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Abstract
For years, cancer treatment was dominated by chemothera-
py, radiation therapy, and stem cell transplantation. New in-
sights into genetic characteristics of leukemic cells have initi-
ated the development of the chimeric antigen receptor 
(CAR) T-cell therapy. This type of adoptive cell immunother-
apy has been a breakthrough in the treatment of aggressive 
B-cell lymphoma and B-cell precursor acute lymphoblastic 
leukemia. In August 2018, the European Commission has ap-
proved the first CAR T-cell products – tisagenlecleucel (Kym-
riah®, Novartis) and axicabtagene ciloleucel (Yescarta®, Gil-
ead) – for hematological neoplasms in Europe. As CAR T cells 
are a living drug, its benefits can last for many years. The 
administration of CAR T cells is a complex and costly endeav-
or involving cell manufacture, shipping of apheresis prod-
ucts, and management of novel and severe adverse reac-
tions. The most common toxicities observed after CAR T-cell 
therapy are cytokine release syndrome and immune effector 
cell-associated neurotoxicity syndrome. Current research fo-
cuses on improved safety and efficacy in hematological ma-
lignancies as well as the translation of CAR T-cell therapy to 

solid tumors. This review covers the development and cur-
rent status of CAR T-cell therapy in a clinical setting with fo-
cus on challenges and future opportunities.

© 2019 S. Karger AG, Basel

Introduction: Immunotherapy Coming of Age

For many decades, oncologists have used the poten-
tial and characteristics of the body’s immune system 
within the scope of immuno-oncological therapies. In-
creased knowledge about the characteristics of leuke-
mic cells has led to the development of allogenic stem 
cell transplantation (alloSCT) – the mother of immu-
notherapy. alloSCT has clearly shown the potential of T 
cells to eliminate leukemia cells. In his 1998 publica-
tion, Kolb [1] presented evidence hereof by showing 
that donor lymphocyte transfusions can induce lasting 
remission in patients with relapsed chronic myeloid 
leukemia. 

An alternative strategy to direct T cells to leukemia or 
lymphoma cells is the bispecific T-cell-recruiting anti-
body construct CD19 × CD3 [2]. These bispecific T-cell 
engagers (BiTEs) are composed of two single-chain vari-
able fragments, one targeting a tumor-associated antigen, 
the other targeting a T-cell-associated antigen.



Subklewe/von Bergwelt-Baildon/HumpeTransfus Med Hemother 2019;46:15–2416
DOI: 10.1159/000496870

Through binding of CD3 of the T-cell receptor com-
plex, BiTEs recruit T cells irrespective of their antigen 
specificity, leading to T-cell activation and tumor cell ly-
sis. Blinatumomab is the first-in-class BiTE antibody 
construct targeting CD19 in B-cell malignancies [3, 4]. 
The European Commission has only very recently, in 
June 2018, granted blinatumomab full EU approval for 
the treatment of Philadelphia chromosome-negative re-
lapsed/refractory B-cell precursor acute lymphoblastic 
leukemia (r/r ALL) after almost 3 years of conditional 
market authorization [5]. In November 2018 the Com-
mittee for Medicinal Products for Human Use recom-
mended to extend the marketing authorization for pa-
tients with minimal residual disease.

Although clinical trials have shown that blinatumom-
ab can be a very effective treatment, more than half of all 
r/r ALL patients were nonresponders [6, 7]. Patients with 
a bone marrow blast below 50% had the highest complete 
remission rate (CR; 73%), whereas patients with a high 
tumor burden (> 50% bone marrow blast) had a much 
lower response rate (29%) [6]. Also, long-term survival 
has been shown to correlate with a significant T-cell ex-
pansion [4]. A study investigating the role of regulatory 
T cells in predicting the outcome of blinatumomab treat-
ment found that a high percentage of regulatory T cells 
results in a lower patient response rate and that in pre-
clinical models, the depletion of regulatory T cells in non-
responding ALL patients restored T-cell proliferation [8]. 

A promising advance to overcome some of these issues 
is the introduction of chimeric antigen receptor (CAR) T 
cells: a patient’s own T cells that are reengineered ex vivo 
to express a CAR. This review covers the development 
and current status of CAR T cells in a clinical setting with 
focus on challenges and future opportunities.

