicated on gene transfer technology that enables the expres-
sion of receptors and other gene products in primary T cells. This 
review focuses on how CD19 chimeric antigen receptors (CARs) 
came to be and what we’ve learned, to date, about CAR therapy 
owing to the CD19 paradigm.

Back in the late 1980s, the rationale for T cell engineering 
was to rapidly establish a potent immune attack on cancer cells. It 
had recently become apparent that adoptively transferred T cells 
could, in select circumstances, exert profound antitumor effects, 
as seen in graft-versus-host disease and graft-versus-leukemia in 
BM transplant recipients (1). The first attempts to isolate tumor- or 
virus-reactive T cells were underway (2, 3), hinting that the isola-
tion of antigen-specific T cells would be feasible, although cum-
bersome. The discovery of the physiological receptor that medi-
ates antigen recognition, known as the T cell receptor (TCR) (4–6), 
led to transgenic mouse studies that demonstrated that antigen 
specificity could be imparted to T cells through germline modifi-
cation (7). The rationale for developing T cell engineering remains 
as compelling today as it was 25 years ago and is reinforced by the 
vast knowledge of T cell biology and tumor immunology that has 
since accumulated (Table 1).

To contemplate T cell engineering, two primary requirements 
had to be fulfilled: it would be necessary to (i) establish gene trans-
fer technology effective in primary T cells and (ii) identify receptor 
structures that enabled T cell reprogramming and were adapted to 
the available gene transfer technology. By the late 1980s, the use 
of replication-defective retroviruses to transduce mammalian cells 
was just starting to be applied to mouse hematopoietic cells (8). 
Retroviral-mediated gene transfer to mouse T lymphocytes proved 
to be challenging but was eventually feasible (9). By the mid-1990s, 

methods for the transduction of human T lymphocytes became 
available, based on the use of the gibbon ape leukemia virus enve-
lope (GALV envelope) to mediate retroviral vector entry (10–12). 
This advance was pivotal for developing T cell engineering, which 
had been hitherto limited to transfection of surrogate leukemia cell 
lines or hybridomas that do not recapitulate several critical facets 
of normal T cell activation and function. Receptors and signaling 
molecules could now be studied in true human T cells harvested 
from peripheral blood. These methods remain the foundation for 
many of today’s clinical trials based on T cell engineering, which 
frequently make use of GALV envelope–pseudotyped packaging 
cell lines (13) and the SFG vector or variant γ-retroviral vectors 
(14–17). Improved packaging cell lines (18) and enhanced vector 
production processes (19) are available today, as are an array of T 
cell transduction methods, which utilize γ-retroviral, lentiviral, and 
nonviral DNA- or RNA-based vectors (reviewed in ref. 20).

The second requirement for undertaking T cell engineer-
ing is the isolation or design of receptors for antigen that direct 
effective T cell responses. This goal has been pursued with two 
general approaches, one utilizing the physiological TCR as the 
tumor-targeting device (21) and the other using a variety of arti-
ficial receptors (22), starting from those described by Eshhar and 
Brocker (23, 24) and eventually encompassing a broadened range 
of structures that we regrouped under the general name of CAR 
(ref. 25). While the earliest artificial receptors attempted to repro-
duce a T cell activation signal similar to the TCR (see below), the 
main attraction of synthetic receptors was and remains to this date 
their potential to not only retarget T cells, but also to enhance T 
cell function and persistence (Table 1). This goal was eventually 
attained through the invention of receptors that provide three crit-
ical functions within a single molecule encoded by a single cDNA: 
targeting, activation, and costimulation. These receptors, known 
as second-generation CARs (25), comprise signaling domains 
derived from a T cell–activating molecule, such as the ζ-chain of 
the CD3 complex (CD3ζ), and a costimulatory receptor, such as 
CD28 or CD137. They entered the clinical arena in 2007, based on 
the CD19 paradigm, which is recounted below.
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ing moiety, such as heregulin (32), IL-13 (33), or NK cell lectin–like 
receptor NKG2D (34), which bind to their cognate ligands or recep-
tor counterparts. Antibody-based CARs can also be utilized to tar-
get HLA-peptide complexes, allowing for recognition of antigens 
derived from intracellular proteins (35).

