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Introduction

Following a decade of preclinical optimization, CD19 chi-
meric antigen receptor (CAR) therapy has rapidly made 
a high impact in oncology. Within a few years, the CAR 
field has progressed from fledgling reports of anecdo-
tal responses in patients with non-Hodgkin lymphoma 
(NHL) or chronic lymphocytic leukemia (CLL) to achiev-
ing reproducible outcomes in hundreds of patients with B 
cell malignancies, most strikingly in B cell acute lympho-
blastic leukemia (B-ALL). These clinical results have gen-
erated unprecedented interest in cell-based therapies and 
sparked large-scale engagement in the biotechnology and 
pharmaceutical sectors. It now appears plausible that the 
commonly fatal relapsed/refractory B-ALL will be the first 
clinical indication for CAR T cells, which will hopefully 
usher in a new era of T cell-based, targeted cancer immuno-
therapies. We summarize here the pre-clinical development 
of CARs, their adaptation for use in patients, the present 
clinical experience with CD19 CAR T cells, and finally the 
future direction of this disruptive cancer therapy.

Biological functions of CARs

T cells are a component of the adaptive immune system, 
which includes CD4+ and CD8+ T cells capable of recog-
nizing and eliminating virus-infected cells and cancer cells 
[1]. Antigen recognition is mediated by the T cell receptor 
(TCR), which binds to peptides presented by major histo-
compatibility complex (MHC) proteins expressed on the 
cell surface. While the TCR binds the MHC/peptide com-
plex, it is not sufficient to mediate signaling. Instead, the 
TCR heterodimer serves to engage antigen and secondarily 
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cluster CD3 to initiate T cell activation [2]. The CD3 com-
plex comprises two homodimers of CD3ζ, a heterodimer 
of CD3ε and CD3δ, and another heterodimer of CD3ε and 
CD3γ. T cell activation is initiated through the immunore-
ceptor tyrosine-based activation motifs (ITAMs) present in 
the CD3 polypeptides [2]. In the early 1990’s, the T cell 
biologists who cloned the CD3ζ chain created chimeric ζ 
chain receptors and determined that T cell activation could 
be induced by antibody cross-linking of these ζ chain 
fusion receptors [3–5]. Two other groups then derived a 
simplified receptor for antigen that fused the ζ chain to a 
single chain variable fragment (scFv) as its extracellular 
domain [6, 7], thus creating a TCR-like molecule encoded 
by a single cDNA. Zelig Eshhar named the hybrid protein 
a “T-body” [6], which we later renamed a first genera-
tion CAR [8]. Studies in human primary T cells [9] and in 
transgenic mice [10] soon demonstrated the shortcomings 
of these receptors. However, based on earlier studies con-
ducted in human primary T cells that had established that 

costimulation could be bestowed onto T cells through a chi-
meric costimulatory receptor (CCR) [11], a novel engineer-
ing strategy was proposed to design a receptor endowed 
with dual signaling capabilities–activation together with 
costimulation, which enabled T cell cells to expand and 
retain function upon repeated exposure to antigen [12]. We 
named such receptors second generation CARs (Fig. 1) 
[8]. CARs may utilize an scFv or any alternative ligand to 
bind their target antigen, and are thus independent of MHC, 
unlike the physiological TCR. The targeted antigen has to 
be on the target cell surface and may be a protein, a car-
bohydrate or a glycolipid. CAR T cells, therefore, express 
two receptors for antigen: their endogenous TCR and the 
transduced CAR.

Over the past 30 years, a number of investigators have 
demonstrated the utility of isolating, expanding, and re-
infusing tumor-reactive T cells back into patients. Alterna-
tively, one may engineer readily available peripheral blood 
lymphocytes, which provides several advantages. First of 

Fig. 1  Second generation CAR 
structure. A common CAR 
design, depicted here, comprises 
a signal peptide (SP) followed 
by the scFv, which is composed 
of IgH and IgL rearrangements 
separated by a linker such as 
the glycine-serine (G/S) linker. 
A linker domain of variable 
length, followed by a trans-
membrane region is followed 
by costimulatory and activation 
domains. The synthetic CAR 
cDNA is encoded by a vector 
used to transduce patient T 
cells. The resulting CAR T cells 
are thus targeted to the tumor 
and functionally enhanced
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all, the isolation of sparse tumor-specific T cells from a 
surgical tumor specimen and subsequent ex vivo expan-
sion may require extensive culture to generate a number of 
T cells sufficient for infusion back into the patient [13]. In 
contrast, the genetic modification of a bulk population of 
T cells with a CAR rapidly provides tumor-targeted cells 
in sufficient number, typically within 10 days [14]. Sec-
ond, TCR recognition of tumor-derived peptides requires 
presentation by MHC, which are highly polymorphic and 
preclude the use of a single TCR for all patients. In con-
trast, CARs are HLA-independent receptors for antigen and 
thus can be used in any patient regardless of their MHC. 
Third, the versatility of antibody generation and heavy and 
light chain library screening greatly facilitates the construc-
tion of CARs specific for any molecule including proteins, 
carbohydrates, lipids, DNA, and even MHC-peptide com-
plexes. Lastly, CARs are modular, synthetic proteins that 
can be further modified to potentiate or attenuate T cell 
functions to achieve a desired outcome. The best known 
second generation CARs utilize the CD28 [12] or 4-1BB 
costimulatory signaling domains [15], reviewed in [16]. 
Other costimulatory domains, such as OX40, CD27, ICOS 
and NKG2D, have been described [16] and remain to be 
further compared to the canonical CD28/CD3ζ and 4-1BB/
CD3ζ dual-signaling receptors.

