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Abstract
Patients with non-Hodgkin lymphomas (NHLs) resistant to standard therapies have a dismal prognosis. The outcome is even poorer in
patients relapsing after autologous stem cell transplantation. Most of these patients do not qualify for an allogeneic hematopoietic cell
transplantation (HCT) due to refractory disease, lack of a suitable allogeneic donor, higher age, or cumulative toxicity of previous
chemotherapy. Despite patients undergoing allogeneic HCT normally profit from a graft-versus-lymphoma effect, overall survival in
patientswithNHLafterHCT remains short. Therefore, novel treatmentmodalities are urgently needed.Chimeric antigen receptor (CAR)-
T cells, a new class of cellular immunotherapy involving ex vivo genetic modification of T cells to incorporate an engineered CAR have
been used in clinical trials. In the majority of studies, B cell malignancies treated with CD19 targeting CAR-T cells have been analyzed.

Recently, results from 2CD19 directed CAR-T cell trials with an increased follow-up of patients led to Food andDrug Administration
and European Medicines Agency approval of tisagenlecleucel and axicabtagene ciloleucel. Common adverse events (AEs) include
cytokine release syndrome and neurological toxicity, which may require admission to an intensive care unit, B cell aplasia and
hemophagocytic lymphohistiocytosis. These AEs are manageable when treated by an appropriately trained team following
established algorithm. In this review, we summarize the results of 3 large phase II CD19 CAR-T cell trials and focus on AEs. We also
provide a perspective of ongoing activity in this field with the intend to improve the potency of this emerging novel therapy.
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long-term event-free survival of 50% is observed.1,2 However,
30% to 40% patients eventually relapse and 10% are primary
refractory. Despite intensive salvage chemotherapy including
monoclonal antibodies (eg, rituximab or ofatumumab) and
autologous stem cell transplantation (ASCT), outcome in these
patients is poor, resulting in an ORR of 27% to 63% with long-
term survival in up to 48%.3–5 Only 50%of relapsed patients can
proceed to ASCT, mostly due to insufficient response to salvage
chemotherapy or stem cell collection failure.4

Allogeneic hematopoietic stem cell transplantation (HCT)
transplantation is usually considered in the salvage setting, as an
alternative to ASCT or after failure of autologous transplanta-
tion. However, due to refractory disease, lack of a suitable
allogeneic donor, higher age, or cumulative toxicity of previous
chemotherapy most of these patients do not qualify for allogeneic
HCT. In an European society for blood and marrow transplan-
tation registry of 101 DLBCL patients who underwent allo HCT
after reduced (64%) or myeloablative conditioning (36%), the 3-
year nonrelapse mortality overall survival (OS) was 28% and
54%, respectively.6 An analysis of the Italian Group for Blood
and Marrow Transplantation (GITMO) database reported 165
patients who relapsed after ASCT and further underwent allo
HCT leading to an ORR of 49% including complete response
(CR) in 72 of 165 patients (44%), and partial response (PR) in 9
of 165 (5%) patients.7

Recently, the SEAL study, including 7507 patients from 13
multicenter randomized controlled trials of active treatment in
previously untreated DLBCL revealed that progression-free
survival (PFS) at 24 months (PFS24) significantly correlated
with OS treated with first-line anthracycline-based immuno-
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chemotherapy for DLBCL. Moreover, patients remaining in
remission at 2 years had excellent outcomes. In a subsequent
study, OS stratified by PFS24 in a total of 5853 patients enrolled
in the SEAL trial was analyzed. OS from PFS24 was defined as
time from identified PFS24 status until death due to any cause. A
total of 1423 assessable patients failed to achieve PFS24 and had
a median OS of 7.2 months (95% confidence interval [CI] 6.8–
8.1) after progression, resulting in a 5-year OS after progression
of 19%. For those 3678 patients who achieved PFS24, the
observed OS at 3, 5, and 7 years after achieving PFS24 was
93.1%, 87.6%, and 80.0%, respectively.9 Use of this knowledge
may expedite therapeutic development with the intent of bringing
novel therapies to this patient population years before OS results
are mature.8,9
Chimeric antigen receptor T cells