While CD3ζ-chain aggregation is sufficient to enable lytic 
activity in cytotoxic T lymphocyte lines (CTL lines), it is impor-
tant to bear in mind that the strength of signal required for cyto-
toxicity is lower than that needed for other T cell functions. This 
likely underlies the limited therapeutic responses reported with 
first-generation CARs, the antitumoral effects of which are often 
confined to local administration models (36, 37) or short-term 
systemic models (37). In transgenic mice, T cells expressing CARs 
that only comprise an activation domain within their cytoplasmic 
domain are prone to undergoing anergy (38). Transgenic mouse 
models later revealed that T cells expressing CD3ζ-chain–based 
CARs only modestly delayed tumor progression in vivo, as they 
produced low amounts of IFN-γ and rapidly became anergic (38, 
39). Having established methods for the study of primary T cells 
(9, 12), we could test other essential features of CD3ζ-chain–based 
CARs. While these receptors effectively mediated cytotoxicity, 
we found that they were unable to direct T cell expansion upon 
repeated exposure to antigen in the absence of costimulatory sup-
port (40). Thus, CD3ζ-chain–based CARs mediate antigen-spe-
cific cytotoxicity but fail to support T cell expansion in the con-
tinued presence of antigen. A new strategy was therefore needed 
to prevent anergy or activation-induced cell death (AICD) and 
enable T cells to expand and persist in a functional state.

Second-generation CARs
In the 1990s, we designed chimeric costimulatory receptors 
(CCRs) to examine whether we could promote T cell expansion 
and offset AICD in an antigen-specific fashion. In these studies, 
human primary T cells were activated through their TCR under 
conditions that would limit survival and expansion by precipitat-
ing apoptosis. This AICD could be offset in the presence of a cell-
surface antigen (in this case, the disialoganglioside GD2) when 
the T cells expressed a GD2-specific, CD28-based CCR (Figure 1). 
The CD28-based CCR was also able to direct IL-2 synthesis, sim-
ilar to the natural CD28 costimulatory receptor (41). Having vali-
dated the CCR costimulatory signal in human primary T cells, we 
then fused a CCR with a ζ-chain–based CAR, thus creating a sec-
ond-generation CAR (Figure 1) that supported human primary T 
cell expansion upon repeated exposure to antigen (42). These and 
other contemporary studies (43–45) paved the way for engineering 
persisting functional T cells.

Multiple costimulatory domains have since been introduced 
into CARs (46). The best known second-generation CARs incor-
porate CD28 or 4-1BB signaling elements (42, 45). Compared with 
first-generation CD3ζ-chain CARs, CD28/CD3ζ CARs induce 
more IL-2 secretion, increase T cell proliferation and persistence, 
and mediate greater tumor rejection (46–49). These results, which 
were obtained consistently in mouse models, were corroborated 
in a clinical study where both CAR T cell populations were coin-
fused, confirming the greater persistence of T cells expressing the 
CD28/CD3ζ CAR (17). 4-1BB costimulatory domains also extend 
T cell survival compared with first-generation CARs (45, 49, 50), 

First drives
CARs are artificial antigen receptors that evolved in three criti-
cal steps. When CD3ζ was independently cloned by the Weiss, 
Seed, and Klausner groups, the newly discovered T cell–specific 
chain, which lacks a significant extracellular domain, was fused to 
either CD8, CD4, or CD25 (refs. 26–28 and Figure 1). These mol-
ecules bind to HLA class I, HLA class II, and IL-2, respectively. 
Cross-linking of these receptors by available antibodies targeting 
their extracellular domains resulted in calcium influx and other 
hallmarks of early T cell activation, establishing that cross-linked 
ζ-chain fusions could initiate T cell activation. The addition of a 
single-chain variable fragment (scFv) derived from an immuno-
globulin specific for the 2,4,6-trinitrophenyl (TNP) hapten diver-
sified the binding capacity of CD3ζ-chain fusion receptors (ref. 23 
and Figure 1). Using leukemic T cells or cytotoxic cell lines, these 
fusion receptors were shown to activate T cells and redirect antigen 
specificity (29). In utilizing an scFv as their binding moiety, CARs 
target cell-surface antigens, unlike the physiological TCR, which 
binds to HLA-peptide complexes (21, 22). Thus, CARs engage mol-
ecules that do not depend on peptide processing or HLA expres-
sion in order to be recognized. Additionally, CARs do not need to 
be matched to the patient’s haplotype, as is the case for TCRs (21, 
22). Furthermore, CARs can target tumor cells that have downreg-
ulated HLA expression or proteasomal antigen processing, two 
mechanisms that contribute to tumor escape from TCR-mediated 
immunity (30). Another feature of the broad applicability of CARs 
is their ability to bind not only to proteins, but also to carbohydrate 
and glycolipid structures, expanding the range of potential targets 
(31). Some CARs utilize receptor or ligand domains as their target-