The CAR T-Cell Family

CAR T cells are genetically engineered hybrids of an-
tibodies and T cells with an antibody-like surface domain, 
a transmembrane domain and an intracellular signaling 
domain. The extracellular part consists of heavy and light 
chains derived of an antibody to form a single-chain vari-
able fragment. It redirects the specificity of the receptor 
to recognize tumor antigens independently of major his-
tocompatibility complex proteins. The transmembrane 
domain connecting the extra- and intracellular part is 
typically constructed from CD8 or IgG4 molecules. T-cell 
activation is derived by an intracellular signaling domain 
consisting of a costimulatory domain and the CD3ζ chain.

CD19 has been chosen as the most frequent target an-
tigen for several reasons: first, its frequent and high-level 
expression in B-cell leukemias and lymphomas; second, 
its broader and higher expression relative to other poten-

tial targets like CD20 or CD22; and third, its confinement 
to the B-cell lineage in healthy tissue. Consequently, B-
cell aplasia is a common on-target occurrence following 
CAR T-cell infusion that can be alleviated by monthly 
replacement therapy with intravenous immunoglobulin.

The design of the receptors has considerably evolved 
over the years. First-generation CARs were engineered 
with only the CD3ζ domain. They were not able to prime 
resting T cells and direct lasting T-cell responses or sus-
tained cytokine release, due to their limited signaling ca-
pability [9, 10]. The coupling with additional costimula-
tory signaling domains (e.g., CD28 or 4-1BB) led to im-
proved activation, enhanced survival and effective 
expansion of the modified T cells [11, 12]. These second-
generation receptors in the form of “living drugs” are the 
basis of currently approved CAR T-cell therapy. Third-
generation CAR T cells combine the signaling potential 
of two costimulatory domains (e.g., both CD28 and 
4-1BB). The antitumor activity of fourth-generation 
CARs, also called TRUCKs (T-cells redirected for univer-
sal cytokine-mediated killing), is enhanced by further ge-
netic modification. These include, amongst others, addi-
tional transgenes for cytokine secretion (e.g., IL-12) or 
additional costimulatory ligands [13–15] (Fig. 1).

The Mechanics of CAR T Cells

The manufacturing of CAR T cells is a complex and 
carefully controlled procedure. It starts with the collec-
tion of unstimulated leukocytes via leukapheresis. The 
separation of T cells can be achieved in various ways: den-
sity gradients remove red blood cells and platelet con-
taminants; other devices divide cells by size and density, 
eliminate monocytes and isolate lymphocytes. An addi-
tional step enables further separation into CD4, CD8, 
CD25 or CD62L T-cell subsets [16–18]. The process of 
T-cell enrichment differs between the approved products 
and clinical indications. Accordingly, the starting mate-
rial for CAR T production differs between Yescarta and 
Kymriah albeit the relevance in relation to safety and ef-
ficacy is incompletely understood.

The harvested and T-cell-enriched starting popula-
tions are genetically modified with viral vectors. Lentivi-
ral vectors provide a safer genomic integration profile 
than gammaretroviral vectors [19], thus have been com-
monly used in clinical trials of CAR T-cell therapies [20]. 
The transposon/transposase system is a newer plasmid-
based expression system that implements anti-CD19 
CARs into T cells by electroporation [21].

CAR T cells are activated either with the use of anti-
CD3 antibodies, anti-CD3/anti-CD28 immunomagnetic 
beads [22], or antigen-presenting cells like dendritic cells 
or artificial antigen-presenting cells [23]. The latter can 
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be equipped with various costimulatory ligands to ensure 
proliferation. In order to generate therapeutic doses of 
CAR T cells, several platforms are available that allow for 
rapid cell expansion and low risk of contamination [16–
18]. Both commercial products are generated by unspe-
cific stimulation utilizing CD3/CD28 beads and defined 
cytokines; however, details are not completely revealed by 
the companies due to intellectual property consider-
ations. 

After blood collection and manufacturing of the pa-
tient-specific CAR T-cell product, the frozen cells are de-
livered to the treatment center and thawed. The final step 
is a single infusion of the CAR T cells into the patient, 
which is preceded by a lymphodepleting chemotherapy 
to promote expansion (Fig. 2).