T cells can be genetically engineered ex vivo to express a chimeric
antigen receptor (CAR) in addition to their natural T cell receptor
(TCR). Unlike TCRs, CARs allow highly specific targeting of
antigen in an major histocompatibility complex-independent
fashion, counteracting cancer immune evasion mechanisms.10

A CAR is commonly composed of a specificity-conferring
extracellular antibody single chain variable fragment (scFv), a
hinge region transmembrane domain, one or more intracellular
costimulatory domains (eg, CD28 or 4-1BB (CD137)), and a TCR
signaling domain (CD3 z). CAR design has evolved over years to
enhance efficacy and safety in particular immunologic settings.10

Recently, several generations of CARs can be distinguished.
However, currently available cell products are second-generation
CAR-T cells. The generations differ essentially by costimulating
signaling domains (CD28, 4-1BB) being responsible for T cell
activation and expansion.11 The use of 4-1BB (CD137) as a
costimulatory domain leads to an increased expansion of
memory T cells and improved survival of CAR-T cells.12
Approved CAR-T cells in hematological
disease

Encouraging data with CAR-T cells against the CD19 integral
membrane glycoprotein, which is expressed on premature and
mature B cells as well as on the majority of B cell malignancies,
has recently led to Food and Drug Administration (FDA)
approval of axicabtagene ciloleucel (KTE-C19) (Yescarta, Kite
Pharma, Gilead) in October 2017 for the treatment of adult
patients with refractory/relapsed (r/r) DLBCL and primary
mediastinal B cell lymphoma (PMBCL) after 2 or more systemic
lines of therapy. A second CAR-T cell product also targeting
CD19, tisagenlecleucel (Kymriah, Novartis) for the treatment of
pediatric and young adult patients up to 25 years of age with B
cell acute lymphoblastic leukemia (ALL) that is refractory, in
relapse post-transplant or in second or later relapse, and for adult
patients with r/r DLBCL after 2 or more systemic lines of therapy
has been approved by the FDA in May 2018. Both products
achieved marketing authorization by the European Medicines
Agency (EMA) in August 2018.
CAR-T cells in non-Hodgkin lymphoma

As conventional salvage chemotherapy often fails in relapsed
patients, new strategies to overcome refractoriness and improve
outcome are strongly warranted. With the introduction of CAR-
T cells targeting CD19 positive lymphoid malignancies, encour-
2

aging response rates have been observed in heavily pretreated
patients including patients with relapse after ASCT. To date, 3
international trials provide strong evidence of activity of different
CAR-T cell products in adult patients with relapsed or refractory
non-Hodgkin lymphoma (NHL).
Axicabtagene ciloleucel (KTE-C19) was the first CD19-

directed CAR-T therapy (including a CD28 costimulatory
domain) to demonstrate activity in DLBCL. Its efficacy was
analyzed in the multicenter, phase II trial ZUMA-1
(NCT02348216) which was conducted in 77 patients with
refractory DLBCL (Cohort 1) and 24 patients with PMBCL or
transformed follicular NHL (Cohort 2) (Table 1).13,14 After
lymphodepleting chemotherapy with fludarabine 30mg/m2 per
day and cyclophosphamide 500mg/m2 per day (FC 30/500) for 3
days, a total of 101 (91%) patients received a target dose of 2.0�
106 CAR-T cells/kg body weight. The median time from
leukapheresis to delivery of the final axicabtagene ciloleucel
product was 17 days. Patients had a median age of 58 years
(range, 51–64), had ≥3 lines of previous chemotherapy in 69%
(69/101) including ASCT in 21% (21/101). Specific toxicity was
cytokine release syndrome (CRS) in 93% (94/101), with grade≥3
in 13% (13/101), neurological events in 64% (65/101), with
grade ≥3 in 28% (28/101), and febrile neutropenia (FN) in 13%,
all of grade ≥3. Three patients died from adverse events (AEs)
during treatment. Patients achieved an ORR of 82% (83/101)
with a CR rate of 54% (55/101) (Table 1). After a median follow-
up of 15.4months, 42% of patients continued to have a response,
with 40% of patients still in sustained CR. For those patients who
achieved a PR at 1 month, about a third (11/35) had converted to
CR during follow-up. The median duration of response was 11.1
months for all responders and has not yet been reached by
patients with CR. The OS rate at 18 months was 52% (53/101).
Similar data were obtained with tisagenlecleucel, the second

