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Summary
Adoptive cell immunotherapy is a novel tool in the fight
against cancer. Serving both effector and memory func-
tions for the immune system, T cells make an obvious
candidate for adoptive cell immunotherapy. By modify-
ing native T cells with a chimeric antigen receptor (CAR),
these cells can theoretically be targeted against any ex-
tracellular antigen. To date, the best-studied and clini-
cally validated CAR T cells recognize CD19, a cell surface
molecule on B cells and B cell malignancies. These
CD19-directed T cells have shown clinical utility in
chronic lymphocytic leukemia, acute lymphoblastic leu-
kemia (ALL), and non-Hodgkin’s lymphomas, with some
patients achieving long-term disease remissions after
treatment. This review will briefly summarize the current
data supporting the use of adoptively transferred CAR T
cells for the treatment of CD19-positive malignancies.
Given these exciting results, the Food and Drug Admin-
istration has granted a ‘breakthrough’ designation for
several variations of CD19-directed CAR T cells for treat-
ment of adult and pediatric relapsed/refractory ALL.

© 2015 S. Karger GmbH, Freiburg

Introduction

The ability of the immune system to attack cancer was first rec-
ognized in the late 1800s, when Dr. William Coley treated inoper-
able sarcomas with erysipelas [1]. Despite decades of research into
immune-based strategies to treat cancer, until recently there have
been few successes. These failures are likely due to immune toler-

ance resulting in an ineffective adaptive immune response. Adop-
tive T cell therapy is one way to break or bypass this immune
tolerance.

Chimeric antigen receptor (CAR) T cells are ‘living drugs’ in
that they proliferate and retain the effector functions of activated T
cells. CAR T cells are reprogrammed using synthetic biology and
gene transfer techniques to attack cells expressing the target extra-
cellular antigen, independent of major histocompatibility complex
(MHC) presentation. In order to be effective, CAR T cells must
traffic to tumor cells, bind the CAR’s cognate antigen to activate
the T cell, avoid inactivation/exhaustion by the local immunosup-
pressive microenvironment, proliferate, mount a tumor-directed
cytotoxic response, and ideally form memory cells to prevent
tumor recurrence.

The first true CAR T cell was produced in 1989, when the vari-
able regions of the heavy and light chains from an antibody that
bound to 2,4,6-trinitrophenyl were spliced onto the constant do-
mains of the a and P chains of the T cell receptor (TCR) [2]. Early
CAR T cell trials in humans targeted human immunodeficiency
virus (HIV), with studies showing an excellent safety profile but
little clinical success [3, 4]. The first CAR trials in cancer occurred
in solid tumors with little clinical efficacy [5, 6]. More recently,
CAR T cells have been utilized in hematologic malignancies with
improved outcomes, likely due to antigen selection, improvements
in CAR design, and technological advances in gene transfer. This
review will discuss CAR T cell design and generation, the results of
clinical trials of CD19-directed CAR T cells in the treatment of
chronic lymphocytic leukemia (CLL), acute lymphoblastic leuke-
mia (ALL), and non-Hodgkin’s lymphomas (NHL), and the toxici-
ties associated with CD19 CAR T cell therapy.

CAR T Cell Design and Generation

A number of variables in the manufacturing of CAR T cell ther-
apies may affect their efficacy, including the design of the antigen
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Fig. 1. Chimeric antigen receptor (CAR) design.
CD19-directed CARs contain the variable heavy
and light chains from an antibody that binds to
CD109, a hinge region, transmembrane domain,
and intracellular signaling domains. The different
iterations of CAR design contain different intracel-
lular signaling domains, with each successive gen- CD3t

eration adding additional costimulatory domains
(original publication see [7], © American Society of
Hematology).

receptor, the technique used for gene transfer, the ex vivo culturing
system, and the types of T cells utilized. In addition, preparation of
the host prior to infusion is likely important for engraftment. All of
these variables are currently being studied to determine the opti-
mal protocols to maximize efficacy while minimizing toxicity, cost,
and time.

