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Chimeric Antigen Receptor (CAR) T-Cell Therapy
CAR T-cell therapy uses the patient’s own immune cells to personalize cancer immunotherapy.

What Is CAR T-Cell Therapy?
CAR T-cell therapy is a cancer treatment that uses a patient’s own im-
mune system cells, called T cells, after these cells have been modified
to better recognize and kill the patient’s cancer. The T cells are engi-
neered in the laboratory and then expanded to large numbers and in-
fusedbackintothepatient.Thistypeoftreatmenttransfersanimmune
system into the patient that is capable of immediately killing the can-
cer. CAR stands for chimeric antigen receptor, which represents the ge-
netically engineered portion of the T cell. The CAR part of the T cell con-
tains proteins that allow the T cells to recognize the specific cancer cells
as well as become highly activated to kill the cancer cells.

Once in the body, the CAR T cells can further grow to large num-
bers, persist for long periods of time, and provide ongoing tumor con-
trol and possible protection against recurrence.

How Are CAR T Cells Made for Each Individual Patient
and Administered?
The first step is to collect the patient’s T cells from their blood using
an outpatient procedure known as leukapheresis. These T cells are
shipped to the laboratory for modification and manufacturing. The
CAR-containing T cells are then returned for reinfusion into the pa-
tient. This process takes about 2 weeks. During the time that the cells
are being developed, the patient will typically receive specific che-
motherapy that can help prepare the immune system to support the
CAR T cells once they are given back to the patient.

Possible Adverse Effects of CAR T-Cell Therapy
CAR T cells are administered in the hospital, where the patient can
be monitored closely. Patients receiving CAR T-cell therapy typi-
cally develop temporarily low blood cell counts from the treat-
ment, with fatigue, risk of infection, and need for transfusion sup-
port. Some patients may also have some of their normal immune
cells, called B cells, destroyed as bystanders of the treatment, caus-
ing a condition called B-cell aplasia. Because B cells normally make
antibodies to protect people from infections, people with B-cell apla-
sia need to have antibodies periodically given by vein.

In addition, there are 2 significant adverse effects that can occur
after CAR T-cell therapy, both potentially serious: cytokine release syn-
drome (CRS) and neurologic complications. Patients with CRS typically
develop a fever, rash, headache, and changes in blood pressure. The
symptoms of neurologic toxic effects range from headaches to con-
fusion, delirium, and seizures. Though the onset of the symptoms can
occur within minutes or hours, they can be seen days to weeks later.
The adverse effects are usually reversible, but rare cases of long-term
symptoms have been noted. The possible long-term adverse effects

may include cardiac dysfunction, bleeding, and kidney and/or liver
failure. The management of severe CRS or neurotoxic effects may in-
volve the use of specific drugs to reverse these symptoms.

Current Role
CAR T-cell therapy has received preliminary approval for treatment
of children and young adults with a specific form of leukemia that
has not been cured with initial chemotherapy treatment. It is being
studied in many other cancer treatment settings and may become
more widely used based on the results of ongoing clinical research.
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Chimeric Antigen Receptor (CAR) T-Cell Therapy

1 T cells are collected
from the patient’s blood.

2 In the laboratory,
the chimeric antigen
receptor (CAR) is added
to the patient’s T cells.
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CAR T cells 
recognize the 
patient’s cancer cells.

CAR T cells kill 
the patient’s 
cancer cells.

CAR T cells multiply.
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3 The CAR T cells 
are infused 
into the patient.

FOR MORE INFORMATION

• https://www.cancer.gov/about-cancer/treatment
/research/car-t-cells

• https://www.lls.org/treatment/types-of-treatment
/immunotherapy/chimeric-antigen-receptor-car-t-cell-therapy
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The 5th edition of the World Health Organization Classification of 
Haematolymphoid Tumours: Lymphoid Neoplasms 

Table 1. continued

WHO Classification, 5th edition WHO Classification, revised 4th edition

Cutaneous follicle centre lymphoma

Primary cutaneous follicle centre lymphoma (Same)

Mantle cell lymphoma

In situ mantle cell neoplasm In situ mantle cell neoplasia

Mantle cell lymphoma (Same)

Leukaemic non-nodal mantle cell lymphoma (Same)

Transformations of indolent B-cell lymphomas

Transformations of indolent B-cell lymphomas Not previously included

Large B-cell lymphomas

Diffuse large B-cell lymphoma, NOS (Same)

T-cell/histiocyte-rich large B-cell lymphoma (Same)

Diffuse large B-cell lymphoma/ high grade B-cell lymphoma
with MYC and BCL2 rearrangements

High-grade B-cell lymphoma with MYC and BCL2 and/or BCL6 rearrangements

ALK-positive large B-cell lymphoma (Same)

Large B-cell lymphoma with IRF4 rearrangement (Same)

High-grade B-cell lymphoma with 11q aberrations Burkitt-like lymphoma with 11q aberration

Lymphomatoid granulomatosis (Same)

EBV-positive diffuse large B-cell lymphoma EBV-positive diffuse large B-cell lymphoma, NOS

Diffuse large B-cell lymphoma associated with chronic
inflammation

(Same)

Fibrin-associated large B-cell lymphoma Not previously included (Previously considered a subtype of diffuse large B-cell
lymphoma associated with chronic inflammation)

Fluid overload-associated large B-cell lymphoma Not previously included

Plasmablastic lymphoma (Same)

Primary large B-cell lymphoma of immune-privileged sites Not previously included, encompassing primary diffuse large B-cell lymphoma of
the CNS in revised 4th edition (plus primary large B-cell lymphoma of the
vitreoretina and primary large B-cell lymphoma of the testis)

Primary cutaneous diffuse large B-cell lymphoma, leg type (Same)

Intravascular large B-cell lymphoma (Same)

Primary mediastinal large B-cell lymphoma (Same)

Mediastinal grey zone lymphoma B-cell lymphoma, unclassifiable, with features intermediate between DLBCL and
classic Hodgkin lymphoma

High-grade B-cell lymphoma, NOS (Same)

Burkitt lymphoma

Burkitt lymphoma (Same)

KSHV/HHV8-associated B-cell lymphoid proliferations and
lymphomas

Primary effusion lymphoma (Same)

KSHV/HHV8-positive diffuse large B-cell lymphoma HHV8-positive diffuse large B-cell lymphoma, NOS

KSHV/HHV8-positive germinotropic lymphoproliferative
disorder

HHV8-positive germinotropic lymphoproliferative disorder

Lymphoid proliferations and lymphomas associated with
immune deficiency and dysregulation

Hyperplasias arising in immune deficiency/dysregulation Not previously included, encompassing non-destructive post-transplant
lymphoproliferative disorders, among others

Polymorphic lymphoproliferative disorders arising in immune
deficiency/dysregulation

Not previously included, encompassing polymorphic posttransplant
lymphoproliferative disorders, other iatrogenic immunodeficiency-associated
lymphoproliferative disorders, among others

EBV-positive mucocutaneous ulcer (Same)

Lymphomas arising in immune deficiency / dysregulation Not previously included, encompassing monomorphic posttransplant
lymphoproliferative disorders, classic Hodgkin lymphoma posttransplant
lymphoproliferative disorders, lymphomas associated with HIV infection,
among others

Inborn error of immunity-associated lymphoid proliferations
and lymphomas

Lymphoproliferative diseases associated with primary immune disorders

R. Alaggio et al.

4

Leukemia

4th edition

Alaggio R, et al. Leukemia. 22 June 2022. doi.org/10.1038/s41375-022-01620-2.



DLBCL: mainstay treatment

• R-CHOP is the current standard-of-care for DLBCL-NOS
70-80% cure rate in GCB and 40% in ABC subtype

Articles

www.thelancet.com/oncology   Vol 12   October 2011 1015

Methods of assessment were physical examination, 
relevant laboratory tests (as those done for staging), CT 
of the chest and abdomen, bone-marrow biopsy in case of 
previous involvement by lymphoma, and the control 
of all other previous pathological fi ndings by adequate 
investigational procedures. 