CD19-directed CAR-T therapy (with a 4-1BB costimulatory
domain) to be FDA approved. Tisagenlecleucel was applied to r/r
DLBCL patients in a single-arm, open-labeled, multicenter,
global phase II trial (JULIET; NCT02445248). Updated results of
111 patients with DLCBL after a median follow-up of 14 month
were recently presented (Table 1).15,16 After lymphodepleting
chemotherapy with fludarabine 25mg/m2 per day and cyclo-
phosphamide 250mg/m2 per day (FC 25/250) for 3 days, or
bendamustine 90 mg/m2 per day for 2 days in 93% (103/111) of
patients, a median single dose of 3.0�108 (range, 0.1–6.0�108)
CAR-T cells were infused. The median time from enrollment to
infusion was 54 days (90% of patients received infusions between
30 and 92 days after enrollment). Of 111 patients, 102 (92%)
patients bridging therapy was given between leukocyte collection
and CAR-T cell infusion. Patients had a median age of 56 years
(range, 22–76), received a median number of 3 (range, 1–8) prior
lines of therapy including ASCT in 49% (54/111), and 76% (84/
111) had stage III/IV disease. Cell of origin (COO) revealed
germinal center B cell in 57% (63/111), activated B cell type in
41% (45/111), and 27% (19/70) had double/triple hit lympho-
ma. Specific toxicity of CAR-T cell therapy was CRS in 58% (64/
111), with grade ≥3 in 22% (24/111), neurological toxicity in
21% (23/111), with grade ≥3 in 12% (13/111), and FN in 21%
(23/111), with grade ≥3 in 14% (16/111). There was no therapy-
related death observed. Best ORR was 52% (58/111; 95% CI,
41–62) with 40% (44/111) CR and 12% (13/111) PR. Those
patients who had obtained CR at 3 months were also more likely
to remain in remission at 6 months. Median duration of response
was not reached. For patients achieving a CR, 12-month relapse-
free survival rate was 79% with an OS of 95%. The OS



Table 1

Study Details

Name of Trial JULIET ZUMA-1 TRANSCEND001 “FULL” TRANSCEND001 “CORE”

CAR-T product CTL019 Tisagenlecleucel KTE-C19 Axicabtagene
ciloleucel

JCAR017 Lisocabtagene
maraleucel

JCAR017 Lisocabtagene
maraleucel

Patient characteristics
Disease entity DLBCL DLBCL, tFL, PMBCL DLBCL, tFL, PMBCL DLBL, tFL
Enrolled/infused, n 165/111 111/101 134/102 n.r./73
Prior lines of CHT (n), median, range 3 (1–8) 3 (1–7) 3 (1–8) 3 (2–8)
Pre-ASCT, % 49 21 37 38
Bridging therapy Allowed Not allowed Allowed Allowed
Lymphodepleting CHT, mg/m2 per day Flu 25/Cy 250

day 1–3
Flu 30/Cy 500

day 1–3
Flu 30/Cy 300

day 1–3
Flu 30/Cy 300

day 1–3
Toxicity
CRS, all/grade ≥3, % 58/22 93/13 38/1 37/1
Neurotoxicity, all/grade ≥3, % 21/12 64/28 23/13 25/15
Neutropenia± fever, all/grade ≥3, % 21/14 35/31 n.r. n.r.
Tocilizumab, % 15 43 17 n.r.

Response
ORR, % 52 82 75 80
CR, % 40 54 55 59
3 months ORR, % 59 82 51 59
12 months PFS, % 65 73 n.r. n.r.
12 months OS, % 49 51–65 n.r. n.r.