Production of engineered CAR T cells for clinical 
use

The clinical evaluation of CAR T cells requires a safe, 
efficient and reproducible CAR T cell production process 
following good manufacturing practices (GMP). Over the 
last 10 years, a few academic GMP facilities have devel-
oped and refined protocols and systems for CAR T cell 
production [17]. The most efficient and rapid means to 
genetically target T cells to an antigen is by viral vector 
transduction, using gamma-retroviral or lentiviral vectors 
(Fig. 1). Electroporation of RNA or DNA also have been 
evaluated in pre-clinical and, to a very limited extent, clini-
cal research [18, 19]. While the latter gene transfer systems 
can achieve adequate CAR expression levels, the length of 
culture (from weeks to months) required in some instances 
may limit the overall function of the adoptively transferred 
T cells. Retroviral vector transduction can produce a suf-
ficient dose of genetically modified T cells in as little as 
1 week [17] and has thus become the favored system for 
clinical T cell genetic modification.

The two commonly utilized retroviral transduction sys-
tems are gamma-retroviral and lentiviral vectors [17, 20]. 
One advantage of gamma-retroviral vectors is their stream-
lined manufacturing process, which takes advantage of sta-
ble packaging cell lines and does not require downstream 

concentration and purification [21]. Lentiviral vectors 
are very effective as well, but their manufacture requires 
repeated large-scale transfections, and further purification 
and concentration of every vector lot. Randomly integrat-
ing vectors (gamma-retroviral vectors, lentiviral vectors, 
transposons), however, pose a general concern due to the 
potential genotoxicity of proto-oncogene trans-activation, 
which could result in insertional oncogenesis, and varie-
gated transgene expression, which results in variable CAR 
expression and eventual transgene silencing. Insertional 
oncogenesis has occurred in patients infused with geneti-
cally modified hematopoietic stem or progenitor cells as a 
treatment for immune deficiencies [22, 23]. The risk/benefit 
analysis is, however, quite different in the setting of CAR T 
cell therapy. First, the risk of oncogenic transformation of 
T cells is far less than for hematopoietic progenitors. Sec-
ond, T cell persistence is generally less than 1-year, which 
is less than the premalignant phase associated with vector 
integration-associated leukemia. Third, the risk assessment 
is different in cancer patients with relapsed, refractory and/
or metastatic disease who are enrolled on CAR protocols. 
Satisfyingly, this anticipated low-risk for clonal T cell 
expansion or insertional oncogenesis has so far held true, as 
no such events have been reported to date in the first hun-
dreds of patients treated with CD19 CAR T cells. The tar-
geted integration of the CAR cDNA into a safe locus may 
alleviate the concerns associated with all randomly inte-
grating vector systems [24].

CAR T cell production begins with collection of T cells 
from the patient, which is accomplished by leukapheresis. 
T cells are isolated and activated by antibodies specific for 
CD3 and/or CD28 [17], which induces T cell activation and 
proliferation thereby rendering the cells more susceptible 
to viral transduction. The transduced cells are expanded 
until the required CAR T cell dose is achieved. End-of-
production CAR T cells then undergo pre-defined quality 
control and assurance assays to confirm function and steril-
ity before the product is released for clinical use. The T cell 
collection, isolation, genetic modification, expansion, and 
QC/QA process reliably results in a CAR T cell product 
within 1–2 weeks.

The early phase experience with CAR T cells as a 
cancer immunotherapy

Non‑Hodgkin lymphoma (2008–2012)