Follow-up evaluation was done by the referring physician 
every 3 months in the fi rst 2 years after treatment, and every 
6 months thereafter by use of physical examination, 
relevant laboratory tests (same as those done for staging), 
and CT of the chest and abdomen. CT scans were not 
mandatory after 5 years of follow-up and data for patients 
without CT scans were not censored. No functional 
imaging (gallium or PET) was used to defi ne response. 
Complete remission and unconfi rmed complete remission 
were defi ned according to the International Workshop 
criteria7 and were defi ned as progression if they lasted less 
than 3 months. Furthermore, we planned a subgroup 
analysis to assess CHOP-21 chemotherapy compared with 
that of CHOEP-21 (CHOP plus etoposide). 

Statistical analysis
We aimed to identify a diff erence of 10% in 3-year event-
free survival with a two-sided signifi cance level of 5% and 
a power of 80%, requiring 820 patients. Interim analysis 
was planned after 100 events had been recorded according 
to an α-spending approach, where α used at the point of 
interim analysis depends on the amount of information 
already accumulated.

Main analyses were by intention to treat. Response and 
progression during treatment were analysed by use of 
Fisher’s exact test. Event-free, progression-free, and 
overall survival were measured from the date of 
randomisation and relapse-free survival from the date 
of complete remission or unconfi rmed complete 
remission and were estimated according to Kaplan-Meier. 
Kaplan-Meier estimates at 6 years, with 95% CI, were 
calculated for the probability of a patient not having an 
event in the endpoints of event-free survival, progression-
free survival, and overall survival. Multi variable analyses 
were done by use of Cox proportional-hazard models to 
estimate hazard ratios (HRs) for having an event. 
Sensitivity analyses (ie, per-protocol analyses) of the 
primary and secondary endpoints were done to assess 
the robustness of the results. Diff erences between groups 
were regarded as signifi cant for p values less than 0·05. 
For subgroup analyses of event-free, progression-free, 
and overall survival, interaction terms were included and 
tested in the Cox proportional-hazard models. Interaction 
terms were treatment group and IPI, treatment group 
and bulky disease, IPI and bulk, IPI and chemotherapy 
regimen, and bulk and chemo therapy regimen. Statistical 
analyses of effi  cacy were done with SAS version 9.1.3; 
safety analyses were done with SAS version 8.2.

The MInT trial was registered at ClinicalTrials.gov, 
number NCT00064116. This observational follow-up 
study is also registered, number NCT00400907.

Role of the funding source
Roche had no role in the study design, in the collection, 
analysis, or interpretation of the data, or in the writing of 
the report. The corresponding author had full access to 
all data in the study and had fi nal responsibility to submit 
for publication. 

Results
Between May 16, 2000, and Oct 22, 2003, 824 patients 
were enrolled at 172 participating institutions from 
18 countries, of whom 411 were randomly assigned to 
receive chemotherapy alone and 413 to receive chemo-
therapy plus rituximab. Informed consent was not 
available from one patient assigned to the chemotherapy-
only group, leaving 823 patients for evaluation. Figure 1 
shows the trial profi le; baseline characteristics of patients 
are shown in the webappendix pp 2–3. 

After a median follow-up of 72 months (range 0·03–119), 
6-year event-free survival was 55·8% (95% CI 50·4–60·9; 
166 events) for patients assigned to chemotherapy alone 
and 74·3% (69·3–78·6; 98 events) for those assigned to 
chemotherapy plus rituximab (diff erence between groups 
18·5%, 11·5–25·4; log-rank p<0·0001; fi gure 2). 6-year 
progression-free survival was signifi cantly lower for the 
chemotherapy-alone group (63·9%, 95% CI 58·4–68·9) 

Figure 2: Event-free (A), progression-free (B), relapse-free (C), and overall survival (D) of 823 patients 
assigned to six cycles of CHOP-like chemotherapy (CHEMO) or the same chemotherapy plus six applications 
of rituximab (R-CHEMO) 
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MInT2

3 years of follow-up (90% in the CHOP arm and 83% in the
R-CHOP arm), 12 (6%) during years 4 and 5 (5% in the CHOP arm
and 8% in the R-CHOP arm), and 14 (7%) after 5 years (5% in the
CHOP arm and 10% in the R-CHOP arm). Ten-year PFS was
20.1% (95% confidence interval [CI]: 14.6-26.2) in the CHOP arm
and 36.5% (95% CI: 29.7-43.3) in the R-CHOP arm. Progression-
free survival is depicted in Figure 1. PFS according to aaIPI score is
presented in supplemental Figure 1 (available on the Blood Web
site; see the Supplemental Materials link at the top of the online
article).

Two hundred fifty-two patients died, 140 (71.1%) in the CHOP
arm and 112 (55.4%) in the R-CHOP arm. Causes of death in the
CHOP and R-CHOP arms were lymphoma progression (68% and
56%, respectively), treatment toxicity (11% and 13%, respectively;
only 2% in each arm due to infection), another cancer (9% in both
arms), other diseases (11% and 21%, respectively) or unknown
causes (1 and 3 patients, respectively). More patients died from
causes unrelated to lymphoma or its treatment in the R-CHOP arm
but no pattern emerged, as most of the underlying conditions
related to the deaths were present before the diagnosis of DLBCL.
Most of the causes were cardiovascular diseases, 10 in the CHOP
arm and 16 in the R-CHOP arm. Ten-year OS was 27.6% (95% CI:
21.4-34.3) in patients treated with CHOP and 43.5% (95% CI:
36.4-5.4) in patients treated with R-CHOP. The OS is depicted in
Figure 2. OS according to aaIPI score is presented in supplemental
Figure 2.

For the assessment of disease-free survival, only patients with
CR or CRu were included in the analysis: 10-year DFS was 42.6%
(95% CI: 33.6-51.4) in the CHOP arm and 64.3% (95% CI:
55.4-71.9) in the R-CHOP arm. DFS is shown in Figure 3.

The prognosis for survival after disease progression is poor for
most patients, regardless of the type of progressive disease. The
median OS after progression was 0.6 and 0.7 months for the CHOP
and R-CHOP arms, respectively. However, some patients re-
sponded well to salvage therapy and had a relatively long survival
period after progression: the 5- and 10-year survival after progres-
sion were 14.6% and 10.5% in the CHOP arm, compared with
25.0% and 8.6% in the R-CHOP arm, respectively (Figure 4).

No standard salvage therapy was recommended in the study
protocol; this was determined at the discretion of the investigator.
Rituximab-containing salvage treatment regimens were not admin-
istered for early disease progressions, as the drug was not available
in Europe outside the clinical trial setting during this time.
However, most of the late relapses (those occurring after 2002)
were treated with rituximab-containing chemotherapy. Overall, the
number of patients exhibiting late disease progression was low, but
there was a trend toward a better outcome for those patients treated
with R-CHOP compared with those treated with CHOP alone
(Table 2). The median age at time of progression was 72 years and
did not influence the response to salvage therapy. In a multivariate
analysis of parameters associated with long term survival after
progression, only low aaIPI score (0 or 1) and long duration of PFS
(longer than 1 year) were statistically found to be associated with a
longer survival after progression (P ! .001 in both cases). No
difference was observed between the 2 arms (rituximab or not in
first line).

Forty-three patients (10.8%) developed another cancer after
entering the study, 22 in the CHOP arm and 21 in the R-CHOP arm.
Twenty-eight of these patients died, 16 in the CHOP arm, with
death being secondary to the second cancer in 12 patients, and 12 in

Figure 1. Progression-free survival in patients treated with
CHOP and R-CHOP. Median progression-free survival (PFS) was
1.2 years (95% CI: .9-1.8) in the cyclophosphamide, doxorubicin,
vincristine, and prednisone (CHOP) arm and 4.8 years (95% CI:
2.7-7.6) in the CHOP plus rituximab (R-CHOP) arm (P ! .0001).

Figure 2. Overall survival in patients treated with CHOP and
R-CHOP. Median overall survival (OS) was 3.5 years (95% CI:
2.2-5.5) in the CHOP arm and 8.4 years (95% CI: 5.4-not
reached) in the R-CHOP arm (P ! .0001).
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Relapse/refractory DLBCL

• Nearly 40% will be refractory to or relapse after initial treatment
• Although patient can be cured with 2L, most patients die from their 

disease
• Patients experience treatment failure within first 2 years with 

outcomes correlated with timing of progression or relapse
• 10-15% exhibit primary refractory disease, typically defined as 

incomplete response or relapse within 3-6 mo, have poor outcomes



Salvage therapies options for young/fit patients

•When achievable, HD therapy followed by ASCT remains 
the standard of care for r/r DLBCL under the age of 65–70 y 
without major comorbidities
• A non-cross resistant salvage regimen is used to assess 

chemotherapy sensitivity before proceeding to ASCT
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tation had relapses. There was no significant difference
in the proportion with relapses between the subgroup
of patients who had received radiotherapy of the in-
volved field (22 patients, 8 with relapses) and the sub-
group who had not received radiotherapy (33 patients,
18 with relapses; P

 

!