CARs Crossing the Finish Line

CAR T-cell therapy has developed rapidly over the last 
few years. The astounding successes seen with this “adop-
tive cell immunotherapy” in cancer treatment have led to 
the first two CAR T-cell medicines being granted market-
ing authorization for hematological cancer indications in 
the USA last year. In August 2018, the European Com-
mission followed suit by approving tisagenlecleucel 
(Kymriah®, Novartis) and axicabtagene ciloleucel (Yes-

Fig. 1. Evolution of CAR generations. First-
generation CARs consist of the CD3ζ 
alone, whereas the second generation in-
cludes additional costimulatory signaling 
domains (CD28 or 4-1BB). The third gen-
eration combines two costimulatory do-
mains (e.g., CD28 and 4-1BB). Fourth-gen-
eration CARs are additionally armored 
with genes that enable, for example, the ex-
pression of cytokines. scFV, single-chain 
variable fragment; CD3ζ, cluster of differ-
entiation 3 zeta; CD28 + 4-1BB, costimula-
tory signaling domains. Adapted from 
Brentjens and Curran [13].

Fig. 2. CAR T-cell therapy. T cells are collected from the patient 
and genetically modified to include antigen receptors that com-
bine the single-chain variable fragment of an antibody with intra-
cellular signaling domains. Thus, they can recognize tumor cells 
expressing a tumor-associated antigen using lentiviral-vector 
technology. Engineered CAR T cells are expanded in the labora-
tory and transfused back into the patient.
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carta®, Gilead) for the treatment of childhood/young 
adult r/r B-cell precursor ALL and aggressive non-Hodg-
kin lymphoma (NHL: diffuse large B-cell lymphoma, 
DLBCL; primary mediastinal large B-cell lymphoma).

Childhood/Young Adult B-Cell Precursor ALL
The pivotal global ELIANA trial (NCT02435849) in-

vestigated the therapeutic use of tisagenlecleucel, a CD19-
directed genetically modified autologous T-cell product, 
in pediatric and young adult patients with r/r B-cell ALL. 
In this phase II trial, tisagenlecleucel was given as a single 
infusion to a total of 75 patients. Analysis of the latest 
long-term results from the ELIANA study were published 
earlier this year. At enrolment, patients had a median of 
3 prior therapies, with 61% of patients having received 
prior alloSCT. The overall remission rate (CR/CRi) was 
81% with median follow-up of more than a year. Event-
free survival and overall survival at 6 months were 73 and 
90%, respectively, with median duration of remission not 
reached. Tisagenlecleucel was detected in patients for as 
long as 20 months, demonstrating long-term persistence 
[24]. The 4-1BB domain contained in tisagenlecleucel has 
been suggested to ameliorate T-cell exhaustion and there-
by improve the persistence of CAR T cells [25]. It is cur-
rently unclear whether prolonged persistence of the 19-
41BB CAR T cells is important and would lead to better 
long-term survival [26].

Kymriah® became the first CAR T-cell therapy to gain 
market access by the US Food and Drug Administration 
(FDA) in August 2017 for refractory CD19-positive B-
cell ALL [27]. On August 27, 2018, the European Com-
mission has approved Kymriah® for the treatment of pe-
diatric and young adult patients up to 25 years of age with 
B-cell ALL that is refractory, in relapse aftertransplanta-
tion or in second or later relapse. Tisagenlecleucel is cur-
rently the only CAR T-cell therapy to receive FDA and 
European Commission approval for r/r childhood ALL.

Non-Hodgkin Lymphoma: DLBCL, Primary 
Mediastinal B-Cell Lymphoma
CAR T-cell therapies with tisagenlecleucel and axi-

cabtagene ciloleucel have further been successfully stud-
ied in two large B-cell lymphoma subtypes (see also  
Table 1).

“JULIET” (NCT02445248), led by researchers at the 
University of Pennsylvania, was the pivotal global regis-
tration study for tisagenlecleucel in adult patients with r/r 
large B-cell lymphoma after two or more lines of system-
ic therapy, including DLBCL not otherwise specified, 
high-grade B-cell lymphoma, and DLBCL arising from 
follicular lymphoma. In a population of 68 patients with 
relapsed or refractory disease, the objective response rate 
was 50% with a CR rate of 32%, and for responders, the 
median duration of response was not reached after a me-

dian follow-up of 9.4 months. This response rate exceed-
ed those previously reported for standard chemotherapy. 