The CAR has 4 domains: the extracellular antigen binding do-
main, a hinge region, a transmembrane domain, and an intracellu-
lar signaling domain (fig. 1) [7]. The antigen-binding domain rec-
ognizes extracellular antigens in their native conformation and
does not require presentation on an MHC molecule, allowing the
CAR to function independently of patient haplotype and be tar-
geted against many different extracellular ligands [8]. CD19-di-
rected CARs have been generated from a single chain linked light
and heavy chain variable region (scFv). Most groups use hinge and
transmembrane domains derived from CD8a or CD28 [7]. To
transmit signals into the T cell, CARs were first designed with a
single intracellular signaling domain (typically the CD3( chain) [9,
10]. Future generations of CARs were designed to contain 1 or
more costimulatory domains, which has resulted in improvements
in T cell proliferation and persistence [11]. Most trials with CD19-
directed CARs have used second generation CARs containing
CD3( with either CD28 or 4-1BB costimulatory domains. It is un-
clear which design, if either, is superior, although preclinical stud-
ies suggest that CARs containing the 4-1BB domain have im-
proved persistence [11]. Many aspects of CAR design, such as
epitope selection, affinity, length of the hinge region, and compari-
son of different combinations of intracellular signaling domains,
are still under active investigation.

There are a number of strategies to introduce the CAR into pri-
mary human T cells, including transposon-based systems and trans-
fection of plasmids [12], but most groups have used gammaretrovi-
ral or lentiviral transduction systems. Although these methods have
a high efficiency and require short in vitro culture times, there are
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concerns for insertional mutagenesis resulting in transformation of
a T cell clone, as has been seen in stem cells [13]. To date, there have
been no such cases of retrovirus-induced oncogenesis in CAR T cells
(despite over 540 patient-years of clinical experience for the first
HIV-targeted CAR T cells), potentially due to inherent resistance of
mature human T cells to insertional transformation [4].

There is also variation in the ex vivo culturing of primary T cells
that may affect clinical outcomes. First, the optimal starting popu-
lation of T cells for genetic engineering and the best method to iso-
late or grow this population is unclear. Ideally, CAR T cells should
be able to undergo self-renewal and effector differentiation in vivo
upon antigen exposure, properties of T stem cell memory and T
central memory cells [14]. In addition, harvesting T cells from in-
dividuals is variable from patient to patient and is also influenced
by the underlying malignancy and prior therapies [15]. These
problems may be overcome by using alternative sources of engi-
neered T cells, such as lymphoid progenitors or pluripotent stem
cells [16]. Second, groups are using different in vitro culturing con-
ditions to expand and transduce their primary T cell populations,
providing TCR stimulation through antibodies or antigen-present-
ing cells with or without various combinations of supporting cy-
tokines [17]. These approaches can preferentially favor culturing of
different subsets of T cells and have variable costs and time re-
quired for each, potentially affecting the efficacy and feasibility of
generating the final product [18].

Successful transfer of genetically engineered T cells back into
the human host is dependent on engraftment and persistence of
the modified cells. Animal studies have shown that treatment of
the host with lymphodepletion (via chemotherapy and/or radiation
therapy) results in improved engraftment and tumor killing [19,
20]. Although no large-scale direct comparisons of lymphodeple-
tion versus none in humans have been performed, small studies
and historical comparisons suggest lymphodepletion is beneficial
for engraftment [21-23]. Lymphodepletion likely facilitates en-
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graftment by many mechanisms: killing resident T cells so that
transferred T cells expand due to homeostatic mechanisms; reduc-
ing the population of immunosuppressive Treg cells; reducing
tumor burden; and inducing inflammation that promotes T cell
proliferation/maintenance. Most current protocols for CD19-di-
rected CAR T cells now use a preconditioning regimen.

CD19 CART Cells

CD19 is a member of the immunoglobulin superfamily of pro-
teins expressed on the surface of B cells at most stages of their de-
velopment, where it functions as a critical component of the B cell
receptor signaling complex [24]. CD19 serves as an ideal target for
CAR-directed therapies because it is expressed on most B cell ma-
lignancies (including CLL, B-ALL, and many NHL), it is not ex-
pressed on hematopoietic stem cells, and elimination of all CD19+
B cells in the body is a manageable on-target treatment effect [25].
One potential drawback of CD19 as a target is that its surface ex-
pression is not required for maintenance of the tumorigenic phe-
notype, and escape variants have been noted [26-28]. Although
not the first target to be studied, CAR T cell therapies directed
against CD19 are the most mature to date, with the majority of
clinical trials led primarily by 3 research institutions — University
of Pennsylvania (UPenn), the National Cancer Institute (NCI), and
Memorial Sloan Kettering Cancer Center (MSKCC). While both
the NCI and MSKCC are using a second-generation CAR with
CD3( and CD28 intracellular signaling domains that is retrovirally
transduced into T cells [29, 30], UPenn has selected a second-gen-
eration CAR with CD3{ and 4-1BB stimulatory domains using a
lentiviral transduction system [11]. All 3 groups have reported dra-
matic clinical responses.