Table 1. Rationale for T cell engineering in oncology

Goal Rationale
To overcome central immune tolerance CAR T cells can be genetically targeted to any 

antigen, overcoming clonal deletion  
and repertoire gaps

To circumvent HLA downregulation CARs enable HLA-independent antigen 
recognition, thereby overcoming irreversible 

defects in HLA expression or antigen presentation
To target both CD4+ and CD8+ T cells  
to the tumor

CD4+ T cell help can be provided in the absence of 
HLA class II expression, using a CAR  

(HLA-independent) or a high-affinity HLA class 
I–restricted TCR (HLA class I–dependent)

To broaden T cell reactivity to 
carbohydrates and glycolipids

CAR recognition is not limited to proteins and 
HLA-peptide complexes

To target cancer stem cells CAR T cells can be directed to tumor-initiating 
cells when such cells have been defined  
and target antigens identified therein

To augment T cell potency CARs enable increased antitumor activity 
by over-riding T cell inhibitory mechanisms, 

reprogramming the tumor microenvironment, or 
recruiting/boosting endogenous T cell responses

To control T cell longevity CARs can modulate T cell longevity through the 
use of different costimulatory signals, different  

T cell subsets, and/or suicide genes
To exploit alternative  
(nonautologous) T cell sources

T cell engineering may facilitate the utilization of T 
cells harvested from healthy donors or induced in 

culture from stem/progenitor cells
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in an aggressive acute lymphoblastic leu-
kemia model (ALL model) (48). Success-
ful B cell tumor eradication was eventually 
obtained with different CD19 CARs (36, 
47–49, 59–61), paving the way for multi-
ple, ongoing CD19 CAR clinical trials. The 
attractiveness of CD19 as a CAR target 
was confirmed by its subsequent selection 
by the groups at the National Cancer Insti-
tute (NCI), the University of Pennsylvania 
(UP), City of Hope National Medical Cen-

ter, Fred Hutchinson Cancer Research Center (FHCRC), MD 
Anderson Cancer Center, and Baylor College of Medicine when 
they launched their clinical CAR programs. CD19 is by far the 
most investigated CAR target today.

Clinical trials for indolent B cell malignancies
Second-generation CARs have recently shown impressive clin-
ical outcomes in trials that enrolled patients with relapsed or 
refractory B cell malignancies. Earlier studies utilizing first-gen-
eration CARs targeting the α-folate receptor in ovarian cancer 
(62), carbonic anhydrase IX in renal cancer (63), CD20 in lym-
phoma (64), and GD2 in neuroblastoma (65) yielded modest 
results, with the exception of one durable complete response 
(CR) in the neuroblastoma study.

The first clinical study to utilize second-generation CARs target-
ing CD19 enrolled patients with chronic lymphocytic leukemia (CLL; 
NCT 00466531), but the first publication of a CD19 CAR therapy 
came in the form of a case report from the NCI (66). In this report, a 
patient with advanced follicular lymphoma showed a durable partial 
remission lasting 32 weeks before progressing with CD19+ disease. 
Although the report did not document T cell presence or persistence, 
the response was attributed to the combined conditioning and CAR 
T cells. Later studies in lymphoma patients achieved several remis-
sions, with a combined complete or partial remission rate reaching 
60% in some reports (67, 68), as reviewed in ref. 69.

The initial results reported in CLL were dramatic and intriguing. 
Two of the three patients treated at UP showed profound complete 
remissions (70), which have lasted to this day. These two patients 
became tumor free and B cell aplastic within weeks/months fol-
lowing the T cell infusion. The CLL trial at MSKCC included a first 

albeit with different pharmacokinetics (51). 4-1BB/CD3ζ CARs 
impart greater longevity to T cells than do CD28/CD3ζ CARs, 
resulting in higher CAR T cell accumulation, which could poten-
tially outlast tumor elimination (52). More studies are needed to 
better delineate the respective properties of these and other sec-
ond-generation CARs that incorporate OX40, ICOS, DAP-10, 
NKG2D, or other costimulatory domains (51, 53).