In June 2018, Novartis announced 14-month results 
from the JULIET trial. Tisagenlecleucel showed ongoing 
durable responses in adult patients with r/r DLBCL. The 
overall response rate was 52% among 93 patients. Median 
duration of response was not reached at a median follow-
up of 14 months. A CR was achieved in 40% of patients, 
and 12% achieved a partial response. Patients had a 65% 
chance of being relapse-free 1 year after onset of response. 
With 8 months of additional follow-up, response rates 
remained consistent with previous reports, and the safety 
profile was maintained with no emergence of new safety 
signals [20]. 

In May 2018, the FDA approved Kymriah® for the 
treatment of adult patients with r/r large B-cell lympho-
ma after two or more lines of systemic therapy including 
DLBCL, high-grade B-cell lymphoma and DLBCL arising 
from follicular lymphoma based on data from the JULIET 
study. On August 27, 2018, the approval for Kymriah® in 
r/r DLBCL after two or more lines of systemic therapy 
was granted in the EU.

Axicabtagene ciloleucel (Yescarta®), like tisagenlecleu-
cel, is a CD19-directed, genetically modified, autologous 
T-cell immunotherapy designed to kill CD19-positive B 
cells including tumor cells. However, the two products 
differ in several respects, the main being that Yescarta® 
uses a retroviral vector to transduce T cells and the intra-
cellular domain of CD28 to costimulate T cells, while 
Kymriah® uses a lentiviral vector and the intracellular do-
main from 4-1BB for the same purposes. The pivotal phase 
I-II ZUMA-1 trial (NCT02348216) investigated axicabta-
gene ciloleucel in adult patients with refractory aggressive 
NHL. In the single-arm trial, 72% of patients (n = 73/101) 
who received a single infusion of axicabtagene ciloleucel 
responded to therapy, with 51% (n = 52/101) achieving a 
CR (as assessed by an independent review committee, me-
dian follow-up of 15.1 months). At 1 year following infu-
sion, 60% of patients were alive and the median overall 
survival had not been reached [28, 29].

Yescarta® was approved by the FDA in October 2017 
for treatment of adult patients with relapsed or refractory 
large B-cell lymphoma after two or more lines of system-
ic therapy including DLBCL not otherwise specified, pri-
mary mediastinal large B-cell lymphoma, high-grade B-
cell lymphoma, and DLBCL arising from follicular lym-
phoma [30]. Almost 1 year later, on August 27, 2018 – the 
same day that marketing authorization was granted for 
Kymriah® – the European Commission also approved 
authorization for Yescarta® in the EU. 

Axicabtagene ciloleucel represents a significantly im-
proved treatment option for patients with refractory, ag-
gressive NHL compared with previously available thera-
pies [31]. This was demonstrated in a comparative analy-
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sis of outcomes reported for ZUMA-1 and SCHOLAR-1, 
the latter being a pooled retrospective analysis of out-
comes of refractory DLBCL from 2 large randomized tri-
als and 2 academic databases [32]. To further compare the 
efficacy of Yescarta® with current treatment standards, a 
phase III trial was initiated earlier this year. It aims to ex-
plore whether CAR T-cell therapy with axicabtagene cilo-
leucel is more effective than an autologous stem cell 
transplant in adult r/r DLBCL (ZUMA-7; NCT03391466).

The third CAR T-cell product for the treatment of r/r 
aggressive NHL is already in the pipeline. Lisocabtagene 
maraleucel (JCAR017, Celgene) is currently tested in  
the pivotal phase I TRANSCEND NHL 001 trial 
(NCT02631044). This CD19-directed 4-1BB CAR T-cell 
trial showed much lower cytokine release syndrome 
(CRS) adverse reactions compared to the Novartis and 
Gilead products. However, efficacy results remain to be 
published [33]. Trial results are summarized in Table 1. 