ASCT= autologous stem cell transplantation, CAR-T= chimeric antigen receptor T cell, CHT= chemotherapy, CR=complete response, CRS= cytokine release syndrome, Cy=Cyclophosphamide, DLBCL=
diffuse large B cell lymphoma, Flu= Fludarabine, n.r.=not reported, ORR= overall response rate, OS= overall survival, PFS= progression-free survival, PMBCL=primary mediastinal B cell lymphoma, tFL=
transformed follicular lymphoma.
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probability at 12-month for all infused patients was 49%. In 54%
(13/24) of patients with PR, a conversion in CR during follow-up
was observed, including 2 patients 9 to 12 months after initial
response assessment. Interestingly there was no significant
difference in ORR across different prognostic subgroups
including prior ASCT, double/triple hit, or COO.15,16

A third CD19-directed CAR-T cell product, not yet approved,
is currently investigated in the JCAR017-TRANSCEND trial
study (CTN02631044) using lisocabtagene maraleucel (incorpo-
rating a 4-1BB costimulatory domain). It differentiates itself from
the above-described products by being manufactured with a
defined composition of CD4 and CD8 cells in a precise 1:1 ratio.
For this study, patients with r/r DLBCL, high-grade B cell
lymphoma (double/triple hit), PMBCL, follicular lymphoma 3B
(FL3B), or mantle cell lymphoma were eligible and multiple dose
levels (DLs) and administration schedules were evaluated. In the
dose-finding cohorts, different DL of CAR-T cells were used: At
DL1, 5�107 CAR-T cells (DL1), a single dose administered on
day 1, or day 1 and day 14 were infused, whereas at DL2, a single
dose of 1�108 CAR-T cells was given. DL2 was chosen for
further pivotal DLBCL cohort.17 Additionally, data were
summarized in 2 datasets: the nonpivotal FULL dataset including
all 102 patients in the DLBCL cohort (DLBCL NOS [not
otherwise specified; de novo or transformed FL], PMBCL, FL3B)
and the CORE dataset including 73 patients meeting inclusion
criteria for the pivotal cohort with DLBCL NOS (de novo or
transformed FL) and high-grade B cell lymphoma (double/triple
hit). The latter cohort is described in more detail. Patients had a
median of 3 prior therapies (range, 2–8) including ASCT in 38%
(28/73). Lymphodepleting chemotherapy consisted of fludar-
abine 30mg/m2 per day and cyclophosphamide 300mg/m2 per
day (FC 30/300) on 3 consecutive days.
Specific toxicity for both DLs was CRS in 37% (27/73), with

grade ≥3 in 1% (1/73), neurological toxicity in 25% (18/73),
with grade ≥3 in 15% (11/73), FN was not reported. Two
3

patients died, one of septic shock unrelated to CAR-T cells,
occurring in the setting of disease progression and onewith diffuse
alveolar damage while neutropenic. Best ORR in all patients
(FULL), at bothDLs, was 75% (95%CI, 65–83/102)with 55%of
patients in CR (95% CI, 45–65/102) and for CORE, ORR was
80% (95% CI, 68–88/73) with 59% in CR (95% CI, 47–70/73),
respectively (Table 1). A higher rate of durable response at DL2
was observed in the CORE population, with 6-month ORR and
CR of 49% and 46% versus 42% and 33% at DL1.17
Assessment and management of AEs in CAR-T
cell therapy

CAR-T cell therapy is associated with significant acute toxicities,
which can be severe or even fatal.18 Related to targeting
malignant and normal B cells via CD19 depletion the following
side effects can be observed: CRS ranging from low-grade
symptoms to life-threatening multiorgan failure, rarely evolving
into hemophagocytic lymphohistiocytosis (HLH)/macrophage-
activation syndrome (MAS), CAR-T cell-related encephalopathy
syndrome (CRES), cytopenia, prolonged B cell aplasia, infection,
and hypo-gammaglobulinemia.
Cytokine release syndrome

One of the most important AEs of CAR-T cell therapy is the CRS,
which is a nonantigen-specific inflammatory response often in the
context of in vivo CAR-T cell expansion. The onset of CRS is
commonly seen between 1 and 12 days after infusion. Clinical
presentation may vary and typically may include unspecific
symptoms like fever, hemodynamic instability, respiratory
failure, and organ dysfunction. Besides expansion and activation
of T cells, effector/pro-inflammatory cytokine release, for
example, interleukin-6 (IL-6), INF-g, TNF-a, IL-8, IL-12, IL-
15, activation of macrophages, and endothelial factors (vWF,

http://www.hemaspherejournal.com
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ang-2) contribute to the pathomechanism. Elevation of IL-6
levels has been found to correlate with timing of peak toxicity in
CAR-T cell-treated patients and is thought to be a keymediator in
this process.21,22 Poor performance status (ECOG performance
status 2), high tumor burden leading to rapid CAR-T cell
expansion, or elevated pro-inflammatory parameters (eg,
increased C-reactive protein or IL-6 levels) before CAR-T
infusion are associated with higher risk of specific toxicity.23,24