The initial clinical evaluation of CAR T cells focused on 
indolent B cell malignancies (Table 1). The rationale for 
first investigating chronic lymphocytic leukemia (CLL) or 
follicular lymphoma was that indolent malignancies would 
afford ample time to collect patients T cells and genetically 
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target them to CD19 without concerns for delaying treat-
ment of a rapidly progressing cancer. In just 4 years, eight 
reports from six different academic groups described the 
outcome of infusing 38 NHL patients with 1st and/or 2nd 
generation CAR T cells targeted to CD19 (or CD20 in 
one report) [18, 20, 25–30]. While most patients did not 
have objective responses, there were important outcomes 
that informed subsequent CAR T cell trials. Three groups 
infused first-generation CARs, the Baylor College of 
Medicine (BCM), the City of Hope, and the Fred Hutch-
inson Cancer Research Center (FHCRC) [18, 25, 26]. In 
these early phase trials, patients were treated with CAR T 
cells without prior conditioning chemotherapy and CAR T 
cell doses ranged from 2 × 107 to 3 × 109 CAR T cells/
m2. None of these three groups could identify objective 
responses clearly attributable to CAR T cell activity—con-
sistent with the limitations of the T-body/first generation 
CAR design. However, patients enrolled at BCM were 
infused with a mixture of second-generation and first-gen-
eration CD19-targeted CAR T cells to determine the clini-
cal importance of CAR design. Savoldo et al. [25] demon-
strated enhanced expansion and persistence of T cells with 
a second-generation CAR containing a CD28 co-stimu-
latory domain, confirming earlier findings obtained with 
human CAR T cells in murine models [31]. The group at 
Memorial Sloan Kettering Cancer Center (MSKCC) also 
demonstrated conditioning chemotherapy given before 
infusion of T cells with a CD19-targeted CAR (19–28z), 
which included a CD28 co-stimulatory domain, signifi-
cantly enhanced the expansion and persistence of adop-
tively transferred CAR T cells [27]. This was a Phase I trial 
including patients treated with or without prior condition-
ing chemotherapy and CAR T cell doses from 0.4 × 106 to 
3 × 107 CAR T cells/kg. The collective results from these 
four trials suggested that optimal CAR T cell function 
requires second-generation CAR designs, as well as pre-
infusion conditioning chemotherapy.

The next trials evaluating CD19 CAR T cells provided 
the first clear evidence of clinical activity against indolent 
B cell malignancies and was reported by investigators at the 
National Cancer Institute (NCI) and the University of Penn-
sylvania (UPENN). These groups utilized significant host 
conditioning chemotherapy consisting of cyclophospha-
mide and fludarabine or bendamustine, respectively. In case 
reports from both centers, a NHL patient underwent rapid 
resolution of their disease after treatment with conditioning 
chemotherapy followed by infusion with T cells modified 
with a second-generation CAR [28, 30]. The NCI infused 
4 × 108 CAR T cells modified with a 19–28z-like CAR 
containing the identical CD28 extracellular, transmem-
brane and co-stimulatory domain as in the MSKCC 19–28z 
CAR, fused to an scFv derived from the FMC63 antibody 
[32]. The UPENN case report used the second-generation Ta
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CAR with a 41BB co-stimulatory domain instead of CD28 
[15] and a lower T cell dose of 1.5 × 105 CAR T cells/
kg [28]. The objective responses were attributed to CAR T 
cell function on the basis of the prolonged (>10 months) B 
cell aplasia seen in both patients, which was likely due to 
normal B cell elimination by CD19 CAR T cells. In addi-
tion, both groups described toxicities that were character-
ized by a large elevation of serum cytokines and fevers, 
which were later described as part of the cytokine release 
syndrome (CRS). These CRS toxicities, which were coin-
cident with tumor eradication, provided evidence of CAR 
T cell activation and thus supported the notion that the 
CAR T cells exerted therapeutic anti-tumor effects. When 
the NCI expanded their cohort to 8 NHL patients treated 
with CY/Flu conditioning chemotherapy followed by CAR 
T cells (0.5 × 107–5.5 × 107 CAR T cells/kg), they only 
reported a single complete remission (CR) [29]. The most 
common NHL subtype treated among the early CAR T tri-
als was CLL, which accounted for 14 patients, and there 
were 3 CRs in this group, for a modest CR rate of 21 % 
[33]. Despite limited overall efficacy, the occurrence of 
occasional CRs suggested that CAR T cell immunotherapy 
be further evaluated.

Non‑Hodgkin lymphoma (2014–2015)

There have been two major updates of NHL patients treated 
with autologous CD19-targeted second-generation CAR 
T cells (Table 1). The UPENN group [34] recently pub-
lished their updated experience with 19BBz CAR T cells 
for patients with relapsed/refractory CLL, while the NCI 
[35] reported an expanded cohort of 15 patients with NHL 
with the most common subtypes being diffuse large B cell 
lymphoma (DLBCL, five patients), CLL (four patients), 
and primary mediastinal B cell lymphoma (four patients). 
UPENN pre-treated CLL patients with a conditioning 
chemotherapy that was also a standard chemotherapy regi-
men and the total CAR T cell dose ranged from 0.14 × 108 
to 11 × 108 CAR T cells. The UPENN original cohort of 
three patients [20] was expanded to include a total of 14 
patients [34]. The updated CR rate is 29 % and objective 
response rate (ORR) is 57 %. The NCI study included 
four CLL patients and three were induced into a CR [35]. 
In total, the CR rate for both trials (CR = 44 %, 7/18) 
improved from the early trials with NHL. The difference 
in efficacies between the UPENN and NCI groups may be 
related to the more aggressive conditioning chemotherapy 
given to NCI patients. Indeed, the NCI reported at the 2014 
ASH meeting, a CR rate of only 23 % when providing a 
lower-dose conditioning regimen prior to CD19 CAR T cell 
infusion [36]. This suggests that the conditioning chemo-
therapy may provide an anti-lymphoma benefit as well. 
Furthermore, the higher CR rate associated with increased 

conditioning chemotherapy comes with worsened toxicity 
since 87 % of those subjects had ≥grade 3 non-hemato-
logic toxicities [35].