Table 1. Summary of the clinical trials for treatment of r/r DLBCL/PMBCL

JULIET (tisagenlecleucel) ZUMA-1 (axicabtagene ciloleucel) TRANSCEND NHL 001  
(lisocabtagene maraleucel)

Company Novartis Kite/Gilead Juno/Celgene

Source Phase 2
Borchmann et al. [20], 2018

Phase 2
Neelapu et al. [28], 2017

Phase 2
Abramson et al. [33], 2018

CAR Second generation, 41BB
Lentivirus

Second generation, CD28
Retrovirus

Second generation, 41BB
Retrovirus

Disease entity DLBCL, tFL DLBCL, tFL and PMBCL DLBCL, HGBCL, tFL (CORE 
cohort)

Inclusion criteria ≥2 prior lines of therapies for DLB-
CL
PD after or ineligible for auto SCT

No response to last chemotherapy or
relapse <12 months after ASCT

≥2 prior lines of therapies

Enrollment 165 enrolled
111 dosed
102/111: bridging chemotherapy
93 evaluable

Phase 1: 
7 dosed
Phase 2: 
111 enrolled
103 conditioned
101 dosed and evaluable
Phases 1 + 2: 108 dosed

134 leukapheresis
114 dosed
102 evaluable

Patient population Prior therapies ≥3: 52% 
49% ASCT
55% refractory

Prior therapies ≥3: 70% 
23% ASCT
74% refractory

Median prior therapies 3 (2–8)
38% ASCT
67% refractory

Dose 1–5×108 CAR T cells 2×106 CAR T cells/kg
e.g. 70 kg: 1.4×108

1×108 CAR T cells

Lymphodepleting 
chemotherapy

Flu 25 mg/m2 + Cy 250 mg/m2 × 3 
days or bendamustine

Flu 30 mg/m2 + Cy 500 mg/m2 × 3 
days 

Flu 30 mg/m2 + Cy 300 mg/m2 × 
3 days 

Efficacy Median FU 14 months
ORR: 52%
CR: 40% 
12-month OS: 49%
Median OS: CR:NR; all: 11.7 
months

Median FU: 15.4 months
ORR: 82%
CR (I+II): 58%
Median OS months: NR (for CR and 
PR)

ORR: 80%
CR: 59% 
12-month OS: 63%
Median OS: CR:NR; PR 10.3 
months

Safety Gr ≥3 CRS: 24% Penn criteria
Gr ≥3 NE: 12% 
No deaths due to CRS or cerebral 
edema

Gr ≥3 CRS: 
13%, Lee criteria
Gr ≥3 NE: 28%
Gr 5 AEs Axi-cel related: 2%

Gr ≥3 CRS: 1% Lee criteria
Gr ≥3 NE: 15% 
No deaths from CRS or NE

DLBCL, diffuse large B-cell lymphoma; tFL, transformed follicular lymphoma; PMBCL, primary mediastinal large B-cell lymphoma; 
HGBCL, high-grade B-cell lymphoma; PD, progressive disease; SCT, stem cell transplantation; ASCT, autologous stem cell transplant; 
Flu, fludarabine; Cy, cyclophosphamide; FU, follow-up; ORR, overall response rate; CR, complete response; OS, overall survival; NR, 
no response; PR, partial response; Gr, grade; CRS, cytokine release syndrome; NE, no response; AEs, adverse events.
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Of interest, Kymriah® and Yescarta® are the first ther-
apies supported through the European Medicines Agen-
cy’s (EMA) Priority Medicines scheme to receive positive 
opinions from the Committee for Medicinal Products for 
Human Use. The voluntary Priority Medicines scheme 
provides scientific and regulatory support to treatments 
with potential to significantly address patients’ unmet 
medical needs.

Challenges

Despite the spectacular results achieved with this new 
development, CAR T-cell therapy has become a topic of 
discussion because of the severe and common adverse re-
actions as well as high costs associated with it.

Toxicities and Management
The range of toxicities associated with CAR T-cell 

therapy is unique and differs from those seen with tradi-
tional chemotherapies and other targeted therapies such 
as monoclonal antibodies and small-molecule inhibitors. 
The most common toxicities observed after CAR T-cell 
therapy are CRS and immune effector cell-associated 
neurotoxicity syndrome (ICANS). Other adverse reac-
tions include “on-target, off-tumor” recognition and ana-
phylaxis [34]. 

Cytokine Release Syndrome
CRS, also known as “cytokine storm,” is a spectrum of 

inflammatory symptoms due to cytokine elevations as a 
result of immune activation of large numbers of lympho-
cytes. IL-6, a pleiotropic cytokine with anti-inflammatory 
and proinflammatory properties, has been implicated as 
a central mediator of toxicity in CRS [35]. The incidence 
and severity of CRS in patients receiving CAR T-cell ther-
apy appears greater in patients with higher disease bur-
den at initiation of treatment [36]. This is probably due 
to higher levels of T-cell activation [35].