Other reasons mimicking a CRS, for example, infections, should
be ruled out. However, distinction between CRS or infectious
complication after lymphodepletion is ambiguous and therapy
will comprise of broad-spectrum antibiotics and best supportive
care. Some mild forms of CRS with temperature ≥38°C, treated
only symptomatically with antipyretics, can be observed in
almost all patients which CRS. In case of grade ≥2 CRS
(including systolic blood pressure � 90 mm Hg and/or FiO2 ≥
40%), interventions with IV fluids ± vasopressors and noninva-
sive oxygen supply through breathing mask, resuscitator or
respirator might become necessary.
Scoring systems for CRS differ between studies and hinder to

compare trials with respect to CRS and treatment of CRS. In the
JULIET trial, theUPenn scorewas used,whereas the ZUMA-1 and
TRANSCEND 001 utilized the scoring system published by Lee
et al (Table 2).25,26Theparticular scoring systems result indifferent
recommendations of CRS-management. According to the UPenn
score, vasopressors are recommended for grade 3 CRS, in the Lee
scoring system for grade 2, respectively. In patients with moderate
to severe CRS not responding to supportive therapy, tocilizumab
an IL-6 receptor antibody, is recommended. Tocilizumab inhibits
direct binding of IL-6 or IL-6/soluble IL-6 receptor complex to cell
membranes. The inhibition of the IL-6 signaling pathway hampers
Table 2

CRS Grading Scales26,25,41

Trial UPenn Scale41

Grade 1 Mild reaction: treated with supportive care such as
antipyretics, antiemetics

Mild reaction:
indicated; in

Grade 2 Moderate reaction: signs of organ dysfunction related to
CRS and not attributable to any other condition.
Hospitalization for management of CRS-related
symptoms, including fevers associated with
neutropenia, need for IV therapies (not including fluid
resuscitation for hypotension)

Therapy or infu
responds pr
treatment (e
narcotics, IV
medications

Grade 3 More severe reaction: hospitalization required for
management of symptoms related to organ dysfunction,
including grade 4 LFTs or grade 3 creatinine related to
CRS and not attributable to any other conditions; this
excludes management of fever or myalgias; includes
hypotension treated with intravenous fluids (defined as
multiple fluid boluses for blood pressure support) or
low-dose vasopressors, coagulopathy requiring fresh
frozen plasma or cryoprecipitate or fibrinogen
concentrate, and hypoxia requiring supplemental
oxygen (nasal cannula oxygen, high-flow oxygen, CPAP,
or BiPAP). Patients admitted for management of
suspected infection due to fevers and/or neutropenia
may have grade 2 CRS

Prolonged reac
to symptom
interruption
symptoms f
hospitalizatio
sequelae (eg
infiltrates)

Grade 4 Life-threatening complications such as hypotension
requiring high-dose vasopressors, hypoxia requiring
mechanical ventilation

Life-threatening
ventilator su

BiPAP=bilevel positive airway pressure, CPAP= continuous positive airway pressure therapy, CRS= cyto
LFT= liver function test, NSAID=nonsteroidal anti-inflammatory drug.

4

the inflammatory response and reducesor eliminates the symptoms
of CRS. In contrast to corticosteroids no data exist, showing that
tocilizumab declines T cell expansion.14,27 Tocilizumab can be
given at a dose of 8mg/kg IV (max. 800mg), every 8 hours with a
maximumof 3 doseswithin 24hours and a total of 4 doses. In case
of CRS, grade≥3 or patients not responding to tocilizumabwithin
24hours, corticosteroids (methylprednisolone 1g/kg or dexameth-
asone 10mg twice daily) should be considered. In order not to
interfere with in vivo T cell expansion the use of corticosteroids is
generally not recommended as first-line therapy, albeit there is no
clear evidence that corticosteroids will have a negative impact on
PFS.14 However, as long as an impact on T cell expansion cannot
completely ruled out, corticosteroids should be considered as
second-line therapy for severe CRS.
CAR-T cell-related encephalopathy syndrome