CLL

CLL is an indolent B cell leukemia of adults, with approximately
15,000 new diagnoses per year in the US. Although usually respon-
sive to immunochemotherapy at first, resistance develops with time
such that this disease is not curable, except by allogeneic stem cell
transplant (SCT). The 5-year overall survival rate is 66% [31].

A number of publications by 4 different groups demonstrated
that CD19-directed CAR T cells have efficacy against relapsed/re-
fractory CLL. The group from UPenn published 2 reports of 3 pa-
tients with refractory CLL treated with their CD19-directed CAR T
cell product, CTL019 [32, 33]. The patients were all pretreated with
chemotherapy prior to infusion. These cells expanded at least 1,000-
fold in vivo, trafficked to the bone marrow (an area of active resid-
ual disease), and persisted for at least 6 months. 2 patients achieved
a complete response (CR), while the 3rd had a partial response (PR)
to treatment. The outcomes of 14 patients with relapsed/refractory
CLL on this trial have been reported, with 4 achieving a CR, 4 a PR,
and 6 having progressive disease (PD), for an overall response rate
of 57% [34]. Among the patients to have responded, some have evi-
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dence of functional CAR T cell activity beyond 4 years. Most im-
pressively, of those 4 patients who achieved CR, minimal residual
disease (MRD) is not detectable as far out as 4 years, suggesting
some patients may have disease eradication.

Brentjens et al. [21] from MSKCC published their results of the
first 8 patients with CLL and 1 patient with relapsed B-ALL (dis-
cussed below) treated with CD19-directed CAR T cells. The first 3
CLL patients treated without preconditioning chemotherapy had
no objective responses. Subject 4 passed from sepsis shortly after
infusion [35]. The next 4 patients were pretreated with chemother-
apy. Of these 4 patients, 1 had a PR, 2 had stable disease (SD), and
1 had PD. These patients had detectable CAR T cells in the blood
as far as 30 days post infusion.

The group at NCI has published 3 papers documenting the re-
sponse of patients with CLL (and other lymphomas, see below) re-
ceiving their CD19-directed CAR T cells [36-38]. In the first re-
port, 8 patients (4 with CLL, 4 with NHL) were pretreated with
chemotherapy, infused with CAR T cells, and then administered
interleukin (IL)-2 until dose-limiting toxicity. Of the 4 patients
with CLL, 1 had a CR, 2 had a PR, and 1 had SD. All responses
lasted at least 6 months. All patients had detectable CAR T cells in
the peripheral blood for at least 2 weeks, with the cells persisting up
to 4 months in some patients [36]. In their second publication,
Kochenderfer et al. [37] treated patients with CLL and NHL whose
disease persisted after allogeneic stem cell transplant. The patients
did not receive preconditioning chemotherapy nor IL-2. Of the 4
patients with CLL, 1 had a CR (lasting > 9 months), 1 had SD, and
2 had PD after infusions. CAR T cells were detectable in the blood
and increased in numbers 7-14 days after infusion, suggesting pro-
liferation; however, these cells were minimally detectable by 1
month post infusion. Finally, in their most recent publication,
Kochenderfer et al. [38] reported the outcomes of 15 patients (4
with CLL, 11 with NHL) who were pretreated with chemotherapy
and were not given exogenous IL-2. Of the 4 patients with CLL, 3
were in CR ongoing at 14-23 months after infusion and 1 had a PR
for 4 months. Fine needle aspiration of a bulky lymph node 19 days
after infusion of the CAR T cells revealed 70% of the cells were T
cells, with 31% expressing the anti-CD19 CAR. CAR cells were also
detected in the blood of all patients, peaking around 7-17 days
after infusion, with variable persistence ranging from approxi-
mately 2 to 10 weeks.