CRS is accompanied by constitutional symptoms such 
as high fever, malaise, fatigue, myalgia, nausea triggered 
by an increase in TNF-α at first, followed by IFN-γ, IL-1b, 
IL-2, IL-6, IL-8, and IL-10. In addition, any organ system 
may be affected, including the cardiovascular, respirato-
ry, renal, hepatic, hematological and nervous system [35, 
37–39]. In rare cases, CRS can evolve into fulminant mac-
rophage activation syndrome [39]. 

Currently, research on identification of predictive bio-
markers for severe toxicity is needed, as the correlation 
between the development of severe CRS and clinical pa-
rameters is inconclusive. The predictive values of various 
biomarkers (e.g., high serum levels of IL-6, soluble gp130, 
IFN-γ, IL-15, IL-8, and/or IL-10) seem to vary depending 
on the type of CAR T-cell product used [40, 41].

CRS toxicity typically develops within the first week 
after CAR T-cell infusion and peaks within 1–2 weeks, 
coinciding with maximal in vivo T-cell expansion [35, 
39]. CRS should be managed in accordance with the grade 
of its toxicity. Patient hospitalization with close monitor-
ing is recommended by Neelapu et al. [39] for at least 
7–10 days after CAR T-cell infusion. Others have not 
found this to be necessary in studies using CAR T-cell 
constructs containing a 4-1BB costimulatory domain, in-
cluding tisagenlecleucel, in both ALL and NHL popula-
tions [42].

Tocilizumab, a therapeutic antibody blocking IL-6 re-
ceptors, or the chimeric anti-IL-6 monoclonal antibody 
siltuximab binding to soluble IL-6 have become the drugs 
of choice for the management of moderate to severe CRS. 
In Europe, both drugs are currently used off-label for the 
management of CRS and induce near-immediate reversal 
of CRS symptoms in most patients. In August 2017, to-
cilizumab has been approved by the FDA for the treat-
ment of CRS occurring after CAR T-cell therapy [38, 43]. 
The EMA’s Committee for Medicinal Products for Hu-
man Use has also recommended adding the treatment of 
CAR T-cell-induced CRS as an indication for tocilizumab 
[44]. Approval has not been granted at the time of writing 
but is expected any time soon. Tocilizumab does not seem 
to affect the efficacy of CAR T-cell therapy in terms of 
overall response rates, CR rates, or the durability of re-
sponses [39, 45, 46]. Siltuximab on the other hand has not 
been studied as first-line therapy for CRS and is not cur-
rently FDA-approved for this indication [42]. Compara-
tive studies are needed to directly compare the effective-
ness of tocilizumab and siltuximab in the treatment of 
CRS. The use of corticosteroids is generally considered 
only when the toxicities of CAR T-cell therapy are refrac-
tory to anti-IL-6 therapy due to concerns regarding their 
suppressive action on T-cell function [39].

Immune Effector Cell-Associated Neurotoxicity 
Syndrome
Neurotoxicity is the second most common serious ad-

verse reaction after administration of CAR T-cell therapy 
and was therefore initially termed “CAR T-cell-related en-
cephalopathy syndrome” and has currently been updated 
by Lee et al. [47] to “immune effector cell-associated neu-
rotoxicity syndrome (ICANS)”. Affected patients develop 
toxic encephalopathy with confusion, aphasia, ataxia, de-
lirium, seizures, and cerebral edema. The causative patho-
physiology of these neurological side effects is still not ful-
ly understood. It can occur concurrently with CRS, al-
though the neurotoxicity does not seem to be directly 
related [35]. It has been completely reversible in most cas-
es and it is unclear whether this toxicity is restricted to 
CD19-specific CAR T cells or will be exhibited by the tar-
geting of other tumor-associated antigens [38, 46, 48].



CAR T Cells 21Transfus Med Hemother 2019;46:15–24
DOI: 10.1159/000496870

According to Neelapu et al. [39], the manifestation of 
ICANS can be biphasic; the first phase occurs concur-
rently with high fever and other CRS symptoms, typically 
within the first 5 days after cellular immunotherapy, and 
the second phase occurs after the fever and other CRS 
symptoms have subsided, often beyond 5 days after cell 
infusion. Anti-IL-6 therapy can reverse ICANS during 
the first phase but is generally not effective in the second 
phase, when corticosteroids are the preferred treatment 
[39]. The severity of ICANS can fluctuate rapidly, thus, 
necessitating close patient monitoring [40, 41]. This is es-
pecially important for the very rare, but life-threatening 
cerebral edema, for which anti-IL-6 therapy is not effec-
tive [39]. Similar to CRS, management of ICANS is based 
on the severity of the adverse reactions.