CRES is another major complication of CAR-T cell therapy,
which can occur with or independently of CRS, mostly within 28
days after CAR-T cell infusion. The pathophysiology is less
clearly defined and the pathomechanisms not yet fully under-
stood. As CAR-T cells can cross the blood-brain barrier (BBB),
endothelial cell activation might play a role in development of
CRES and cerebral edema.28 Clinical symptoms of CRES might
vary and can range from diminished attention, confusion, word-
finding difficulties, disorientation, aphasia, somnolence, seizures,
or cerebral edema. Neurotoxicity occurs in 20% to 60% of
patients, with grade ≥3 observed in 10% to 30%. Due to the fact
that CRES is mostly reversible, only rare fatal cases have been
observed.18 CRES is associated with high CAR-T cell doses and
high blood CAR-T cell peak. As tocilizumab is not expected to
CTCAE v4.042 Lee Scale25

infusion interruption not
tervention not indicated

Symptoms are not life-threatening and require
symptomatic treatment only, eg, fever, nausea,
fatigue, headache, myalgias, malaise

sion interruption indicated but
omptly to symptomatic
g, antihistamines, NSAIDs,
fluids); prophylactic
indicated for �24 hours

Symptoms require and respond to moderate
intervention. Oxygen requirement <40% or
hypotension responsive to fluids or low-dose
pressors or grade 2 organ toxicity

tion (eg, not rapidly responsive
atic medication and/or brief
of infusion); recurrence of
ollowing initial improvement;
n indicated for clinical
, renal impairment, pulmonary

Symptoms require and respond to aggressive
intervention. Oxygen requirement ≥40% or
hypotension requiring high-dose or multiple
pressors or grade 3 organ toxicity or grade 4

consequences; pressor or
pport indicated

Life-threatening symptoms. Requirements for
ventilator support or grade 4 oxygen toxicity
(excluding transaminitis)

kine release syndrome, CTCAE=Common Terminology Criteria for Adverse Events, IV= intravenous,
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cross the BBB and could theoretically increase the amount of
circulating IL-6 in the brain, dexamethasone 10mg IV every 6
hours or methylprednisolone 1mg/kg IV every 12hours is
considered as rescue therapy of CRES in patients without signs of
CRS. If CRS and CRES are observed at the same time,
administration of anti-IL-6 receptor antibody is preferred first-
line therapy.
Consideration of neurology consults, brain imaging (computed

tomography scan or magnetic resonance imaging) to rule out
cerebral edema, lumbar puncture to rule out infection, or
malignant infiltration should be performed at presentation of
grade 2 symptoms and best supportive care as seizure
prophylaxis or treatment with anticonvulsive drugs shall be
initiated as soon as possible. A vigilant observation and close
monitoring using a neurological assessment score is strongly
recommended.18 Assessment scores have to be available for
adults and children. However, also scoring systems for CRES
vary, for example, neurotoxicity is not incorporated in the UPenn
score.26
B cell aplasia

As CAR-T therapies targeting CD19 cannot discriminate
between malignant and normal B cells, profound B cell aplasia
as on-target, off-tumor toxicity occurs. This often-prolonged AE
exposes patients to infections even late after CAR-T infusion.
Patients may require intermittent infusion of pooled immuno-
globulin as auxiliary treatment of or prophylaxis from infectious
complications.21
Hemophagocytic lymphohistiocytosis/
macrophage-activation syndrome

HLH/MAS is reported tooccur very rare afterCAR-T therapy.13,18

However, patients with HLH/MAS or CRS may have similar
clinical manifestations including high fever, multiorgan dysfunc-
tion, or central nervous system disturbances. Diagnosis of CAR-T
cell related HLH/MAS is proposed by the following features: high
ferritin levels of >10,000ng/mL during the CRS phase, grade ≥3
organ toxicities involving liver, kidney, or lung, or hemophago-
cytosis in the bone marrow or other organs according.18 Anti-IL-6
therapy and corticosteroids are recommended. In patients not
responding within 48hours, systemic etoposide or intrathecal
cytarabine to treat neurotoxicity are recommended.
Comparing axicabtagene ciloleucel,
lisocabtagene maraleucel, and
tisagenlecleucel trials