In a creative twist on the classic CAR T cell design, a group at
the Baylor College of Medicine (BCM) generated virus-specific T
cells retrovirally transduced with a CD19-directed CAR with CD3{
and CD28 endodomains and infused them into patients who had
relapsed or had high risk of relapse after allogeneic stem cell trans-
plantation [39, 40]. The authors hypothesized that the viral speci-
ficity of the CAR T cells would allow the cells to control viral infec-
tion via their endogenous TCR, while the CD19-directed CAR
would grant them cytolytic properties against the tumor cells. The
infused donor-derived T cells were detectable by polymerase chain
reaction (PCR) in the blood for 1-12 weeks post infusion, and PCR
positivity was also found in disease sites (bone marrow and lymph
nodes). Antitumor effects were seen in 2/4 patients with CLL
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(1 with PR, 1 with SD), with PD in the remaining 2 patients. Inter-
estingly, the authors did observe an increase in Epstein-Barr virus
(EBV)-specific CAR cells in 2 patients with reactivated EBV, but
no increase in 1 patient with adenovirus-specific CAR cells during
an adenoviral infection.

In summary, 4 different groups (at UPenn, NCI, MSKCC, and
BCM) have published clinical trials using CD19 CAR T cells in pa-
tients with CLL. All of these reported small patient numbers with
variable efficacy (12.5-100% overall response rate). Encouragingly,
the most recent studies show improved response rates, suggesting
improvements in generation and culturing of CAR T cells may
help with efficacy. Multiple groups are now reporting proliferative
bursts of CAR T cells approximately 2 weeks after infusion, al-
though the persistence of the cells varies between reports and is
likely related to the CAR construct used (CD28 vs. 4-1BB costimu-
lation). Of note, in the studies that assessed the immunophenotype
of the CAR T cells after infusion, an increase in effector memory
cells was seen early in the response, with a rise of central memory
cells later [33]. This suggests that in some patients, CAR T cells can
give rise to long-lasting memory cells against CD19-expressing
tumor cells. Encouragingly, some patients who achieved a CR have
remained in remission up to 4 years after treatment, raising the
possibility of disease eradication [34].

B-ALL

ALL is an aggressive leukemia with about 6,000 new cases per
year, the majority of which are derived from B cells. This malig-
nancy more commonly affects children, but can also occur in
adults. Although 90% of children will survive past 5 years after di-
agnosis, historically adults have done much worse, with overall
survival rates of 40-50% [41]. In adults who relapse after initial re-
mission, the median survival is only approximately 6 months [42].

The group at MSKCC first reported CD19 CAR T cell treatment
of an adult patient with B-ALL during his second remission [21].
The patient remained in remission for 8 weeks before undergoing
an allogeneic SCT. Although impossible to know if the CAR T cells
helped maintain his remission, he did have a persistent B cell apla-
sia prior to transplant, likely indicating activity of the CAR T cells.
This same group published a case series of 5 adult patients with re-
lapsed B-ALL after salvage chemotherapy (but prior to allogeneic
SCT) [43]. Patients were pretreated with lymphodepleting chemo-
therapy. At the time of infusion, 2 patients had chemotherapy-re-
fractory disease, 2 had responded to salvage chemotherapy but had
evidence of MRD (MRD+), and 1 patient was MRD-. All 5 patients
became MRD- within 8-59 days after infusion, with 4 proceeding
to SCT (where they all remain in CR, although 1 passed from a
suspected pulmonary embolus). The 5th patient was ineligible for
SCT or additional CAR T cell therapy and relapsed after 90 days.
CAR T cells proliferated in the blood within the first 2 weeks and
were detectable in both the blood and bone marrow for up to 3-8
weeks after infusion. Of note, the patient who relapsed continued
to express CD19 on his leukemic cells which were still susceptible
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to CD19-directed CAR T cell killing in vitro. This suggests that his
CAR T cells were not present in sufficient quantity after 90 days to
be effective, although the patient did receive high-dose steroids for
cytokine-release syndrome (CRS), which may have diminished
CAR T cell persistence. The same group published their results
from an additional 11 adult patients with relapsed/refractory
B-ALL [44]. Patients were treated with salvage chemotherapy, fol-
lowed by lymphodepleting chemotherapy and infusion of CAR T
cells. Of the total 16 patients reported in this trial (5 from prior
publication, 11 new patients), 88% of patients had a CR (75%
MRD-). All patients had a peak of CAR T cell numbers within 1-2
weeks, with few to undetectable CAR T cells by 2-3 months after
infusion. In their most recent update, this group has now reported
that they have treated 33 adult patients with B-ALL (32 were avail-
able for response) with their CAR T cell product [45]. They re-
ported 13/16 patients who had morphological disease and 16/16
patients with MRD+ disease at the time of infusion were in CR
after infusion (91% CR, 82% MRD-). Interestingly, 2 patients re-
lapsed with CD19-negative disease.