The durability of the remissions reported by the NCI and 
UPENN is impressive with all CLL patients treated in both 
groups maintaining CR at the time of report. The UPENN 
data [34] suggests that CAR T cell expansion and persis-
tence appear to correlate with response since all patients 
with a CR and two with PRs have evidence or persistent B 
cell aplasia. In addition to the four CLL patients treated by 
the NCI, the other most common subtypes in the cohort was 
Diffuse Large B cell lymphoma (DLBCL, five patients) and 
primary mediastinal B cell lymphoma (four patients) [35]. 
Patients were conditioned with fludarabine and cyclophos-
phamide followed by 1928z CAR T cells with doses rang-
ing from 1 × 106 to 5 × 106 CAR T cells/kg. Responses 
were impressive with an ORR of 73 % (8/11) and CR rate 
of 45 % (5/11) with four ongoing. It did not appear that 
the 1928z CAR T cells persisted longer than 2–3 months 
and there was no clear correlation between persistence or 
expansion with clinical outcomes.

Non‑Hodgkin lymphoma (American Society 
of Hematology 2015 update)

At the American Society of Hematology (ASH) 2015 meet-
ing, important updates were presented for NHL. FHCRC 
investigators described results from a trial including 34 
patients with relapsed/refractory NHL treated with T cells 
modified with the 19BBz CAR [37]. The large majority 
of patients had diffuse large B cell lymphoma (DLBCL, 
n = 18) with the remainder having follicular lymphoma 
(n = 6), CLL (n = 6), or mantle cell lymphoma (n = 4). 
The CD19-targeted CAR T cells infused were of a defined 
subset, a fixed 1:1 ratio of CD8+ T central memory cells 
to CD4+ T cells. The doses were 2 × 105, 2 × 106, and 
2 × 107 CAR T cells/kg [37]. They also compared condi-
tioning chemotherapy that included cyclophosphamide 
and fludarabine or cyclophosphamide without fludarabine. 
They reported increased CAR T cell persistence and expan-
sion in patients treated with fludarabine and cyclophospha-
mide, which had clinical implications because they noted 
an improved CR rate (42 vs. 8 %) compared to patients 
treated with cyclophosphamide alone [37]. Since the NCI 
uses a similar conditioning regimen for NHL it suggests 
a reason for the high response rates observed by the NCI 
[35]. In the cohort treated by the FHCRC with optimal 
conditioning chemotherapy, CR rates were 38 % (3/8) for 
DLBCL and 67 % (2/3) for follicular lymphoma. In addi-
tion, the CR rate for CLL was 50 % (n = 3/6) demonstrat-
ing improved outcomes from the early trials targeting CLL, 
most likely due to improved conditioning chemotherapies. 
They also identified a potential cause for poor persistence 
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of CAR T cells, due to cell-mediated anti-murine scFv T 
cell responses. Thus, a benefit of including fludarabine in 
the conditioning may be to minimize host T cell immune 
responses to the CAR.

UPENN investigators also presented results of their 
phase II study treating 22 patients with follicular lym-
phoma, mantle cell lymphoma (MCL), or DLBCL [38]. All 
patients received conditioning chemotherapy but regimens 
varied and the median CAR T cell dose was 5.8 × 106 
CAR T cells/kg. The three-month ORR reported was 54 % 
(7/13) for DLBCL, 100 % for follicular lymphoma (7/7), 
and 50 % for MCL (1/2) [38]. In a Phase I/II trial spon-
sored by Kite Pharma, DLBCL was again demonstrated 
to be sensitive to 19–28z CAR T cells [39]. In this trial 
all patients were conditioned with cyclophosphamide and 
fludarabine followed by a CAR T cell infusion of 2 × 106 
CAR T cells/kg. Five out of seven patients were re-induced 
into a CR with three of the CRs classified as ongoing at 
3 months follow-up [39].

In the 8 years since the first report targeting NHL with 
CAR T cells the field has progressed from anecdotal proof-
of-principle responses to reproducible, and efficacious, 
objective responses for subsets of NHL. The cumulative 
research efforts of several groups have identified a requisite 
conditioning chemotherapy regimen, efficacious and safe 
CAR T cell dose range, optimal CAR design, and suscep-
tible NHL subsets that have poor clinical outcomes and are 
in need of novel therapies. Relapsed DLBCL and follicu-
lar lymphoma now need to be further evaluated in larger, 
multi-center clinical trials. Despite these successes, more 
work remains with other NHL subsets, such as CLL. This 
disease may be more resistant to immune interventions due 

to inhospitable tumor microenvironments or the T cells 
from these patients may be more consistently impaired than 
in other B cell malignancies. It was recently demonstrated 
that CLL patients treated previously with ibrutinib before 
T cell collection and CAR T cell production had improved 
CAR T cell expansion after transfer back into patients [40]. 
Targeting CLL will likely require either more advanced 
CAR designs [41], further optimizing of conditioning regi-
mens, or novel CAR T cell combination therapies, such as 
with ibrutinib.