The CD19 paradigm
CD19 is a cell-surface antigen found on most B-lineage lympho-
mas and leukemias (54). In the mid-1990s, we believed that the 
involvement of CD19 in B cell development and function (55–57) 
might extend to a role in tumor survival, which might in turn pre-
dict CD19 expression in most malignant cells, possibly including 
tumor-initiating cells. CD19 was chosen not only for its frequent 
and high-level expression in B cell malignancies, but also for its 
highly restricted expression in normal tissues, where it is confined 
to the B cell lineage. CD19 is also occasionally expressed in mul-
tiple myeloma (58). Thus, a successful therapy would be expected 
to induce B cell aplasia, as was indeed later observed in murine 
models (59, 60) and in patients given CD19 CAR therapy.

It has been almost 15 years since we reported that CD19 
CAR therapy utilizing human peripheral blood T lymphocytes 
eradicated lymphoma and leukemia in immune-deficient mice, 
also providing the first demonstration that human CAR T cells 
of any specificity could eradicate systemic tumors established 
in mice (61). In these models, a single intravenous infusion of 
CD19 CAR T cells resulted in complete eradication of estab-
lished, diffuse B cell malignancies (61). We later showed that the 
19-28z CAR vastly outperformed a first-generation CD19 CAR 

Figure 1. The first CARs and CCRs. Top left: The 
first CD3ζ-chain fusions established the T cell–
activating function of the CD3ζ-chain (26–28). 
The incorporation of an scFv diversified their 
antigen-binding capacity (23). Collectively, 
these receptors are now known as first-gen-
eration CARs. Bottom left: Derivation of the 
first CCR from the native CD28 costimulatory 
receptor (41). CCRs are not CARs, as they do 
not initiate T cell activation. The conflation 
of a first-generation CAR (top left) and a CCR 
(bottom left) resulted in the generation of a 
second-generation CAR capable of directing 
proliferation and sustained function of human 
peripheral blood T lymphocytes upon repeated 
exposure to antigen (right) (42).
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procedure (apheresis, CAR transduction, and conditioning ther-
apy, followed by T cell infusion), they differ in several regards, 
including the CAR design (the CD28/CD3ζ dual-signaling 
domain utilized at the NCI and MSKCC, and the St. Jude 4-1BB/
CD3ζ utilized at UP, Figure 2), T cell manufacturing, retroviral 
vector type, conditioning chemotherapy, patient age, tumor bur-
den, tumor sensitivity to chemotherapy, and T cell dosage (79). 
Despite these differences, the comparable outcomes speak to the 
extraordinary robustness of CD19 CAR therapy in ALL.

The CD19 paradigm: five lessons learned over 20 
years (1995–2015)
The enthusiasm of many groups for targeting CD19 with CARs 
is testimony to the attractive features of CD19 and its broad 
relevance as a CAR target. Its association with all B cell malig-
nancies, its expression in most if not all tumor cells, its absence 
from vital tissues, and the demonstrated effectiveness of differ-
ent second-generation CARs targeting CD19 have turned it into 
the most investigated CAR target and a paradigm for CAR ther-
apy. Five major lessons have come out of the last two decades of 
CD19 CAR research.

Cells work where drugs have failed. The most dramatic les-
son learned from the CD19 paradigm is that engineered T cells 
induce complete remissions, including molecular remissions, 
in subjects for whom chemotherapies, often utilizing multiple 
drug combinations, have led to drug resistance and tumor pro-
gression. In essence, cells can succeed where chemicals have 
failed. This is a profound message that is still sending shock 
waves throughout academic medicine and the biopharmaceuti-
cal industry. CD19 CARs are the poster child for CAR therapy, 
for which ALL is, at present, the most resounding success. In 
the case of B cell lymphomas and CLL, the results are also very 
encouraging, even though CAR therapy will have to be evaluated 
against a broader field of competing or emerging treatments. 
CD19 CAR therapy can also be, and will be, further optimized 
for these B cell malignancies.