 

0.19). Relapses occurred at the pri-
mary site of the disease at the time of the first relapse
in 4 of the 22 patients who underwent irradiation and
in 12 of the 33 who did not (P

 

!

 

0.15).
In the conventional-treatment group, 45 patients had

relapses, also with no statistical difference between those
who received radiotherapy of the involved field (12 pa-
tients, 10 with relapses) and those who did not (42 pa-
tients, 35 with relapses; P

 

!

 

0.66). Relapses occurred at
the primary site of disease at the time of the first re-
lapse in 5 of the 12 patients who underwent irradiation
and in 26 of the 42 who did not (P

 

!

 

0.21).

 

Transplantation in the Conventional-Treatment Group

 

Among the 45 patients in the conventional-treat-
ment group who had relapses, 24 did not have at least
a partial response to reinduction therapy, and 3 did not
undergo autologous bone marrow transplantation, de-
spite a previous response to a rescue protocol. Eight-
een of the 45 patients who had relapses with progres-
sive disease subsequently were treated with a high-dose
regimen of chemotherapy and bone marrow transplan-
tation, as allowed in the protocol. Sixteen of these 18 pa-
tients underwent induction chemotherapy according to
a conventional rescue protocol (MIME [mitoguazone,
ifosfamide, methotrexate, and etoposide] in 7, and other
treatments in 9). The conditioning regimen was BEAC
in eight patients, cyclophosphamide and total-body ir-
radiation in five, and other treatments in five (data
not shown). Fourteen of the 18 died, and 2 survived
with relapses; only 2 were alive and free of disease 333
and 1911 days after autologous bone marrow trans-
plantation.

 

D

 

ISCUSSION

 

This study demonstrates a significantly higher sur-
vival rate after high-dose chemotherapy and autologous

bone marrow transplantation than after conventional
chemotherapy in adults with relapses of chemotherapy-
sensitive, intermediate- or high-grade non-Hodgkin’s
lymphoma. Since we selected patients who were opti-
mally suited for chemotherapy, the result in the conven-
tional-treatment group is disappointing. Furthermore,
11 of the 20 patients still alive at the time of the analy-
sis had progressive disease. These results are similar to
those reported by Bosly et al. in a nonrandomized, ret-
rospective study.

 

8

 

 
One patient had a relapse 26 months after undergo-

ing autologous bone marrow transplantation. On re-
view the tumor was found to be a small lymphocytic fol-
licular lymphoma, at the time of both this relapse and
the initial relapse, not an intermediate-grade, diffuse,
mixed-cell type, as originally diagnosed. The patient
died 53 months after the transplantation.

 

16

 

 In another
patient, who had a relapse at 66 months, the disease
was diagnosed after a review of the slides (performed
by Dr. D.D. Weisenburger, Omaha, Nebr.) as diffuse,
large-cell non-Hodgkin’s lymphoma at the time of the
initial diagnosis and the first and second relapses. This
patient survived.

The prognosis is poor for patients with intermediate-
or high-grade non-Hodgkin’s lymphoma who have a
relapse after a complete remission, regardless of wheth-
er any further treatment is given.

 

6,17-19

 

 The most impor-
tant prognostic factor is the duration of the remission.

 

17

 

Second complete remissions do occur, however, after
further treatment with combination chemotherapy at
standard doses, and 10 percent of patients survive for
long periods.

 

17,20-22

 

 Cures with high-dose chemotherapy
and autologous bone marrow transplantation were first
reported by Appelbaum et al.

 

23

 

; this approach, howev-
er, is restricted to a minority of patients in relapse,
since it cannot be used in patients who are elderly (i.e.,
older than 60 to 65 years).

 

17

 

 
We believe that patients with chemotherapy-sensitive

lymphomas in relapse are most likely to have good re-
sults with additional chemotherapy.

 

2,3

 

 In our study we
selected the patients most likely to benefit from either

 

Figure 1. Kaplan–Meier Curves for Event-free Survival of Patients
in the Transplantation and Conventional-Treatment Groups.

The data are based on an intention-to-treat analysis. Tick marks
represent censored data.
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Figure 2. Kaplan–Meier Curves for Overall Survival of Patients
in the Transplantation and Conventional-Treatment Groups.

The data are based on an intention-to-treat analysis. Tick marks
represent censored data.
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AUTOLOGOUS BONE MARROW TRANSPLANTATION AS COMPARED WITH SALVAGE 
CHEMOTHERAPY IN RELAPSES OF CHEMOTHERAPY-SENSITIVE NON-HODGKIN’S 

LYMPHOMA
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Abstract

 

Background.

 

High-dose chemotherapy fol-
lowed by autologous bone marrow transplantation is a
therapeutic option for patients with chemotherapy-sensi-
tive non-Hodgkin’s lymphoma who have relapses. In this
report we describe a prospective randomized study of
such treatment.

 

Methods.

 

A total of 215 patients with relapses of non-
Hodgkin’s lymphoma were treated between July 1987
and June 1994. All patients received two courses of con-
ventional chemotherapy. The 109 patients who had a re-
sponse to chemotherapy were randomly assigned to re-
ceive four courses of chemotherapy plus radiotherapy
(54 patients) or radiotherapy plus intensive chemothera-
py and autologous bone marrow transplantation (55 pa-
tients).

 

Results.

 

The overall rate of response to conventional
chemotherapy was 58 percent; among patients with re-
lapses after chemotherapy, the response rate was 64
percent, and among those with relapses during chemo-

therapy, the response rate was 21 percent. There were
three deaths from toxic effects among the patients in
the transplantation group, and none among those in the
group receiving chemotherapy without transplantation.
The two groups did not differ in terms of prognostic
factors. The median follow-up time was 63 months. The
response rate was 84 percent after bone marrow trans-
plantation and 44 percent after chemotherapy without
transplantation. At five years, the rate of event-free sur-
vival was 46 percent in the transplantation group and 12
percent in the group receiving chemotherapy without
transplantation (P

 

!

 

0.001), and the rate of overall surviv-
al was 53 and 32 percent, respectively (P

 

!

 

0.038).

 

Conclusions.

 

As compared with conventional chemo-
therapy, treatment with high-dose chemotherapy and au-
tologous bone marrow transplantation increases event-free
and overall survival in patients with chemotherapy-sensi-
tive non-Hodgkin’s lymphoma in relapse. (N Engl J Med
1995;333:1540-5.)
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I

 

T is generally agreed that patients with intermediate-
or high-grade non-Hodgkin’s lymphoma who have

a relapse after initial therapy have a poor prognosis.

 

1,2

 

A retrospective study in 1984 from France and England
showed a clear relation between the responsiveness of
the lymphoma to treatment and the outcome.

 

3

 

 In 1987,
the combination of high-dose chemotherapy and autol-
ogous bone marrow transplantation in patients with
non-Hodgkin’s lymphoma in relapse was considered
promising but experimental and appropriate for use
only at research centers.

 

1

 

 The value of that treatment
remains an open question, because conventional sal-
vage treatment without autologous bone marrow trans-
plantation can induce lengthy remissions; long-term
survival after a relapse has been reported with at least
five different chemotherapy regimens.

 

4-8

 

In a preliminary study, our group (the Parma Group,
formed in 1986 during a meeting in Parma, Italy) found

that salvage chemotherapy followed by radiotherapy of
the involved field, high-dose chemotherapy, and autol-
ogous bone marrow transplantation induced prolonged,
but unmaintained, remissions in 40 percent of patients
who had treatment-sensitive lymphomas in relapse. The
death rate from toxic effects among these patients was
only 10 percent.

 

9

 

 We now report the results of a pro-
spective randomized trial of this treatment.

 

10

 

M

 

ETHODS

 

Patients

 

We enrolled a total of 215 patients with non-Hodgkin’s lymphoma
of intermediate grade (163 patients) or high grade (52 patients) in re-
lapse. The patients were 18 to 60 years old at the time of the first re-
lapse (188 patients) or the second relapse (27 patients). The patients
were enrolled between July 1987 and June 1994 at 51 participating
centers (see the Appendix).