B cell acute lymphoblastic leukemia (2013–2015)

The early experience with CD19 CAR T cells for NHL sug-
gested the potential of CAR therapy for B cell malignan-
cies, but it is the remarkable efficacy against B-ALL that 
truly asserted CAR therapy as a game changer. In 2 years, 
three academic groups published five reports detailing clin-
ical trials and outcomes with CD19-targeted CAR T cells 
for adults and children with relapsed/refractory B-ALL 
[42–46]. In total, 67 patients (21 adults, 45 children/young 
adults) were treated (Table 2). The first demonstration 
came from MSKCC [43] in a report on five adults with 
relapsed, chemorefractory disease, which was expanded 
the next year to 16 patients [42]. This was a Phase I trial 
using the 19–28z CAR with a CAR T cell dose of 3 × 106 
CAR T cells/kg. Patients were treated with cyclophospha-
mide alone as a conditioning chemotherapy before CAR 
T cell transfer. While there was concern whether a suffi-
cient number of T cells could be collected and genetically 
modified with the CAR because B-ALL patients are com-
monly pancytopenic due to aggressive lymphodepleting 

Table 2  Summary of published clinical trials of CD19 CAR T cell therapy for relapsed/refractory B-ALL

CAR chimeric antigen receptor, allo-SCT allogeneic stem cell transplant, CRm molecular CR, EFS event free survival, NA not available, MSKCC 
Memorial Sloan Kettering Cancer Center, UPENN University of Pennsylvania, NCI National Cancer Institute
a One patient with CD19+ T-ALL
b Pediatric cohort # adult cohort

References Site n Median age Post Allo-SCT CAR T dose/kg CR (%) CRm (%) EFS Notes

Davila 
et al. [42], 
Brentjens 
et al. [43]

MSKCC 16 50 25 % 3 × 106 88 75 NA All adults
1 Patient received 

less than the 
study dose

Maude et al. 
[44] Grupp 
et al. [45]

UPENNa 25b 11b# 60 % 0.8 × 106–
21 × 106

90 73 67 % at 
6 months

25 Pediatric 
patients

5 adult patients
5# 47

Lee et al. [46] NCI 21 NA 38 % 1 × 106–3 × 106 67 57 51.6 % at 
9.7 months

All pediatric or 
young adults 
(1–30 years)

2 Patients received 
less than the 
study doses
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chemotherapies, the required T cell dose was achieved in 
all but 1 of the 16 unselected patients. In adults with chem-
orefractory disease, only a small minority (5 %) of patients 
receive a potentially curative allogeneic stem cell trans-
plant (allo-SCT) because CR rates are <30 % and the few 
patients re-induced into a CR have many complications 
from aggressive salvage chemotherapy, precluding further 
treatment [47]. In contrast, the CR rate we obtained after 
CD19 CAR therapy was 88 % [42]. Furthermore, these 
were high quality remissions as evidence by lack of detect-
able disease when assayed with high-sensitive molecular 
assays such as deep-sequencing or real-time PCR (molecu-
lar CR = 75 %), raising the hope for durable remissions. In 
addition, while toxicities were noted they did not preclude 
patients from receiving an allo-SCT. The average time to 
CR was 24.5 days and 70 % of the patients induced into 
a CR were later treated with an allo-SCT [42]. While the 
CAR T cells expanded rapidly, they also contracted rapidly 
and were detected at very low levels after 2–3 months post-
transfer. Considering that molecular CRs were induced as 
early as 1 week post-CAR T transfer, longer persistence 
may not be required for optimal clinical outcomes, at least 
with CARs that contain a CD28 signaling domain.

Similar results were reported by the NCI [46] with 
their Phase I trial evaluating 19–28z CAR T cells for 
children and young adults (aged 1–30 years). This was a 
dose escalation trial (1 × 106, 3 × 106 CAR T cells/kg, 
or entire product if it did not meet the previous two dose 
level requirements). 21 patients were enrolled, of which 2 
were not treated at the required CAR T cell dose (90 % of 
target dose) and one had DLBCL. The CR rate for the 20 
B-ALL patients was 70 % (14/20) and molecular CR rate 
was 60 % (12/20) [46]. In contrast to the NCI studies using 
CD19-targeted CAR T cells for NHL there was a correla-
tion between CAR T cell expansion and response, however, 
persistence was still limited with no CAR T cells detected 
longer than 2 months after transfer. The limited persis-
tence did not appear to affect long-term outcomes as all 
12 patients with a molecular CR are still in remission and 
10 were treated later with an allo-SCT [46]. As with our 
results for B-ALL it may be that rapid remissions, eight of 
the responding patients at the NCI had no circulating blasts 
by Day 7 of treatment, may offset the need for prolonged 
CAR T cell persistence.