Academic T cell manufacturing is robust and dependable. 
Another major lesson learned from the CD19 paradigm con-
cerns feasibility. A handful of academic centers have success-
fully established manufacturing procedures that have proven to 
be reproducible and dependable (20). CAR T cell products have 
been successfully generated for the overwhelming majority of 
subjects enrolled at MSKCC and elsewhere. At MSKCC, the T 
cell engineering process starts from an apheresis product and 
utilizes a γ-retroviral vector for T cell transduction, yielding the 
prescribed cell doses in 8–12 days (16). Other variant cell-manu-
facturing processes have been developed and used successfully 
(20). Given the recent interest of biotech and large pharmaceu-
tical companies in cell therapies (80), there is every reason to 
anticipate that increased funding for cell manufacturing will 
accelerate the pace of development for improved CAR T cell 
manufacturing platforms.

Second-generation CARs are potent. The successes we have 
seen in CD19 CAR therapy were all obtained with second-gener-
ation CARs, supporting the critical importance of incorporating 
costimulatory signals in recombinant antigen receptors (Figure 1). 
Furthermore, two distinct designs utilizing either CD28 or 4-1BB 

arm, where T cells were given without prior conditioning as man-
dated by the FDA, which at that time considered conditioning and 
T cells to be a combination of two therapies. None of the patients 
who were given T cells without prior conditioning responded to the 
CAR therapy. The responses were modest in 4 evaluable patients 
who received cyclophosphamide conditioning (CY conditioning) 
(71). In comparison, the CLL studies at UP and the lymphoma study 
at the NCI utilized more potent conditioning regimens, consist-
ing of either bendamustine or CY/fludarabine (FLU), respectively 
(68, 70). Although no comprehensive follow-up study in CLL has 
yet been published, recent meeting reports from UP and MSKCC 
suggest that approximately half the CLL patients have CR or partial 
response to the current form of CD19 CAR therapy (72, 73).

Clinical trials for adult and pediatric ALL
The most dramatic and consistent outcomes obtained with CD19 
CAR therapy have occurred in ALL (74–78). The first published 
results were obtained in adult patients with relapsed, chemo-re-
fractory disease who were infused with autologous peripher-
al-blood T cells collected by apheresis and transduced with the 
second-generation 19-28z CAR (16). These subjects were infused 
with 3 million autologous 19-28z+ T cells/kg following a single 
administration of CY as conditioning. Four of four patients with 
measurable disease went into complete, molecular remission 
within 4 weeks of the T cell infusion (74). MSKCC, the Children’s 
Hospital of Philadelphia (CHOP), and the NCI subsequently pub-
lished follow-up studies in adult and pediatric ALL patients (75–
78), which are summarized in Table 2. MSKCC next reported on 
16 adult subjects, showing an 88% CR rate, which was obtained on 
average by day 24 and correlated with the detection of persisting T 
cells for 4–12 weeks following infusion (76). Five patients treated 
at UP showed similar results, resulting in 5 CRs and detectable T 
cells for 2–3 months after infusion (77). In pediatric ALL, the first 
report on two children showed two CRs, with one relapse due to a 
CD19-negative clone (75). A subsequent report from UP showed 
a CR rate of 90% in 25 children and notable T cell persistence, 
ranging from 1–10 months (76). The NCI also reported on 20 chil-
dren or young adults with a CR rate of 70% in their intent-to-treat 
cohort (ref. 78 and Table 2).

In summary, clinical results from three different cen-
ters all reported a remarkable CR rate — a rare occurrence for 
phase I studies in oncology, especially for patients with chemo- 
refractory leukemias. While these studies follow the same overall 

Table 2. CD19 CAR therapy for ALL

Publication Number/age of subjects Complete remission rate
Brentjens, et al. (74) 5 adults 100%
Grupp, et al. (75) 2 children 100%
Davila, et al. (76) 16 adults 88%
Lee et al. (78) 20 children 70%
Maude, et al. (77) 25 children 90%

5 adults 100%
Frey, et al. (107) 12 adults 89%
Park, et al. (108) 27 adults 89%
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The second major concern is that of 
severe CRS, which is associated with intense 
antitumor responses mediated by large 
numbers of activated T cells. Like B cell 
aplasia, it is an anticipated consequence 
of CAR T cell activity that exhibits variable 
magnitude. CD19 CAR T cells often induce 
fever accompanied by cytokine release, but 
a substantial cytokine response may induce 
hemodynamic and cardiac side effects 
requiring medical intervention. We (76) 
and others (81) have proposed definitions 
for CRS, which need to be reconciled in 
order to provide a standard definition and 
grading reference for clinicians and regu-
lators. A conference addressing this issue 
was organized by the Recombinant DNA 
Advisory Committee in June 2015 (82). The 
management of severe CRS may require ste-