To be eligible for enrollment, patients had to have received previ-
ous treatment with a doxorubicin-containing regimen.

 

10

 

 All patients
had a complete response to an initial induction regimen, with the re-
sponse maintained for at least four weeks. Relapses during and after
therapy were defined by the investigators at the participating centers.
Patients with central nervous system or bone marrow involvement at
the time of the relapse were excluded. Informed consent was obtained
from each patient according to the Parma protocol and the rules of
each participating center and country.

All patients were given dexamethasone, cisplatin, and cytarabine
(DHAP).

 

5 

 

After one course of DHAP, bone marrow was harvested
(except in 41 patients with clearly progressive disease) while the pa-
tients were under general anesthesia. The bone marrow was frozen,

 

9

 

unless marrow had been stored previously (in the case of 24 patients).
Bone marrow–biopsy specimens obtained at the time of harvesting
were normal in all patients. None of the patients received hematopoi-
etic growth factors before the bone marrow was harvested. Peripher-
al-blood stem cells were not collected. A second course of DHAP was
given beginning on day 1 after the harvesting. Twenty days later, the
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Philip et al. N Engl J Med. 1995;333:1540-1545. 
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5y EFS 46% vs 12%

Phase III, intermediate – high risk NHL, 215 patients, 18-60 y, 51 centers



Prospective studies in transplant-eligible r/r DLBCL

ASCT eligible Regimen, N ORR ASCT rate PFS/OS

Sieniawski et al1 R-DHAP, 19 63% 68% 2y PFS 57%, OS 77%

Kewalramani et al2 R-ICE, 36 53% 69% 2y PFS 54%, OS 67% (ASCT)

Vellenga et al3 
(80% DLBCL)

DHAP-VIM-DHAP, 112
R-DHAP-VIM-DHAP, 113

54%
75% (all)

46%
63%

2y PFS 31%, OS 52%
2y PFS 52%, OS 59%

Gisselbrecht et al4

CORAL
R-ICE, 202

R-DHAP, 194
63.5%
62.8%

50%
54%

2y PFS 31%, OS 47%
2y PFS 42%, OS 51%

Crump et al5

NCIC CTG LY.12
GDP ± R, 310

DHAP ± R, 309 
44%
45%

52.1%
49.3%

HR 0.99 PFS
HR 1.03 OS

Van Imhoff et al6

ORCHAARD
R-DHAP, 225

Ofa-DHAP, 222
42%
38%

33%
37%

2y PFS 26%, OS 38%
2y PFS 24%, OS 41%

1Sieniawaki M, et al. Ann Hematol 2007;86(2):107–15. 2Kewalramani T, et al. Blood 2004;103(10):3684–8.  3Vellenga E, et al. Blood 2008;111(2):537–43. 
4Gisselbrecht C, et al. J Clin Oncol 2010;28(27):4184–90. 5Crump M, et al. J Clin Oncol 2014;32(31):3490–6. 6van Imhoff GW, et al. J Clin Oncol 2017;35(5):544–51. 



Outcomes of ASCT

636

85.7.1  HSC Source

PBSC is used in >90% of auto-HSCT.

85.7.2  Consolidation (High-Dose 
Therapy)

Consolidation (high-dose therapy) should elimi-
nate malignant cells with minimal impact on 
organ systems other than hematopoiesis. The 
choice of the preparative regimen varies and is 
based on institutional experience rather than evi-
dence. The BEAM regimen typically consisting 
of BCNU (300 mg/m2 × 1, day-6), VP (200 mg/
m2, days -5 to -2), Ara-C (200 mg/m2 bid, days -5 
to -2), and MEL (140 mg/kg/day ×1, days -1) is 
the preferred regimen in EBMT centers.

Acute toxicities of BEAM include severe 
mucositis, nausea and vomiting, diarrhea, hepa-
totoxicity, nephrotoxicity, and non-infective pul-
monary complications. Late toxicities include 
pulmonary complications such as chronic inter-
stitial fibrosis and decrease in lung diffusion 
capacity (21%), infection (30%), metabolic syn-
drome (17%), cardiovascular complications 
(12%), secondary tumors (20%), and other tox-
icities (20%). The most frequent cause of NRM is 
subsequent malignancy (12-fold increased risk 
compared with the general population). Late 
death is also attributed to cardiac toxicity (2%), 
pulmonary complications (2%), and other 
treatment- related toxicities (15%).

Other high-dose regimens have been used 
sometimes because of shortage of MEL or 
BCNU.  Recent publications suggest that the 
BEAC (CY) and TEAM (TT) regimens show 
efficacy and toxicity similar to BEAM in most if 

not all lymphoma subtypes (Robinson et al. 2018; 
Sellner et al. 2016).

85.7.3  Prognostic Factors

Adverse prognostic factors for auto-HSCT iden-
tified in prospective studies include early relapse 
within 12  months of induction therapy, prior 
exposure to R, secondary age-adjusted IPI, poor 
performance status, and involvement of two or 
more extranodal sites at relapse.

85.7.4  Results of Auto-HSCTa

NRM OS at 3 years EFS at 3 years
Gisselbrecht 
et al. (2012)

1.4% 51% (DHAP) 35% (DHAP)

Crump et al. 
(2014)

NR 39% (both 
arms)

26% (both 
arms)

aResults from prospective randomized studies. Differences 
in OS and EFS may be explained by differing patient 
characteristics and study design

85.7.5  Consolidation Treatment After 
Auto-HSCT

There are no data and no recommendation for con-
solidative therapy after auto-HSCT for DLBCL. In 
the CORAL study Gisselbrecht et al. (2012), RTX 
maintenance did not improve outcome.

85.7.6  Tandem Transplantation

No data from the RTX era are available.

85.7.7  Relapse After Auto-HSCT

Patients relapsing after auto-HSCT generally have 
a poor prognosis. Therapeutic options are limited. 
Data on new drugs specifically used post auto-
HSCT are not available. Results of allo- HSCT 
after failure of auto-HSCT are reported below. 
CAR T cells may be a therapeutic option; how-
ever, no more than anecdotal data are available.

Table 85.3 Indications for auto-HSCT in DLBCL

Disease status Recommendations
First complete remission Clinical option

Level of evidence I
Sensitive relapse/> 2nd complete 
response

Standard of care
Level of evidence I

Refractory disease Clinical option
Level of evidence 
II

N. Schmitz et al.
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Fig. 85.2 Long-term outcomes of auto- and allo-HSCT in patients with R/R DLBCL (EBMT data base, with 
permission)

selection of patients (e.g., including PET 
imaging for patient selection), and 
improved salvage strategies results.

• Allo-HSCT is the only curative treatment 
option for patients with refractory disease 
and those relapsing after auto- 
HSCT.  Patients with early relapse (< 12 
months after first-line treatment) should 

be considered for allo-HSCT. Conditioning 
should be guided by the individual clinical 
situation. Haploidentical transplants may 
substitute for unrelated donor transplants 
in the near future. New drugs have not 
really changed the treatment algorithm for 
DLBCL. The role of CAR T cells is under 
study.

85 Diffuse Large B-Cell Lymphoma

Schmitz N, et al. EBMT Handbook 2019: 633-641.



CORAL study: phase III

R-DHAP; rituximab, dexamethasone, high-dose cytarabine, cisplatin
R-ICE; rituximab, ifosfamide, carboplatin, etoposide

relevant institutional review boards or ethics committees, and all patients gave
written informed consent.

The study was registered under Europen Union Drug Regulating Au-
thorities Clinical Trials (EudraCT) No. 2004-002103-32 and ClinicalTrials.gov
NCT 00137995. Four hundred patients were enrolled between July 2003 and
September 2007 for part 1 of the study. On an intent-to-treat basis, 396
patients were randomly assigned (202 patients to the R-ICE arm and 194
patients to the R-DHAP arm), and 388 patients were actually treated (Fig 1).
Patient characteristics are listed in Table 1. No significant differences between
the two arms were observed. Histology was reviewed by local hematopatholo-
gists attached to the participating centers. In addition, an international central
review was performed in 289 (73%) of 396 patients. Only 13 patients did not
have DLBCL; three patients had grade 3 follicular lymphoma, six patients had
grade 2 follicular lymphoma, two patients had T-cell lymphoma, and two
patients had Hodgkin’s lymphoma. Only four patients were CD20!, and
CD20 status was not documented in 13 patients. All of the patients were
included in an intent-to-treat analysis and received the protocol arm.