The UPENN group published a case report of two pedi-
atric B-ALL patients [45], which was later expanded to a 
cohort of 30 (25 pediatric and 5 adults patients); 1 of the 
subjects had CD19+ T-ALL [44]. The patients were most 
commonly conditioned with fludarabine and cyclophos-
phamide 1 week prior to adoptive transfer of 19BBz CAR 
T cells. The CAR T cell dose ranged from 0.8 × 106 to 
17.4 × 106 CAR T cells/kg. The CR rate was 90 % (27/30) 
and molecular CR rate 73 % (22/30, but 2 CR patients 

not assessed) [44]. As with the two other groups, clinical 
response overall correlated with CAR T expansion insofar 
that the three non-responders had the lowest level of cir-
culating CAR T cells. Many of the pediatric patients had 
CAR T cell persistence with 68 % showing continued T 
cell persistence at the 6 month time point and some show-
ing detectable T cells for up to 2 years [44]. Thus, in the 
case of 4-1bb-based CARs, clinical outcomes appeared to 
correlate with long-term T cell persistence. The UPENN 
group also reported that six of the patients had loss of CAR 
T cells before relapse and three of these had recovery of 
normal B cells, an indirect marker for loss of CAR T func-
tion. The UPENN investigators also reported another form 
of relapse, CD19-negative clonal escape. In a follow-up 
study, [48] they suggested that these CD19-negative clonal 
escapes were due to pre-existing CD19-negative clones at 
the time of treatment, which suggests that future CAR ther-
apy for B-ALL may benefit in some cases from the target-
ing of a second antigen, such as CD22, to prevent immune 
escape. Bi-specific CARs [49] that meet this combinatorial 
requirement, have been validated pre-clinically and are dis-
cussed in a later section.

CAR T cell mediated toxicities

The cytokine release syndrome

In the course of developing a new cancer therapeutic 
modality, CAR T cell investigators have encountered a 
unique set of T cell clinical toxicities that require care-
ful diagnosis, monitoring, and management (Fig. 2). The 
large number of cases of CRS that has been documented 
in B-ALL, a more uniform disorder than NHL, allows a 
clearer examination of the relation of the CRS to T cell 
dose, conditioning and clinical response following CD19 
CAR T cell infusion. Therefore, we will focus our discus-
sion of toxicities on the five published reports of CD19-
targeted CAR T cells infused into patients with relapsed/
refractory B-ALL [42–46], noting that severe CRS also 
occurs in NHL and CLL subjects The CRS reported by 
different groups were remarkably similar and included a 
constellation of clinical signs reflecting intense inflam-
mation that included fever, hypotension, tachycardia, and 
respiratory distress that initiated soon after CAR T cell 
infusion and progressed to a peak within days. The CRS 
was reported in 7 out of 16 patients by MSKCC, 22 out of 
30 by the UPENN group, and 16 out of 21 of the patients 
treated by the NCI [42–46]. As the number of patients 
treated has increased there is a clear difference in the 
severities of CRS with some patients having mild to mod-
erate CRS requiring only supportive management to others 
having a severe CRS requiring aggressive interventions. 
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The MSKCC group provided important insight when they 
demonstrated that severe CRS is associated with tumor 
burden, which has been confirmed by the groups at the 
NCI and UPENN [42–46]. This suggests that a large tumor 
burden results in massive activation of infused CAR T 
cells and robust expansion of CD19-targeted CAR T cells, 
especially CD8 and effector memory cells. Presumably, 
the activated CAR T cells secrete cytokines that activate 
other immune cells, which secrete their own cytokines 
creating a whirlwind of inflammation. All groups have 
used steroids and/or the anti-IL6 receptor antibody, toci-
lizumab, to treat the CRS. These agents have both worked 
well at ameliorating the toxicities, however, we demon-
strated that steroids could impact CAR T cell expansion, 
which was associated with early relapses [42]. Therefore, 
tocilizumab, which does not appear to inhibit CAR T cell 

expansion but elevates serum IL-6, is considered the first 
line agent for managing CRS.