roids, IL-6 receptor blockade (tocilizumab, as originally proposed 
by CHOP investigators), vasopressors, and/or supportive therapy 
delivered in the intensive care unit (74–78, 81–83). Importantly, 
in our first 5 ALL patients, we observed (74) that the likelihood of 
developing severe CRS is closely correlated with tumor burden, 
thereby providing a simple means to anticipate which patients may 
require medical intervention. This observation was later confirmed 
in a larger cohort (76) and has held up in pediatric patients (77, 78). 
Thus, the means to anticipate CRS and intervene therapeutically 
have made rapid progress. Approaches to treat or ultimately prevent 
severe CRS are reviewed elsewhere (76, 81–84).

The last toxicity is neurological, consisting of confusion, obtunda-
tion, seizures, or aphasia. The mechanism underlying this response is 
unclear. It does not appear to be related to CNS leukemia. Neurolog-
ical toxicity is also seen in therapies utilizing CD19/CD3ζ bispecific 
protein conjugates (85). More studies are needed to devise preventive 
or therapeutic interventions for neurological toxicity (83, 84).

Antigen escape may occur. CAR T cells most often target a single 
antigen. One must therefore seek to identify target antigens that, 
ideally, are present in all tumor cells, including cancer stem cells, 
if possible. A broad effort is now underway to identify suitable tar-
gets for a variety of cancers. It is expected that the selective pressure 
imparted by CAR T cells, as for any targeted therapy, will sometimes 
yield antigen escape variants. This was first observed in pediatric 
ALL, where one of the first two subjects treated with CD19 CAR 
therapy at CHOP eventually relapsed with CD19-negative disease 
(75). Antigen escape of CD19-negative ALL has been observed at all 

signaling elements have yielded profound clinical results. In ALL, 
where both designs have been utilized (Figure 2), CARs utilizing 
either design elicit comparable CR rates (Table 2) and toxicities 
(see below); however, some nuances are emerging. The time until 
the onset of fever and the rapidity of CR induction seems to be 
faster with the CD28 CARs (74–78), while the persistence of T cells 
expressing 4-1BB CARs is greater, at least in children (77) com-
pared with adults (76, 77). This is very encouraging, as it validates 
the general concept of incorporating costimulatory domains in 
engineered T cells and suggests that other costimulatory domains 
and domain combinations will yield T cells with tunable func-
tional characteristics.

CAR T cells may induce toxicities. The CD19 paradigm has 
revealed three potential toxicities of CAR therapy: B cell aplasia, 
severe cytokine release syndrome (CRS), and neurological toxic-
ity. The first is an on-target/off-tumor effect that was predicted 
and observed in animal models (59, 60) and later in clinical trials 
(66–78). The anticipation of B cell aplasia was originally a rea-
son for selecting CD19 as a target because a deficit in antibody 
production can be managed with intravenous immunoglobulin 
administration. Furthermore, B cell aplasia is reversible when 
the CAR T cells eventually vanish or when patients undergo 
hematopoietic stem cell transplantation. B cell aplasia is only a 
concern in those few patients who retain CD19 CAR T cells in the 
long-term and may be a greater concern when long-term T cell 
persistence occurs in children or in individuals in whom plasma 
cells are eventually eliminated.

Figure 2. Prototypic CD19 CARs and other 
CD19 CARs in clinical use. Design of the first 
second-generation CARs to be used in the 
clinic: the MSKCC CD28-based CAR (42) and the 
St. Jude Children’s Research Hospital (SJCRH) 
4-1BB CAR (45). CD28-based CARs have been 
utilized at MSKCC, the NCI, and Baylor College 
of Medicine (top). 4-1BB–based CARs have been 
utilized at CHOP/UP and the FHCRC/Seattle 
Children’s Hospital (FHCRC) (bottom).
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centers. Targeting a second ALL antigen, such as CD22 (86), is one 
strategy that is poised to offset this risk. The mechanism for epitope 
loss remains to be fully elucidated. Interestingly, this occurrence 
has not been reported to date in CLL or non-Hodgkin lymphoma.