UPenn has also treated both children and adults with relapsed/
refractory B-ALL with CTLO019, first published as a case series of 2
treated children [26]. 1 child received prior lymphodepleting
chemotherapy, the 2nd child did not. As with their previous stud-
ies in CLL, the CTL019 cells expanded > 1,000-fold and trafficked
to sites of tumor (bone marrow). CAR T cells were also found in
the cerebrospinal fluid of both patients up to 6 months post infu-
sion, an important finding given that many lymphoid malignancies
like B-ALL relapse in the central nervous system (CNS). After
treatment, both patients went into CR (1 MRD-), with 1 ongoing at
11 months (now over 2 years) and 1 relapsed 2 months later with
CD19-deficient leukemia cells. In their most recent publication,
this group reported treating a total of 30 children and adults with
relapsed/refractory ALL with CTLO019 (fig. 2) [27]. All but 3 of the
patients received lymphodepleting chemotherapy prior to infusion.
90% (27/30) of treated patients achieved a CR, with MRD negativ-
ity in 22/27. Of note, 2 patients had blasts in the CNS prior to treat-
ment which cleared after infusion of CTL019 cells, and there were
no CNS relapses. Of the 27 patients who achieved a CR, 7 had a
relapse between 1.5 and 8.5 months following treatment. Of the pa-
tients who relapsed, 3 relapsed with CD19-negative disease.
CTLO019 cells remained detectable in the blood by flow cytometry
for up to 11 months and detectable by more sensitive PCR methods
for up to 2 years after infusion. Of note, B cell aplasia occurred in
all patients who responded to treatment and persisted for up to 1
year after CTLO19 cells were no longer detectable by flow cytome-
try, suggesting functional cells were still present.

The NCI treated 20 patients with relapsed/refractory ALL (and
1 patient with NHL, discussed below) with their CD19-directed
CAR T cells [46]. Patients were pretreated with lymphodepleting
chemotherapy. 14 patients had a CR (70%), with 12 of the 14 hav-
ing an MRD- CR. 2 patients relapsed after 3 and 5 months with
CD19-negative ALL. Of note, 65% of evaluated patients had evi-
dence of CAR T cells within the cerebrospinal fluid, and 2 patients
with CNS leukemia prior to therapy were cleared. CAR T cells had
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peak expansion around day 14 and had disappeared from the cir-
culation of every patient by day 68. Interestingly, CAR T cell ex-
pansion correlated both with response and toxicity.

Finally, in the series by Cruz et al. [40] using viral-specific T
cells to generate CD19 CAR T cells, 4 of the 8 treated patients had
B-ALL. 1 patient had a brief CR in response to infusion of CAR T
cells but relapsed within 4 months. A 2nd patient had progressive
disease. 2 patients were in remission at the time of infusion, and
remained disease free 2-8 months after.

In summary, multiple groups have now reported promising re-
sults for the use of CD19-directed CAR T cells to treat refractory/
relapsed ALL. Response rates in the more advanced trials range
from 70 to 91% of patients achieving a CR. Follow-up is problem-
atic, as many patients go on to receive allogeneic SCT once in re-
mission. In those patients not receiving SCT, relapses are seen,
sometimes with CD19-negative leukemic cells, suggesting this as
one mechanism for escape. In addition, relapses often correlate
with the absence of detectable CAR T cells, suggesting temporary
control but incomplete eradication of the leukemic clone by the
modified T cells. The use of CAR T cells as a bridge to transplant
versus a means of obtaining long-lasting disease control is still un-
clear, and may depend on the properties of the CAR and persis-
tence of the modified cells.