As CAR T cell trials are exported to other academic 
medical centers there has been a concentrated effort to diag-
nose, classify, and manage the CRS. The MSKCC group 
has developed diagnostic criteria [42] consisting of clinical 
and laboratory results, while others have developed a grad-
ing scheme for CRS [50]. On June 10, 2015, the Recombi-
nation DNA Advisory Committee (RAC) of the Office of 
Biotechnology Activities and National Institutes of Health 
held a public meeting with investigators to discuss the 
clinical elements and management of the CRS (http://osp.
od.nih.gov/office-biotechnology-activities/event/2015-06-
09-160000-2015-06-10-210000/rac-meeting). One of the 
follow-up items developed by this committee is the need 
for the various investigators to develop a unified definition 

Fig. 2  Main CAR T cell functions. 1 A CAR T cell encounters the 
CD19 antigen on B cell blasts and initiates tumor killing. Engage-
ment of CD19 by CAR T cells also leads to 2 massive cytokine pro-
duction and 3 cell proliferation, which results in cytokine release 
syndrome toxicities and leukemia eradication. Some CAR T cells are 
able to access the CNS by 4 potentially crossing the blood brain bar-

rier (BBB) from capillaries and presumably mediate neurotoxicities, 
directly or indirectly. In addition to killing malignant B cells, CD19-
targeted CAR T cells will 5 engage and kill normal B cells resulting 
in B cell aplasia that lasts for as long as the CAR T cells persist and 
remain functional

http://osp.od.nih.gov/office-biotechnology-activities/event/2015-06-09-160000-2015-06-10-210000/rac-meeting
http://osp.od.nih.gov/office-biotechnology-activities/event/2015-06-09-160000-2015-06-10-210000/rac-meeting
http://osp.od.nih.gov/office-biotechnology-activities/event/2015-06-09-160000-2015-06-10-210000/rac-meeting
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of CRS and grading. All the groups have developed clini-
cal management algorithms that reserve treatment with 
CRS attenuating agents for those with severe CRS [42–46, 
50]. Importantly, despite the lymphotoxic nature of ster-
oids they remain a viable treatment option if the patient is 
not responding to cytokine blocking agents. These patients 
may be offered an allo-SCT if there is a concern for an 
increased chance for relapse [42]. An important part of this 
management scheme is the use of a biomarker to monitor 
for patients at risk of severe CRS requiring intensive moni-
toring and potential interventions. The MSKCC group vali-
dated the CRP and determined patients with levels >20 mg/
dL are at great risk for developing complications related to 
severe CRS requiring aggressive clinical interventions [42]. 
The UPENN and MSKCC groups have confirmed that CRP 
levels correlate with severity of CRS further highlighting 
the utility of this rapid, reliable laboratory test that can be 
followed daily [44, 46].

Neurotoxicity

Patients with CRS may also display a constellation of neu-
rologic toxicities, which are wide-ranging in severity and 
sometimes progressive [42, 44, 46]. These neurotoxicities 
may be a generalized complication of widespread T-medi-
ated inflammation or follow a different mechanism. It is 
noteworthy that similar neurotoxicity has been described 
in patients treated with bi-specific T cell engagers or anti-
CD28 antibodies [51, 52]. Patients can display word-find-
ing difficulties or become aphasic, while others can be 
confused or obtunded to the point they require intubation 
for airway protection. While the CRS and neurotoxicity 
commonly occur in the same patients, it is increasingly 
believed they are distinct entities. There is some indirect 
evidence for a role of CAR T cells and neurotoxicity. Mul-
tiple groups have identified CAR T cells in the cerebro-
spinal fluid (CSF) of patients [42, 44, 46], although these 
findings do not clearly correlate with clinical neurotoxicity 
In some cases, T cells in the CSF may relate to leukemia 
in the central nervous system (CNS) of patients. However, 
patients with CD19-targeted CAR T cells in the CSF have 
also been detected in patients without detectable B-ALL 
in their CNS [42, 44, 46]. Another concerning possibility 
would be direct activation by CNS tissue.

Most centers have reported the neurotoxicities appear to 
be self-limited and patients recover without long-term neu-
rologic deficits [42, 44, 46]. At this time there is no clear 
clinical standard for managing neurotoxicities and inter-
ventions can include prophylaxis, supportive care alone, 
or medications. There have been no reports of the efficacy 
of prophylaxis at either preventing or reducing the sever-
ity of neurotoxicity. In our experience, neurologic toxicities 
have not responded to or been prevented in patients treated 

with tocilizumab for CRS even if the CRS has completely 
abated. This may be due to the inability of the anti-IL6 
receptor antibody to pass the blood brain barrier. We have 
had some success with dexamethasone but have also shown 
that it can inhibit CAR T cell expansion [42].

On‑target off‑tumor toxicities

Another toxicity, described as “on-target off-tumor”, is due 
to CAR target antigen expression in normal cells. In the 
worst case this could result in death if there is surreptitious 
expression on vital tissues. This may have been observed 
in a case report with the respiratory arrest of a patient with 
metastatic colorectal cancer after treatment with ERBB2-
specific CAR T cells [53], although the cause of death was 
not fully elucidated. It has been assumed that low-level 
ERBB2 expression on respiratory epithelium was targeted 
by the CAR T cells resulting in fatal toxicities shortly after 
T cell infusion. This highlights the importance of target 
discovery and validation when developing CARs against 
other cancers. Fortunately, this extreme case has not been 
re-capitulated elsewhere with other CAR targets.