Conclusions and perspectives
CAR therapy lies at the intersection of cell therapy, gene therapy, 
and immunotherapy. It is rooted in the principles of T cell biol-
ogy, gene transfer biology, and tumor immunology. The CD19 
paradigm is the culmination of 25 years of research on T cell engi-
neering. Collectively, the preclinical and clinical studies on CD19 
CARs have validated the invention of second-generation CARs, 
established the feasibility of implementing T cell engineering in 
the clinic, and demonstrated the effective potency of CAR ther-
apy in at least one cancer, ALL. Current CD19 CAR therapy is, 
at the very least, a bridge to allogeneic hematopoietic stem cell 
transplantation in ALL patients for whom this potentially curative 
intervention is no longer an option due to the advanced stage of 
their disease. Further follow-up of those subjects who received 
CD19 CAR therapy without a subsequent transplantation will 
eventually establish whether CAR therapy alone may be curative. 
In due course, CAR therapy also has the potential to become a 
front-line therapy for ALL and other B cell malignancies.

CD19 CAR therapy in its present form or an enhanced form 
will likely deliver similar outcomes for B cell lymphomas and CLL. 
CAR therapy, based on second-generation CARs, can be further 
enhanced in several ways. CARs may be combined with costimu-
latory ligands (87), CCRs (88–91), or cytokines such as IL-15 (92, 
93) or IL-12 (59, 94, 95) to further enhance T cell potency, specific-
ity, and/or safety. CARs may also be combined with other immune 
enhancers, such as anti–PD-1/PD-L1 antibodies (96), lenalino-
mide (97), or indoleamine 2,3-dioxygenase (IDO) inhibitors (98).

The optimal conditioning for CD19 CAR therapy is not yet 
fully understood. Without any conditioning, CD19 CAR therapy is 
not effective (17, 71), as is the case in the mouse (59, 60). Whereas 
in ALL, conditioning consisting of either CY alone or CY and FLU 
has yielded similar outcomes (74–78), this has not been the case 
in CLL, where bendamustine conditioning has been associated 
with better outcomes than CY alone (70, 71) and in non-Hodgkin 
lymphoma, where more intense conditioning (CY [120 mg/kg] in 
combination with FLU [25 mg/m2 × 5], compared with CY [300 
mg/m2 × 3] in combination with FLU [30 mg/m2 × 3]) has resulted 
in better outcomes but also higher toxicities (78, 99). An ideal 
conditioning regimen remains to be defined. Interestingly, Brent-
jens and colleagues have shown in an immunocompetent murine 
model that CAR T cells expressing IL-12 could mediate tumor 
rejection in the absence of prior conditioning (59).

Another major question about the optimal delivery of CAR 
therapy awaiting resolution is the identity of the optimal T cell 
substrates. Strikingly, the consistent clinical outcomes obtained in 
ALL patients have been obtained with bulk peripheral blood T cells 
comprising variable CD4+/CD8+ T cell ratios starting from variable 
mixtures of naive and antigen-experienced T cells (74–78). The 
quasi uniformity of successful outcomes has thus not revealed an 
optimal CD4+/CD8+ T cell ratio or a superior T cell subset, yet we 
know from murine studies that, although CD8+ or CD4+ CAR T cells 
alone can exert significant therapeutic effects (61, 100), a mixture 

of both subsets displays superior efficacy (100, 101). Much remains 
to be learned about the potential of virus-specific T cells (102) and 
defined T cell subsets, in particular the central memory (TCM) and 
the stem cell–like memory (TSCM) subsets (103, 104). It is likely that 
the selection of optimal T cell subsets for CAR therapy will impact 
the efficacy, consistency, and safety of CAR therapy (104, 105). The 
principles to be uncovered in clinical studies utilizing defined T cell 
products will also inform the choice of alternative (i.e., nonautolo-
gous) T cell sources that are likely to emerge in the future (106).

CD19 CARs have taught us a great deal about the enormous 
potential and current limitations of CAR technology, providing 
insights into how to tackle solid tumors, which is one of the major 
next steps for the CAR field. CAR targets will have to be chosen 
thoughtfully to limit damage to normal tissue, which will not 
always be as tolerable as B cell aplasia. T cells will also have to be 
selected and engineered to overcome inhospitable tumor micro-
environments and persist long enough to induce deep remissions 
without causing severe CRS. All of these goals are attainable in 
principle, making CAR T cell biology and CAR therapy exciting 
scientific and clinical pursuits for the next decade and beyond.
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