Clinical data of the 3 large phase II trials ZUMA-1, JULIET, and
TRANSCEND001 provide strong evidence of activity of CAR-T
cell products in r/r DLBCL. Observed ORR range from 52% to
82% with a CR rate of 40% to 59%, a 12-month PFS and OS
ranging from 54% to 73% and 49% to 74%, respectively.
However, comparison of data is difficult as important issues, for
example, inclusion criteria, bridging therapy, dosing of lympho-
depleting chemotherapy, construction of CAR-T cell products,
toxicity scoring, number of patients, and kind of pretreatment as
percentage of ASCT (21–49%) before CAR-T cell infusion, vary
between studies. For instance, bridging therapy was allowed in
JULIET and TRANSCEND001 but not in the ZUMA-1 trial,
most likely due to the different timespan between leukapheresis and
5

product administration, which was only a median of 17 days in the
ZUMA-1 trial. In addition, the ZUMA trial aimed to eliminate an
additive effect of chemotherapy. Despite lymphodepleting chemo-
therapy was different across the studies (ZUMA-1: FC30/500,
JULIET: FC25/250, andTRANSCEND001: FC30/300), there is no
clear evidence for increased toxicity with higher doses. Another
factor might be attributed to cell dose, ranging from approximately
2�106 (ZUMA-1), 3.1�108, to DL1 5�107 or DL2 1�108

(TRANSCEND001).16 With respect to AE management, different
scoring systems (UPenn in JULIET, Lee score in ZUMA-1 and
TRANSCEND001) were used prompting different management of
CRS. Anti-IL-6 therapy tocilizumab was given in 12% to 43% of
patients in the respective trials, according to different study
recommendations (Table 1). Lisocabtagenemaraleucel distinguishes
itself from axicabtagene ciloleucel and tisagenlecleucel by demon-
strating lower rates of severe toxicity by similar response rates.21 All
3 products use the anti-CD19-antibody single chain fragment,
whereas the costimulatory domain is CD28 in axicabtagene
ciloleucel and 4-1BB in the other 2 products. Preclinical studies
revealed an increased short-term expansion for CD28 containing
CAR-T (“sprinter”) but a longer persistence of 4-1BB containing
CAR products (“marathon runner”).13,17

FDA and EMA approved CAR-T cell products

To date, 2 CAR-T cell products are approved in United States and
Europe for patients with r/r, B-ALL, DLBCL, and PMBCL. To
minimize the risks associated with the treatment of CAR-T cells,
the manufacturers have to ensure that hospitals and their
associated centers that dispense these innovative advanced
therapy medicinal products are specially qualified in accordance
with an agreed control distribution program.
Besides the recommendations described in the EMA assessment

report and package insert, development of intern strategies for
patient selection,monitoring, detection, and adequate treatment of
side effects is urgently required. Though clear guidelines are
lacking, administration of CAR-T therapy in patients with late
stage disease, high tumor burden, and higher ECOG status (eg,
ECOG ≥ 2) should be avoided to prevent specific toxicity.
Furthermore, an appropriate trained clinical staff and a well-
established collaboration with other specialties as ICU, neurology,
pharmacy, and apheresis unit is mandatory.29

Perspective

CAR-T cell therapies have shown promising results even in
chemo-refractory lymphoma patients and provide a new option
for patients who have no adequate treatment alternatives.14–18,30

Roughly 50% to 70% of patients will be alive after 12 months of
treatment. Patients showing CR at 3 months have an 80% to
90% probability of remaining in response, and up to 40% of
patients with a PR can improve to a CR.However, not all patients
respond to CAR-T cells. Tumor escape mechanisms as loss of
epitope (eg, CD19 negative relapses) have been observed in ALL
and lymphoma and more recently, specific mutations in patients
with ALL relapsing after CAR-T cells were described.31–33 In
addition, it has been shown that upregulation of programmed
death-1 (PD-1) within the tumor microenvironment inhibits
CAR-T cell function. These findings suggest that PD-1/PD-
ligand-1 (PD-L1) blockade may have a beneficial influence on the
efficacy of CAR-T cells.34