Study Design and Treatment
This study was a phase III multicenter randomized trial designed to

compare the efficacy of R-ICE and R-DHAP in patients with previously treated
DLBCL followed by ASCT with or without rituximab maintenance therapy
(Fig 2). There were two random assignments, the first for salvage therapy and
the second for maintenance treatment. The efficacy of the two salvage regi-
mens is the subject of this report.

Patients were stratified according to participating country, prior ritux-
imab treatment, and relapse occurring less than or more than 12 months after
diagnosis. Every 3 weeks, patients were given three cycles of chemotherapy,
followed by ASCT. In both regimens, rituximab (375 mg/m2) was adminis-
tered before chemotherapy, and in the first course, additional rituximab was

given on day !1. The R-ICE13 regimen consisted of etoposide (100 mg/m2 per
day) on days 1 through 3, ifosfamide (5,000 mg/m2) infused continuously for
24 hours on day 2 with mesna; and carboplatin (area under the curve " 5;
maximum dose, 800 mg) on day 2. The R-DHAP regimen14 consisted of
cisplatin (100 mg/m2) on day 1 via continuous 24-hour infusion, followed on
day 2 by cytarabine (2 g/m2) in a 3-hour infusion repeated after 12 hours, and
dexamethasone (40 mg/d) for 4 consecutive days. Granulocyte colony-
stimulating factor was administered after R-ICE and, depending on site policy,
with R-DHAP, but always after the third cycle until the end of leukaphereses.

Leukaphereses were performed after the third or second course of salvage
therapy to obtain a target of 2,000,000 CD34# hematopoietic stem cells per
kilogram for cryopreservation. In case of inadequate peripheral stem-cell col-
lection after the third course, patients were considered to be experiencing
treatment failure and withdrawn from the study.

Assessment of Response and Follow-Up
Response was assessed by conventional diagnostic methods, including

computed tomography scans, after the third chemotherapy course. Bone mar-
row biopsies were only repeated if abnormal before treatment.

Response was assessed using the International Working Group criteria.15

CR was defined by the disappearance of all documented disease; unconfirmed
CR (CRu) was used when a residual mass was present without evidence of

Table 1. Baseline Patient Demographics and Clinical Characteristics
(intent to treat)

Demographic or
Clinical Characteristic

No. of Patients

P
R-ICE

(n " 202)
R-DHAP

(n " 194)

Age, years
Median 54 55
Range 19-65 19-65 NS

Sex
Male 125 118
Female 77 76 NS

Ann Arbor stage
I-II 81 66
III-IV 119 121 NS

Extranodal site $ 1 55 64 NS
Bone marrow involvement 17 19 NS
Elevated LDH 104 94 NS
saaIPI at relapse

0-1 119 107
2-3 75 74 NS

Time to relapse after diagnosis, months 89 87 NS
% 12! 112 103
! 12 122 122 NS

Prior rituximab treatment
Prior first-line CHOP-like chemotherapy 171 167 NS
Intensified CHOP 28 23

Abbreviations: R-ICE, rituximab, ifosfamide, carboplatin, and etoposide;
R-DHAP, rituximab, dexamethasone, high-dose cytarabine, and cisplatin; NS,
not significant; LDH, lactate dehydrogenase; saaIPI, secondary age-adjusted
international prognostic index at relapse; CHOP, cyclophosphamide, doxoru-
bicin, vincristine, and prednisone.

!Including patients not achieving complete response after first-
line treatment.

R1

R2

ObservationRituximab
375 mgm²/8 weeks/

12 months

CR / PR

BEAM ASCT OFF

PD / SD

PBPC

R-DHAP

R-DHAP

R-DHAP

R-ICE

R-ICE

R-ICE

Clinical evaluation

Evaluation

Fig 2. Treatment protocol. R1, first random assignment; R-DHAP, rituximab,
dexamethasone, high-dose cytarabine, cisplatin; R-ICE, rituximab, ifosfamide,
carboplatin, etoposide; PBPC, peripheral-blood progenitor cells; CR, complete
response; PR, partial response; PD, progressive disease; SD, stable disease;
BEAM, carmustine, etoposide, cytarabine, melphalan; ASCT, autologous stem-
cell transplantation; R2, second random assignment.

Gisselbrecht et al
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r/r DLBCL age < 65 y

active disease. Partial response (PR) was defined as a 50% reduction of mea-
surable disease. The mobilization response rate was defined as the objective
CR and PR rates associated with the target mobilization of the peripheral stem
cells (2,000,000 CD34! hematopoietic stem cells/kg). Response was evaluated
3 months after transplantation. Follow-up procedures included a physical
examination every 3 months for the first year and every 6 months thereafter for
2 years and a complete evaluation at the end of the first year or earlier if
necessary.

ASCT
Patients who achieved a CR or PR after the third cycle of salvage treat-

ment were given carmustine, etoposide, cytarabine, and melphalan (BEAM)
high-dose chemotherapy. The BEAM regimen included carmustine (300
mg/m2) on day "6, etoposide (200 mg/m2), cytarbine (200 mg/m2) on
days "5 to "2, and melphalan (140 mg/m2) on day "1. Peripheral-blood
stem cells were reinfused on day 0, at least 24 hours after completion of BEAM.

Radiotherapy after transplantation was not allowed and was considered
to be an event. Supportive treatments were given according to standard use
in each center.

Statistical Analysis
The primary end point was the mobilization-adjusted response rate after

three cycles of chemotherapy. A higher favorable response rate was expected
for R-ICE than for R-DHAP, with fewer failed stem-cell collections. To detect
a difference of 15% in the mobilization-adjusted response rate between R-ICE,
for which this rate was 60% (75% response minus 15% mobilization failure),
and R-DHAP, with a corresponding rate of 45% (65% response minus 20%
mobilization failure) with a power of 82% and a 5% significance level, 400
patients had to be randomly assigned to the two chemotherapy arms. This
allowed the second random assignment of 240 patients, with an expected
dropout rate of 40% (Appendix, online only).

Administration of an alternative treatment was considered as an event.
EFS was defined as the time from the start of treatment to progression, relapse,
new treatment, or death (irrespective of cause), whichever event occurred first.
PFS was defined as the time from study entry until disease progression or
death. OS was defined as the time from the start of treatment to death.

The Kaplan-Meier method was used to estimate EFS, PFS, and OS, and
95% CIs were calculated.16 Cox regression analysis was used to calculate the
hazard ratio between the two arms.17 All reported P values are two-sided, and
P # .05 was considered significant. All analyses were carried out with SAS 9.1.3
software (SAS Institute, Cary, NC).

The study was designed by the Steering Committee of CORAL. The same
investigator (C.G.) checked the data for medical coherence, analyzed and
interpreted the data, and was the principal writer of this article (Appendix).

RESULTS

Response to Treatment
At diagnosis, 62% of the patients had been treated with a CHOP-

like regimen with rituximab. Before inclusion, after first-line treat-
ment, 65% of patients had achieved a first CR, 20% had achieved a PR,
4% had stable disease, and 11% had progressive disease.

After salvage chemotherapy but before transplantation, the over-
all response rate, including CR, CRu, and PR, was 63.5% (95% CI,
56.8% to 70.7%) in the R-ICE arm and 62.8% (95% CI, 55.6% to
69.7%) in the R-DHAP arm (Table 2). The factors significantly affect-
ing the overall response rate in the univariate analysis (P # .001) were
refractory disease/relapse less than 12 months after diagnosis, second-
ary IPI of 2 to 3, and prior rituximab treatment, but not the treatment
arm (Table 3). In total, 206 patients received BEAM and ASCT per
protocol, and five more patients had stable disease. The main reason
for premature withdrawal from the study was disease progression (Fig
1). Three months after transplantation and random assignment, 132

Table 2. Response After Induction Treatment (including death)
for All Patients

Response

R-ICE
(n $ 197)

R-DHAP
(n $ 191)

No. of
Patients %

No. of
Patients %

Complete response 48 24 53 28
Unconfirmed complete response 24 12 22 12
Partial response 53 27 45 24
Stable disease 23 12 22 12
Progressive disease 38 19 35 18
Death 6 3 10 5
Premature withdrawal, not evaluated 4 2 4 2
Autologous transplantation

Median CD34! cells collected,
million/kg 4.5 4.9

Collection failure # 2,000,000
CD34! cells 20 10 15 8

Mobilization-adjusted response 103 52.3 104 54.5
Consolidation with BEAM performed

per protocol 101 51 105 55

Abbreviations: R-ICE, rituximab, ifosfamide, carboplatin, and etoposide;
R-DHAP, rituximab, dexamethasone, cytarabine, and cisplatin; BEAM, car-
mustine, etoposide, cytarabine, and melphalan.