NHL

NHL are a diverse group of lymphoid malignancies, with nearly
70,000 new cases per year in the United States, many of which ex-
press CD19. Aggressive forms such as diffuse large B cell lym-
phoma (DLBCL) can sometimes be cured with chemotherapy but
are difficult to treat when recurrent or refractory, while indolent
forms such as follicular lymphoma (FL) have a slower clinical
course but cannot be cured without SCT [47].

In an early publication from the City of Hope, a first generation
anti-CD19 CAR (CD3( intracellular signaling domain only) was
used to treat 2 patients with FL who failed prior rituximab therapy
[48]. Neither patient had detectable CAR T cells in the peripheral
blood more than a few days after infusion, despite multiple infu-
sions and increasing doses of cells. Both patients progressed rap-
idly after treatment. The authors postulated that cell-mediated im-
munoreactivity against the CAR T cells may have contributed to
the poor persistence.

The NCI has conducted the majority of clinical trials for treat-
ment of CD19-positive lymphomas with anti-CD19 CAR T cells.
They first published a case report in 2010 of a patient with ad-
vanced FL treated with CAR T cells after lymphodepletion, fol-
lowed by intravenous IL-2 [49]. He had a PR that lasted 8 months,
with CAR T cells that were detectable for up to 27 weeks after
transfusion. This patient was later retreated with the same CAR T
cells, and had another PR ongoing at 26 months after his original
treatment [50]. In their 2012 paper, Kochenderfer et al. [36] re-
ported on 3 additional patients with NHL (2 FL, 1 splenic marginal
zone lymphoma (SMZL)) treated on the same protocol (lymphode-
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Survival rate at 6 mo,
78% (95% Cl, 65-95)

Probability of Overall Survival

0 3 6 9 12 15 18 21 24
Months since Infusion

No. of 30 26 19 10 4 2 1 1 1
Patients

Fig. 2. Overall survival after treatment with CD19-directed chimeric antigen
receptor (CAR) T cells. 30 patients with relapsed/refractory acute lymphoblastic
leukemia were treated with CD19-directed CAR T cells (CTL019). This diffi-
cult-to-treat cohort of patients had an excellent 6-month survival, demonstrat-
ing the potential benefit of CD19 CAR T cell therapy. Dotted lines represent
95% confidence interval [27] (© (2014) Massachusetts Medical Society; re-
printed with permission from Massachusetts Medical Society).

pleting pretreatment, infusion with T cells, then IL-2 until dose-
limiting toxicity). 1 patient passed from influenza, but the other 2
patients both had a PR lasting 8-12 months after infusion.

Under a different treatment protocol, Kochenderfer et al. [37]
treated 6 patients with NHL (2 DLBCL, 4 mantle cell lymphoma)
who had progressed after allogeneic SCT and donor-lymphocyte
infusion. Of the 6 patients, 5 had SD following infusion and 1 had a
PR. The authors have also reported on 1 patient with DLBCL who
had PD despite treatment [46]. In their largest series to date,
Kochenderfer et al. [38] treated 11 patients with NHL (5 with
DLBCL, 4 with primary mediastinal B cell lymphoma, 1 with SMZL,
and 1 with an indolent NHL). Of these 11 patients, 1 was lost to
follow-up and 1 passed away 16 days after infusion (attributed to
cardiac arrhythmia of unknown etiology). Of the remaining 9 pa-
tients, 5 had a CR (some ongoing as long as 23 months, 1 relapse
after 6 months), 3 had a PR, and 1 had SD lasting 1 month.

A group from UPenn has recently reported preliminary out-
comes from a phase Ila clinical trial of CTL019 in patients with
NHL. Of 18 patients evaluable for response (12 with DLBCL, 6 with
FL), the overall response rate was 67% (with 50% of DLBCL
patients and 100% of FL patients responding) [51].