For those patients not achieving a CR (eg, remaining in PR or
progressive disease), the live expectancy is <1 year. Therefore,
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effective strategies for improving the potency of CAR-T cells by
combination with other agents targeting the immune system are
currently under investigation. The phase Ib PORTIA study
(NCT03630159) evaluates the efficacy of tisagenlecleucel in
combination with pembrolizumab (anti-PD-1) in r/r DLBCL and
the phase I to II ZUMA-6 study (NCT02926833) evaluates
axicabtagene ciloleucel in combination with atezolizumab (anti-
PD-L1) in refractory DLBCL.
Targeting other epitopes other CD19 might also improve

outcome after CAR-T cell application. As an example, patients
with ALL who relapse after CD19-targeted CAR-T cell associated
by antigen loss or mutation, can successfully be treated with CAR-
T cells targeting CD22.35 Studies evaluating the safety and efficacy
of T cells transduced with bivalent lentiviral vector (CD19/CD22.
BB.z) expressing CD19/CD22 are currently conducted in
patients with selected r/r B cell malignancies (NCT03289455,
NCT03233854, NCT03448393).
Further development of second-generation CARs with 1

costimulatory domain resulted in third-generation CARs who
harbor 2 costimulatory domains and fourth-generation CAR-T
secreting immunomodulatory molecules (TRUCKS: T cells
redirected for universal cytokine killing), mostly pro-inflamma-
tory cytokines.36,37 First clinical studies using TRUCKS are
already ongoing (NCT02498912).
In addition, the role of CAR-T cell therapies as substitute for

autologous—or even allogeneic—transplantation by enabling
this treatment for patients in first relapse or with primary
refractory disease should be explored. The results of the SEAL
study supporting that PFS could serve as surrogate end point for
OS and that this end point may expedite therapeutic development
with the intent of bringing novel therapies to this patient
population earlier.8 A couple of randomized phase III studies
have recently been activated, comparing CD19 CAR-T cells with
standard of care second-line therapy (ASCT) in patients with r/r
DLBCL (NCT03391466, NCT03570892, NCT03575351).
Limitation of autologous CAR-T therapies are failure to

manufacture CAR-T products in certain patients (eg, insufficient
T cell collection and/or transduction) and the timespan between
leukapheresis and availability of the engineered product in which
patients’ clinical situation can deteriorate. An exceptional
approach is the development of allogeneic CAR-T cells, which
could be available as an “off-the-shelf” product in the future.
Small cohorts of patients receiving donor derived CD19-CAR T
cells for relapsed hematologic malignancies following allogeneic
HCT have been published. In one study where patients did not
receive prior lymphodepleting therapy, only 3 of 10 patients
responded. None developed graft-versus-host-disease (GVHD).38

More recently, preliminary results of a phase I study of allogeneic
CD19-directed CAR-T cells (UCART19) in 6 pediatric patients
with r/r B-ALL has been reported. In this trial patients received
genetically modified CAR-T cell products manufactured from
healthy donor cells, in which TRAC and CD52 genes have been
disrupted to allow administration in non-HLA matched patients.
Besides CRS in all patients (1 hade grade 3), 1 patient experienced
acute GVHD grade I of the skin. Five of six patients responded,
but 2 of them relapsed 3 months after CAR T therapy.39 Further
studies are needed to evaluate the safety and efficacy of this
approach. Allogeneic CAR-T products may help to reduce
specific costs and enable quick access for patients in need, as
disease progression can be observed in the waiting for autologous
cell products. Specific gene editing may help to prevent a GVHD
induced by allogeneic CAR-T products
6

We recently published practical considerations for the
implementation of CAR-T cell therapies in Europe which
remains an actual topic as 2 approved products have already
entered the clinic.40 However, additional trials testing other
targets, more than 1 target, combinations with other drugs, and
earlier application of CAR-T cells are currently performed. CAR-
T cells have demonstrated significant clinical benefit in all studies
published so far. Although AEs such as CRS, neurological
toxicity, and B cell aplasia are common, the majority of events are
manageable when treated by an appropriately trained multidis-
ciplinary team.
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