Table 3. Response Rate and Survival According to Prognostic Factors

Factor
Total No.

of Patients

Response CR/CRu/PR
3-Year Event-Free

Survival
3-Year Overall

Survival

No. of Patients % P % P % P

All patients 398 246 63 31 50
CR/CRu 148 38 51 70
Prior rituximab

No 147 122 83 # .001 47 # .001 66 # .01
Yes 244 124 51 21 40

Relapse, % 12 months 160 140 88 # .001 45 # .001 64
Refractory, # 12 months 228 106 46 20 39 # .001
saaIPI

# 2 224 160 71 # .001 40 62
% 1 146 76 52 18 # .001 32 # .001

Abbreviations: CR, complete response; CRu, unconfirmed complete response; PR, partial response; saaIPI, secondary age-adjusted International Prognostic Index.
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active disease. Partial response (PR) was defined as a 50% reduction of mea-
surable disease. The mobilization response rate was defined as the objective
CR and PR rates associated with the target mobilization of the peripheral stem
cells (2,000,000 CD34! hematopoietic stem cells/kg). Response was evaluated
3 months after transplantation. Follow-up procedures included a physical
examination every 3 months for the first year and every 6 months thereafter for
2 years and a complete evaluation at the end of the first year or earlier if
necessary.

ASCT
Patients who achieved a CR or PR after the third cycle of salvage treat-

ment were given carmustine, etoposide, cytarabine, and melphalan (BEAM)
high-dose chemotherapy. The BEAM regimen included carmustine (300
mg/m2) on day "6, etoposide (200 mg/m2), cytarbine (200 mg/m2) on
days "5 to "2, and melphalan (140 mg/m2) on day "1. Peripheral-blood
stem cells were reinfused on day 0, at least 24 hours after completion of BEAM.

Radiotherapy after transplantation was not allowed and was considered
to be an event. Supportive treatments were given according to standard use
in each center.

Statistical Analysis
The primary end point was the mobilization-adjusted response rate after

three cycles of chemotherapy. A higher favorable response rate was expected
for R-ICE than for R-DHAP, with fewer failed stem-cell collections. To detect
a difference of 15% in the mobilization-adjusted response rate between R-ICE,
for which this rate was 60% (75% response minus 15% mobilization failure),
and R-DHAP, with a corresponding rate of 45% (65% response minus 20%
mobilization failure) with a power of 82% and a 5% significance level, 400
patients had to be randomly assigned to the two chemotherapy arms. This
allowed the second random assignment of 240 patients, with an expected
dropout rate of 40% (Appendix, online only).

Administration of an alternative treatment was considered as an event.
EFS was defined as the time from the start of treatment to progression, relapse,
new treatment, or death (irrespective of cause), whichever event occurred first.
PFS was defined as the time from study entry until disease progression or
death. OS was defined as the time from the start of treatment to death.

The Kaplan-Meier method was used to estimate EFS, PFS, and OS, and
95% CIs were calculated.16 Cox regression analysis was used to calculate the
hazard ratio between the two arms.17 All reported P values are two-sided, and
P # .05 was considered significant. All analyses were carried out with SAS 9.1.3
software (SAS Institute, Cary, NC).

The study was designed by the Steering Committee of CORAL. The same
investigator (C.G.) checked the data for medical coherence, analyzed and
interpreted the data, and was the principal writer of this article (Appendix).

RESULTS

Response to Treatment
At diagnosis, 62% of the patients had been treated with a CHOP-

like regimen with rituximab. Before inclusion, after first-line treat-
ment, 65% of patients had achieved a first CR, 20% had achieved a PR,
4% had stable disease, and 11% had progressive disease.

After salvage chemotherapy but before transplantation, the over-
all response rate, including CR, CRu, and PR, was 63.5% (95% CI,
56.8% to 70.7%) in the R-ICE arm and 62.8% (95% CI, 55.6% to
69.7%) in the R-DHAP arm (Table 2). The factors significantly affect-
ing the overall response rate in the univariate analysis (P # .001) were
refractory disease/relapse less than 12 months after diagnosis, second-
ary IPI of 2 to 3, and prior rituximab treatment, but not the treatment
arm (Table 3). In total, 206 patients received BEAM and ASCT per
protocol, and five more patients had stable disease. The main reason
for premature withdrawal from the study was disease progression (Fig
1). Three months after transplantation and random assignment, 132

Table 2. Response After Induction Treatment (including death)
for All Patients

Response

R-ICE
(n $ 197)

R-DHAP
(n $ 191)

No. of
Patients %

No. of
Patients %

Complete response 48 24 53 28
Unconfirmed complete response 24 12 22 12
Partial response 53 27 45 24
Stable disease 23 12 22 12
Progressive disease 38 19 35 18
Death 6 3 10 5
Premature withdrawal, not evaluated 4 2 4 2
Autologous transplantation

Median CD34! cells collected,
million/kg 4.5 4.9

Collection failure # 2,000,000
CD34! cells 20 10 15 8

Mobilization-adjusted response 103 52.3 104 54.5
Consolidation with BEAM performed

per protocol 101 51 105 55

Abbreviations: R-ICE, rituximab, ifosfamide, carboplatin, and etoposide;
R-DHAP, rituximab, dexamethasone, cytarabine, and cisplatin; BEAM, car-
mustine, etoposide, cytarabine, and melphalan.

Table 3. Response Rate and Survival According to Prognostic Factors

Factor
Total No.

of Patients

Response CR/CRu/PR
3-Year Event-Free

Survival
3-Year Overall

Survival

No. of Patients % P % P % P

All patients 398 246 63 31 50
CR/CRu 148 38 51 70
Prior rituximab

No 147 122 83 # .001 47 # .001 66 # .01
Yes 244 124 51 21 40

Relapse, % 12 months 160 140 88 # .001 45 # .001 64
Refractory, # 12 months 228 106 46 20 39 # .001
saaIPI

# 2 224 160 71 # .001 40 62
% 1 146 76 52 18 # .001 32 # .001

Abbreviations: CR, complete response; CRu, unconfirmed complete response; PR, partial response; saaIPI, secondary age-adjusted International Prognostic Index.
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(73%) of 181 evaluable patients had CR or CRu, 24 (13%) had PR, one
had stable disease, and 17 (9%) had progressive disease.

Survival
After a median follow-up time of 27 months, the 3-year EFS rate

was 31% (95% CI, 26% to 36%) and was not significantly different
between the R-ICE and R-DHAP arms (26% and 35%, respectively;
P ! .6). Three-year PFS was 37% (95% CI, 31% to 42%), and again,
the R-ICE and R-DHAP arms were not significantly different (31%
and 42%, respectively; P ! .4). Three-year OS (Figs 3A and 3B) was
49% (95% CI, 43% to 55%), with no difference between the R-ICE
and R-DHAP arms (47% and 51%, respectively; P ! .4). For patients
who underwent ASCT, 3-year PFS was 53% (Fig 4A). There was no
difference between the numbers of patients who achieved CR and PR
just before ASCT (Fig 4B).

Three-year EFS, PFS, and OS were affected by prior rituximab
treatment, early relapse, and saaIPI (Table 3). In the Cox model, all
of these parameters remained significant (P " .001) for EFS, PFS,
and OS; prior rituximab treatment was significant at a lower level
(P ! .01). The treatment arm was not significant.

When patients were analyzed according to early relapse and prior
rituximab treatment, there was no difference in PFS, EFS, or OS for
patients with relapse more than 12 months after diagnosis (Figs 3C
and 3D). Early relapse and prior rituximab treatment (n ! 187)

defined a population with a poor response rate to the standard treat-
ment; thus, their 3-year PFS was only 23%. However, for responding
patients who underwent ASCT (n ! 68), 3-year PFS was 39%, com-
pared with 14% for patients who did not receive transplantation
(n ! 119; P " .001; Appendix Fig A1, online only). At the time of our
analysis, 92 deaths (47%) had occurred in the R-ICE arm, and 82
deaths (43%) had occurred in the R-DHAP arm, mainly as a result
of lymphoma.