In the future, targeted intervention against IL-1 may 
successfully overcome both toxicities, as shown in the 
mouse model [49]. Meanwhile, the acute toxicities of 
CAR T-cell therapy require intensive monitoring. Prompt 
management of CRS and ICANS can be lifesaving. The 
EMA has elaborated monitoring and mitigation strate-
gies involving educational programs for patients and 
health care providers as an integral part of the authoriza-
tion. 

CAR Costs
With the clinical application of approved CAR T-cell 

therapy still being in its earliest stages, the cost of treat-
ment is enormous. In the USA, treatment with Yescarta® 
costs USD 373,000 (EUR 316,000), whereas Kymriah® 
therapy comes up to USD 475,000 per patient (EUR 
400,000). Manufacturers justify the extreme price tag 
with the complexity of CAR T-cell therapy, which re-
quires individual manufacturing for each patient and 
sample transportation between specialized centers. These 
costs do not include hospital stay, supportive care and 
medication, or physician visits, which – in the USA – 
could amount to total treatment costs of more than USD 
1,000,000. European countries often negotiate prices that 
are significantly lower than in the USA [50, 51]. Follow-
ing the approval of Yescarta® and Kymriah® in the EU, 
pricing and reimbursement is up to each individual coun-
try member.

The UK’s National Institute for Health and Care Ex-
cellence (NICE) – the body that assesses new medications 
and treatments for use on the National Health Service – 
does not recommend use of Yescarta®, due to a lack of 
cost-effectiveness and comparative data with salvage che-
motherapy. The appraisal committee, however, made it 
clear that this decision was not final and will be discussed 
again with experts [52].

Only 1 week after the announcement, Novartis struck 
a deal with the NICE to provide Kymriah® for relapsed 
childhood leukemia in the UK at a discount, so it can be 

offered through the UK’s social health care system. Such 
an agreement is the first of its kind in Europe and one of 
the fastest in European history [53, 54].

A CAR for Every Purpose?

Following the great success of CAR T-cell therapy in 
ALL and B-cell lymphoma, more research is being done 
to extend this treatment to other malignancies, and first 
attempts to target solid tumors were performed. So far, 
treatment of solid tumors with CAR T-cells has yielded 
mixed results.

A main obstacle is finding a potent target antigen ex-
pressed in the tumor but not in healthy tissue, to avoid 
severe toxicities, as seen in several clinical trials [55–58]. 
In this regard, one noteworthy approach with promising 
efficacy in patients with r/r multiple myeloma is the B-cell 
maturation antigen-targeting CAR T-cell therapy bb2121, 
a second-generation CAR. Updated results from the on-
going 2-part, phase I study CRB-401 showed that bb2121 
induced deep and durable response in heavily pretreated 
multiple myeloma patients. CRS and neurotoxicity were 
manageable, thus bb2121 anti-B-cell maturation antigen 
CAR T-cell therapy has the potential to become a new 
treatment paradigm for r/r multiple myeloma [59]. Fu-
ture CAR T cells are expected to target multiple antigens, 
so the loss of one specific molecule will no longer be of 
therapeutic importance.

To limit systemic exposure, the next developmental 
step was to administer the CAR T cells directly into the 
tumor. To give one example of this approach, CAR T cells 
against IL-13 were injected into glioblastoma multiforme, 
inducing regression without adverse reactions [60]. An-
other potential target antigen is the HER2 protein, as it is 
widely expressed not only in breast cancer, but also by 
many common pediatric brain tumors. The phase I trial 
BrainChild-01 (NCT03500991) started investigating the 
potential of third-generation CAR T cells targeting HER2-
expressing tumor cells, administered directly via an in-
dwelling CNS catheter.