The best described form of on-target off tumor toxicity 
is B cell aplasia. CD19 is expressed on malignant B cells 
but also turned on in early B cell development and not 
extinguished until plasma cell differentiation [54]. There-
fore, it was suspected that normal B cells would be eradi-
cated along with malignant B cells. Indeed, all groups have 
reported evidence of B cell aplasia with few to no B cells in 
the blood and BM of selected patients [20, 27, 29, 42–46]. 
Furthermore, the persistence of B cell aplasia appears to 
be dependent on CAR T cell persistence. Therefore, B cell 
aplasia in patients treated by the NCI and MSKCC groups 
was limited to a few months, but in some UPENN patients 
it can last over a year [20, 27, 29, 42–46]. While the B cell 
aplasia in these patients can be managed with antibiot-
ics and/or infusional gamma globulin, it is a concern that 
longer periods of B cell aplasia may severely impact mor-
bidity and/or mortality.

Future directions

The next decade will determine if CAR T cells are not only 
effective against B cell malignancies but can be adapted as 
a general cancer therapy. The disparate efficacies of CD19 
CAR T cells against B-ALL vs. NHL demonstrate that the 
underlying disease may influence the response to CAR 
therapy targeting the same antigen. The biology of different 
cancers will thus have to be taken in account in the devel-
opment of CAR therapy for solid tumors. Adapting CAR 
therapy to solid malignancies will also require the identi-
fication of suitable tumor antigen targets. CD19 and its B 



15Biology and clinical application of CAR T cells for B cell malignancies

1 3

lineage-restricted expression limited the potential for on-
target off-tumor toxicities, but a poor target choice could 
result in significant toxicity.

Recent pre-clinical advances in CAR design offer 
potential solutions for these challenges. Thus, “armored” 
CAR T cells represent an exciting potential innovation 
in CAR design that aims to alter the tumor microenviron-
ment (TME) to promote immune function. In contrast to 
solely enhancing intrinsic T cell potency through the CAR, 
armored CARs are engineered to affect the TME. For exam-
ple, a pro-tumor cytokine milieu in the TME can attenuate 
cytotoxicity and skew towards ineffective Th2-based T cell 
responses. However, T cells engineered to express a second-
generation CAR and also secrete IL-12 can potentiate T cell 
cytotoxicity of tumor cells due to pro-tumoricidal effects 
of IL-12 in the TME [55, 56]. Another novel CAR design 
in the armored CAR category includes combining second-
generation CARs with an autonomous co-stimulatory ligand 
[41, 57]. This advance allows CAR T cells to supporting 
auto-co-stimulation even if the TME lacks such ligands. 
The co-stimulatory ligands can also activate other non-
CAR transduced tumor-reactive T cells infiltrating into the 
TME, known as trans-costimulation. Another CAR design 
that addresses the immune suppressive TME isPD1/CD28 
chimeric receptor that when paired with a CAR allows con-
version of a negative stimulus to a positive stimulus for the 
infiltrating tumor-reactive T cell [58–61].

Another interesting advance to enhance safety and/or 
efficacy is the creation of bi-specific CARs. T cells geneti-
cally modified to express two fully autonomous CARs 
(CAR1 and CAR2) specific for two distinct tumor antigens 
may reduce the risk of immune escape by tumor antigen 
down-regulation [49, 62]. A different combinatorial tar-
geting principle was used to limit off-tumor activity, by 
coexpressing a CAR and a CCR [49, 62]. In this case, liga-
tion of the CAR or CCR by its respective antigen alone is 
insufficient to induce full T cell activation. However, when 
both are ligated their activation and co-stimulatory domains 
combine to support full activation. This concept was further 
modified with the use of a synthetic Notch receptor (syn-
Notch) modified to bind a cell surface antigen, upon which 
Notch signaling induces expression of a CAR that is spe-
cific for a second antigen [63].

Another iteration of combinatorial targeting makes use 
of the iCAR (inhibitory CAR), which can also be used to 
enhance safety when concerned about off-target expression 
of tumor antigens. In this case, the iCAR is coexpressed 
with a CAR endowed with a full complement of activa-
tion and co-stimulatory domains, which can be regulated 
by engagement of an iCAR with PD-1 activity [64]. There-
fore, ligation of CAR activates the T cell against the tumor 
cell expressing the target antigen, but the iCAR curbs this 

activity against normal cells that express both antigens, 
directing reversible inhibition of the T cell [64].

Impressive clinical successes in treating patients with 
chemotherapy-refractory, relapsed and predictably fatal 
B cell malignancies, have been obtained with autologous 
CD19 CAR T cells, particularly in B-ALL. CD19 CAR 
T cells for B-ALL is likely to be the first adoptive T cell 
therapy to gain regulatory approval. However, CAR T cells 
will only become a general form of cancer therapy if it can 
be adapted to other cancers. While these other cancers will 
likely present additional challenges to overcome, novel 
CAR designs are poised to increase the safety and efficacy 
of this powerful cancer immunotherapy.
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