Relapse and Progression
Progression or relapse was experienced by 104 patients in the

R-ICE arm and 97 patients in the R-DHAP arm, mostly at the initial
site and by half of patients during the treatment period. Various
treatmentswereadministered,includingradiotherapyandchemother-
apy, with or without transplantation (32 autotransplantations and 14
allografts; Appendix Tables A1 to A3, online only). A second CR was
experienced by 32 of 176 patients. In all, 48 patients, 24 in each
treatment arm, reported an event as a result of a new treatment
after progression.

Adverse Events
The median time between salvage cycles was 22 days for both

arms for the 230 patients who completed three cycles. Grade 3 to 4
hematologic toxicities were more severe in the R-DHAP arm than the
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ORCHAARD study: Phase III

the CORAL study,10 which investigated rituximab plus cisplatin,
cytarabine, dexamethasone (R-DHAP) compared with rituximab
plus ifosfamide, carboplatin, etoposide salvage treatment followed
by ASCT in patients with relapsed or refractory DLBCL, rituximab
in first-line treatment, duration of response to first-line therapy,
and secondary age-adjusted International Prognostic Index
(sAAIPI) score were independent parameters that significantly
affected event-free survival (EFS), progression-free survival (PFS),
and overall survival (OS). In patients who were refractory to or
who had experienced relapse , 1 year after R-CHOP, 3-year EFS
was only 21%.

Resistance to rituximab may be one reason for the impaired
effectiveness of rituximab-containing salvage therapy.11 Ofatu-
mumab, a human IgG1k anti-CD20 mAb that targets a different
epitope to rituximab, has shown efficacy in rituximab-resistant
lymphoma cell lines12,13 and, as a single agent, in rituximab-
resistant chronic lymphocytic leukemia14 as well as modest ac-
tivity in rituximab-refractory follicular lymphoma.15 Preliminary
results from a phase II study of ofatumumab combined with DHAP
or ifosfamide, carboplatin, etoposide chemotherapy showed a 55%
response rate in patients with early relapsing or refractory DLBCL
after treatment with R-CHOP.16

We compared the efficacy of ofatumumab versus rituximab in
combination with DHAP as salvage treatment, followed by HDT
and ASCT (HDT/ASCT) in patients with relapsed or refractory
DLBCL, aiming to improve response and PFS. The study was
registered with EudraCT (2009-009256-20) and ClinicalTrials.gov.

PATIENTS AND METHODS

Patients
Eligible patients were age$ 18 years and had histologically confirmed

CD201 DLBCL or follicular lymphoma grade 3b, had experienced first
relapse or were not responding to first-line R-CHOP–like treatment, and
were deemed eligible for salvage treatment and ASCT by the treating
physician. The minimum first-line treatment requirement was, for patients

who achieved response, six or more cycles of R-CHOP or three or more
cycles of R-CHOP combined with radiotherapy for initially limited stage
disease treated with curative intent; or three or more cycles of R-CHOP for
patients with stable disease (SD) during first-line treatment. A new biopsy
or fine needle aspiration to confirm CD201 DLBCL was required at entry
for patients with relapsed disease. All patients were required to have
fluorodeoxyglucose positron emission tomography (FDG-PET)–positive
measurable disease at entry and Eastern Cooperative Oncology Group
(ECOG) performance status of 0 to 2. Key exclusion criteria are reported in
the Data Supplement.

Before random assignment, patients were fully staged, including
a neck-to-pelvis diagnostic PET-computed tomography (CT) scan and
bone marrow (BM) biopsy. sAAIPI status was defined by the presence or
absence of advanced stage, elevated lactate dehydrogenase, and poor
performance status.17

The study was approved by the relevant institutional review boards
and ethics committees and all patients gave written informed consent. The
study was conducted in accordance with guidelines for Good Clinical
Practice and the Declaration of Helsinki.

Study Design
Patients were randomly assigned to receive either rituximab or ofa-

tumumab in combination with three cycles of DHAP salvage chemotherapy
(doses listed in the Data Supplement), each of 21-days length (Fig 1).
Random assignment was stratified as follows: duration of response to first-
line therapy: complete response (CR). 12months versus CR# 12months,
partial response (PR), SD, or progressive disease (PD)10; sAAIPI score of 0 to
1 versus 2 to 3; and salvage chemotherapy to be administered. Ofatumumab
or rituximab infusions were administered on days 1 and 8 of cycle 1,
followed by day 1 of cycles 2 and 3 at doses of 1,000 mg and 375 mg/m2,
respectively. VIM (etoposide, ifosfamide, methotrexate) was initially ad-
ministered as the second cycle instead of DHAP in HOVON (Dutch-Belgian
Cooperative Trial Group for Hematology Oncology) centers, as DHAP/
VIM/DHAP was the standard regimen in the previous HOVON trial.8 To
reduce treatment heterogeneity, the protocol was amended early in the study
after only 12 patients actually commenced treatment with DHAP/VIM/
DHAP; all patients were subsequently treated with DHAP.

Mobilization of stem cells was performed during cycles 2 and/or 3,
according to local policy. Collection of , 2 3 106 CD341 cells/kg from
peripheral blood was considered a mobilization failure. Patients who
achieved CR or PR after the second and third cycles of salvage therapy and
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age , 60 years significantly affected OS only. There were no sta-
tistically significant differences between the R-DHAP and O-DHAP
arms for PFS or OS in any of the aforementioned subgroups. The
Data Supplement shows PFS andOS in the subgroups of response to
first-line therapy.

Predictive Value of PET After Cycle 3
PET scan results after cycle 3 (PET3) were highly predictive for

PFS and OS in patients who experienced response to salvage treat-
ment. Patients with a PET-positive scan after cycle 3 had a 2-year PFS
of 32% and a 2-year OS of 43% compared with a 2-year PFS of 70%
and a 2-yearOS of 78% in patients with a PET-negative scan (P5.001
and .0018, respectively; Fig 4). Fewer patients who were PET
positive and who achieved response (59%) received HDT/ASCT on
protocol comparedwith patients whowere PETnegative who achieved
response (83%),mainly because of PD or investigator judgment. PET3
remained highly predictive for PFS and OS in the patient subgroup
that received HDT/ASCT on protocol (Data Supplement).

Compliance, Hematologic Recovery, and Engraftment
The proportion of patients who received , 80% of the

planned dose of anti-CD20 therapy was low in ofatumumab-
treated (6%) and rituximab-treated (4%) patients. Overall
compliance with chemotherapy was also similar between treat-
ment groups. Recovery of neutrophil and platelet counts after
cycles 1 to 3 did not differ significantly between O-DHAP– and
R-DHAP–treated patients (Data Supplement). Mobilization of
stem cells was successful for 120 (96%) of 125 O-DHAP and 121
(90%) of 134 R-DHAP patients (P 5 .074) in whom treatment
was commenced. Median times to neutrophil and platelet en-
graftment after ASCTwere similar for each treatment group (Data
Supplement).

Adverse Events
The majority of patients in both treatment groups reported at

least one grade $ 3 adverse event (AE) during the study, and the
most frequently reported were hematologic.