The immunosuppressive microenvironment of solid 
tumors also plays an important role in therapeutic resis-
tance. Penetration of CAR T cells into solid tissue is obvi-
ously more difficult, and it is unclear to which degree T-
cell expansion and persistence within the tumor are re-
quired to ensure clinical efficacy [15]. Another evasive 
pathway of solid tumors is upregulation of inhibitory re-
ceptors, such as PD1/PD-L1 and CTL4. As a countermea-
sure, joint action of so-called checkpoint inhibitors and 
CAR T cells was tested in mice and showed promising 
results [61]. Similarly, the combination of CAR T cells 
with BiTE-expressing oncolytic adenovirus might over-
come the limitations of monotherapies in solid tumors 
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[62]. Obtaining such positive results in solid cancer treat-
ment emphasizes the vast potential for CAR T-cell thera-
pies and the importance of their future development. 

Conclusion

Until recently, CAR T-cell therapy has only been avail-
able to a very small group of patients with advanced he-
matological malignancies. Although the use of this emerg-
ing treatment has so far been largely restricted to small 
clinical trials, its advance has been followed with great in-
terest by researchers and clinicians alike. The remarkable 
responses seen in children and adults with certain leuke-
mias and B-cell lymphomas from whom no other therapy 
was effective bring new hope to affected patients. The first 
two CAR T-cell medicines have been reviewed in Europe 
under an accelerated assessment program, giving credit to 
the benefits seen with this breakthrough treatment option. 

However, there are still a lot of questions which need to 
be answered by generating more data through randomized 
trials. What is the optimal timing for the use of CAR T cells? 
Can this therapy be administered even more safely earlier 
in the disease course? Which patients benefit the most from 
these therapies? To answer this, further biomarkers need to 
be identified to target the treatments more specifically and 
effectively to the patient. Can CAR T-cell therapy replace 
an alloSCT? We await with interest results from currently 
ongoing trials investigating the use of autologous SCT ver-
sus CAR T-cell therapy in relapse B-cell lymphoma pa-
tients. CAR T cells may one day be used as a method to 
eradicate minimal residual disease in ALL patients. 

While all of this is currently still up in the air, we have 
important issues to face in the here and now. The intense 
immune activation result in severe adverse reactions, 
which need to be managed appropriately to allow success-
ful clinical use of CAR T cells. An example for this integral 
step is the service provided by the ImmunoTaskForceLMU 
at the Ludwig-Maximilian University Munich (LMU). 
We have established an interdisciplinary ImmunoTask-
ForceLMU with broad experience in T-cell-based treat-
ments. A 24/7 on-call service is offered by a highly spe-
cialized team consisting of experienced hematologists 
with training in allogeneic stem cell transplantation, T-
cell-based immunotherapy and intermediate/intensive 
care. The Task Force also includes members of the trans-
fusion medicine department and is complemented by a 
team of neurologists and neuroradiologists specifically 
trained for BiTE and CAR T-cell patient care. This aims 
to ensure patient safety as we have to be aware that sub-
optimal patient management can endanger CAR T-cell 
development. Other critical factors for success are econo-
mizing the complex manufacturing process and develop-
ing more cost-effective solutions – only then will the new 

technology be pushed forward in broad terms and for 
other cancer entities as well.

Following the recent approval of the first marketing 
authorizations for CD19-specific CAR T cells in the USA 
and Europe, CAR T cells are developed for the treatment 
of other cancers, including multiple myeloma, mammary 
carcinoma and CNS tumors. It is hoped that CAR T-cell 
therapy could eventually replace chemotherapy and stem 
cell transplants altogether.

Results in solid cancers have been mixed so far, since 
therapy is more complicated than in hematological ma-
lignancies. Clearly, CAR T cells for entities other than 
lymphoid malignancies face the challenge of identifying 
suitable target antigens. In solid tumors, the clinical trans-
lation is facing the difficulties of getting T cells to infiltrate 
and persist in the tissue long enough to effect an antitu-
mor response. 

Definitely, these are still early days for CAR T cells, but 
if positive results are obtained in future clinical trials, this 
would allow the use of this revolutionary immunotherapy 
for a wide variety of tumors. Investigations on the occur-
rence and management of adverse reactions and the im-
plementation of risk minimization measures will then re-
ceive an even higher priority. These include the use of the 
products in highly specialized centers, the training of 
medical staff, and the provision of medicinal products for 
the treatment of CRS. 

One thing is already clear today: the CAR T-cell tech-
nology of cancer medicine opens a new door. What op-
portunities and challenges lie behind it remains to be dis-
covered.
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