Although numerous clinical trials have included patients with
NHL, the numbers of patients are small and response rates are var-
iable. Although much more work needs to be completed in this
area, recent results are encouraging. For patients with relapsed/re-
fractory NHL with few treatments options, CD19 CAR T cells hold
promise.
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Toxicities

Although CAR T cells are proving to be a powerful new thera-
peutic against cancer, they also have the potential for significant
toxicity. Fatalities have been caused by CARs directed against a
tumor antigen (HER2/neu) also found on normal pulmonary epi-
thelium, for example [52]. On-target toxicity of CD19-directed
CAR T cells results in B cell aplasia and hypogammaglobulinemia,
which can be managed with immunoglobulin infusions [32, 34].
Depending on the CAR construct used, different groups have re-
ported aplasia lasting from 1 month to over 4 years [34, 46, 53].
Many groups are using B cell aplasia as a marker of CAR T cell
persistence and activity, with some reports of a tight correlation
between CLL disease response and B cell aplasia [27].

The most life-threatening complication of CD19 CAR T cell
treatment is the development of CRS, a macrophage hyperactiva-
tion-like condition attributed to robust T cell proliferation and ac-
tivation. Davila et al. [44] defined a set of diagnostic criteria for se-
vere CRS: i) fevers > 38.0°C for at least 3 consecutive days; ii) 2 cy-
tokine max fold changes of at least 75 or 1 max fold change of at
least 250 over baseline; iii) at least 1 clinical sign of toxicity such as
hypotension, hypoxia, or neurologic dysfunction. Commonly ele-
vated cytokines include interferon (IFN)-y, IL-6, and IL-10, al-
though the clinical severity of CRS may or may not correlate with
the degree of cytokine elevation [36, 54]. The onset of CRS ranges
from a few days to 3 weeks post infusion. For patients with ALL,
the development of CRS correlates with pre-treatment tumor bur-
den [43, 44, 46].

The treatment of severe CRS often requires intensive care unit
(ICU)-level supportive care while treating the underlying cause
with steroids and tocilizumab, an antibody that inhibits the IL-6
receptor [54]. The majority of patients have rapid reversal of CRS
with tocilizumab, without any clear decrease in efficacy of the CAR
T cells [53, 54]. Although there is concern that steroids may blunt
CAR T cell activity [43], in some cases a short course of steroids
has been administered to mitigate CRS without clear evidence of
diminished CAR T cell efficacy. Other cytokine-directed ap-
proaches have been tried, such as etanercept to target TNF-a, with-
out benefit [54]. The optimal treatment algorithm for CRS is under
development by each sponsor, with cooperation among various
investigators [55].

Tumor lysis syndrome, a condition of electrolyte imbalances
caused by the rapid lysis of tumor cells which can result in kidney
failure, cardiac arrhythmias, seizures, and death, has also been ob-
served after treatment with CD19 CAR T cells, particularly in pa-
tients with CLL [32, 33, 37, 56]. Of note, no cases of graft-versus-
host disease have been reported due to donor-derived CAR T cells
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in patients treated after allogeneic SCT [37, 40]. Despite the theo-
retical concern, there have also been no reports of insertional mu-
tagenesis resulting in new T cell malignancies.

Conclusion and Future Directions

CD19-directed CAR T cells have shown remarkable promise for
relapsed or refractory cases of CLL, ALL, and NHL. Studies are on-
going to expand the field of potentially treatable malignancies, in-
cluding multiple myeloma. Although multiple myeloma cells do
not typically express high levels of CD19, a group at UPenn has re-
ported clinical responses with CTL019 [57].

To safely expand the access to CAR T cell therapies from a few
expert centers to more institutions, it will be important to develop
standardized approaches to grading and treatment of CRS and bet-
ter understand who is likely to develop this condition. In addition,
much is still unknown about how to optimize CAR efficacy while
minimizing toxicity. Variables such as the design of the CAR con-
struct, ex vivo cell growth conditions, transduction/transfection
methods, and patient preparation prior to infusion all need to be
studied. The interplay of CAR T cells with the local immunosup-
pressive microenvironment of the tumor is also an area of active
research [58].

Finally, relapses after CD19 CAR T cells are well documented,
and can occur with both CD19-expressing and CD19-negative
tumor cells [26, 27]. In the case of retained CD19 expression, rein-
fusion of CD19-directed CAR T cells may be sufficient in some
cases to reinduce remission, although this has not always been seen
[36, 46]. For CD19-negative relapses, alternative approaches will
need to be used, such as utilizing CARs directed against other B cell
surface molecules (i.e. CD22) [59]. CD19 CAR T cells will un-
doubtedly have a significant role in the future treatment of B cell
malignancies.
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