Table 2. Summary of Overall Response Rate and Complete Response Rate After Completion of Salvage Therapy and 3 Months After HDT/ASCT

Variable

Response After Completion of Salvage Therapy Response 3 Months After HDT/ASCT

R-DHAP (n = 223) O-DHAP (n = 222) R-DHAP (n = 83) O-DHAP (n = 74)

Response, No. (%)
CR 48 (22) 34 (15) 44 (53) 43 (58)
PR 46 (21) 50 (23) 13 (16) 10 (14)
SD 66 (30) 64 (29) 3 (4) 4 (5)
PD 34 (15) 39 (18) 12 (14) 10 (14)
Not evaluable 4 (2) 8 (4) 3 (4) 0
Missing* 25 (11) 27 (12) 8 (10) 7 (9)

Overall response rate, No. (%)
CR + PR 94 (42) 84 (38) 57 (69) 53 (72)
95% CI (35.6 to 48.9) (31.4 to 44.6) (57.6 to 78.4) (59.9 to 81.5)
Odds ratio (95% CI); P 0.84 (0.56 to 1.24); .41 1.15 (0.55 to 2.43); .82

Complete response rate, No. (%)
CR 48 (22) 34 (15) 44 (53) 43 (58)
95% CI (16.3 to 27.5) (10.8 to 20.7) (41.7 to 64.1) (46.1 to 69.5)
Odds ratio (95% CI); P 0.66 (0.39 to 1.10); .12 1.23 (0.62 to 2.43); .63

Abbreviations: ASCT, autologous stem-cell transplantation; CR, complete response; CT, computed tomography; HDT, high-dose chemotherapy; O-DHAP, ofatumumab
plus cisplatin, cytarabine, dexamethasone; PD, progressive disease; PET, positron emission tomography; PR, partial response; R-DHAP, rituximab plus cisplatin,
cytarabine, dexamethasone; SD, stable disease.
*Missing responses are largely a result of patients withdrawing from the study before any CT/PET imaging being performed.
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Fig 3. (A) Progression-free survival and
(B) overall survival. HR, hazard ratio; O-DHAP,
ofatumumab plus cisplatin, cytarabine, dexa-
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cytarabine, dexamethasone.
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age , 60 years significantly affected OS only. There were no sta-
tistically significant differences between the R-DHAP and O-DHAP
arms for PFS or OS in any of the aforementioned subgroups. The
Data Supplement shows PFS andOS in the subgroups of response to
first-line therapy.

Predictive Value of PET After Cycle 3
PET scan results after cycle 3 (PET3) were highly predictive for

PFS and OS in patients who experienced response to salvage treat-
ment. Patients with a PET-positive scan after cycle 3 had a 2-year PFS
of 32% and a 2-year OS of 43% compared with a 2-year PFS of 70%
and a 2-yearOS of 78% in patients with a PET-negative scan (P5.001
and .0018, respectively; Fig 4). Fewer patients who were PET
positive and who achieved response (59%) received HDT/ASCT on
protocol comparedwith patients whowere PETnegative who achieved
response (83%),mainly because of PD or investigator judgment. PET3
remained highly predictive for PFS and OS in the patient subgroup
that received HDT/ASCT on protocol (Data Supplement).

Compliance, Hematologic Recovery, and Engraftment
The proportion of patients who received , 80% of the

planned dose of anti-CD20 therapy was low in ofatumumab-
treated (6%) and rituximab-treated (4%) patients. Overall
compliance with chemotherapy was also similar between treat-
ment groups. Recovery of neutrophil and platelet counts after
cycles 1 to 3 did not differ significantly between O-DHAP– and
R-DHAP–treated patients (Data Supplement). Mobilization of
stem cells was successful for 120 (96%) of 125 O-DHAP and 121
(90%) of 134 R-DHAP patients (P 5 .074) in whom treatment
was commenced. Median times to neutrophil and platelet en-
graftment after ASCTwere similar for each treatment group (Data
Supplement).

Adverse Events
The majority of patients in both treatment groups reported at

least one grade $ 3 adverse event (AE) during the study, and the
most frequently reported were hematologic.

Table 2. Summary of Overall Response Rate and Complete Response Rate After Completion of Salvage Therapy and 3 Months After HDT/ASCT

Variable

Response After Completion of Salvage Therapy Response 3 Months After HDT/ASCT

R-DHAP (n = 223) O-DHAP (n = 222) R-DHAP (n = 83) O-DHAP (n = 74)

Response, No. (%)
CR 48 (22) 34 (15) 44 (53) 43 (58)
PR 46 (21) 50 (23) 13 (16) 10 (14)
SD 66 (30) 64 (29) 3 (4) 4 (5)
PD 34 (15) 39 (18) 12 (14) 10 (14)
Not evaluable 4 (2) 8 (4) 3 (4) 0
Missing* 25 (11) 27 (12) 8 (10) 7 (9)

Overall response rate, No. (%)
CR + PR 94 (42) 84 (38) 57 (69) 53 (72)
95% CI (35.6 to 48.9) (31.4 to 44.6) (57.6 to 78.4) (59.9 to 81.5)
Odds ratio (95% CI); P 0.84 (0.56 to 1.24); .41 1.15 (0.55 to 2.43); .82

Complete response rate, No. (%)
CR 48 (22) 34 (15) 44 (53) 43 (58)
95% CI (16.3 to 27.5) (10.8 to 20.7) (41.7 to 64.1) (46.1 to 69.5)
Odds ratio (95% CI); P 0.66 (0.39 to 1.10); .12 1.23 (0.62 to 2.43); .63

Abbreviations: ASCT, autologous stem-cell transplantation; CR, complete response; CT, computed tomography; HDT, high-dose chemotherapy; O-DHAP, ofatumumab
plus cisplatin, cytarabine, dexamethasone; PD, progressive disease; PET, positron emission tomography; PR, partial response; R-DHAP, rituximab plus cisplatin,
cytarabine, dexamethasone; SD, stable disease.
*Missing responses are largely a result of patients withdrawing from the study before any CT/PET imaging being performed.
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Fig 3. (A) Progression-free survival and
(B) overall survival. HR, hazard ratio; O-DHAP,
ofatumumab plus cisplatin, cytarabine, dexa-
methasone; R-DHAP, rituximab plus cisplatin,
cytarabine, dexamethasone.
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Grade 4 thrombocytopenia (35% O-DHAP, 35% R-DHAP)
and neutropenia (22% O-DHAP, 26% R-DHAP) occurred at
a similar rate of incidence in both arms. A total of 233 patients
(52%) had one or more serious AE (SAE) during the study. In-
cidence of SAEs was similar between treatment arms. The most
frequently reported SAE was febrile neutropenia (13%), followed
by acute renal failure (5%), thrombocytopenia (5%), and vomiting
(5%). Fatal SAEs were infrequent (6%) during the study and were
mainly related to infectious complications and reported in a similar
proportion of patients in both treatment groups. Among AEs of
any grade, rash (22% v 9%, respectively) and raised serum cre-
atinine (23% v 16%, respectively) were increased in the O-DHAP
versus R-DHAP arm.

Dose Interruption, Delay, Attenuation, and
Discontinuation

The most frequently reported AE that led to dose interruption
or delay was neutropenia (7%), which was reported at a similar
incidence in both treatment groups.

Dose interruption or delay of either anti-CD20 therapy or
chemotherapy as a result of an AE was observed in 49% of patients
in the O-DHAP group compared with 30% in the R-DHAP group.
This difference was primarily because of a higher incidence of rash,
urticaria, infusion-related reactions, and pruritus during the first
ofatumumab infusion, which caused the infusion to be temporarily
interrupted (Data Supplement). The majority of these infusion

reactions were grades 1 to 2. In most cases, infusions were restarted
and completed; only three patients received an incomplete infusion
of ofatumumab.

The rate of AEs that led to permanent discontinuation of study
treatment (16% of patients) was similar between treatment groups,
with the most frequently reported being renal toxicity (8%).
Cisplatin dose reduction occurred in 13% of patients, mostly as
a result of renal events.

DISCUSSION

No difference in efficacy between ofatumumab and rituximab was
found when combined with DHAP as salvage treatment in patients
with DLBCL who had experienced failure of first-line R-CHOP–
like treatment in this study. Response to salvage therapy, a pre-
requisite for the success of HDT/ASCT, was achieved in 40% of
patients, and 35% of patients were able to proceed to HDT/ASCT.
Ultimately, 2-year PFS was 26% for rituximab plus chemotherapy,
which was comparable with the 23% 3-year PFS for rituximab-
pretreated patients of the CORAL study.10

Characteristics of patients who enrolled in our study are
representative of the typical patients who are encountered in daily
practice who have experienced failure of first-line R-CHOP
treatment and are deemed eligible for ASCT. No upper age limit
was defined, which resulted in a slightly higher median age

Table 3. PFS and OS According to Prognostic Factors

Prognostic Factor

PFS OS

HR (95% CI) P HR (95% CI) P

Response to first-line therapy
CR . 12 months v CR # 12 months, PR, SD, or PD 0.32 (0.24 to 0.44) , .0001 0.40 (0.29 to 0.55) , .0001

sAAIPI score
0-1 v 2-3 0.66 (0.52 to 0.84) .0006 0.39 (0.31 to 0.50) , .0001

Age
, 60 years v $ 60 years 0.92 (0.72 to 1.17) .49 0.70 (0.54 to 0.89) .0043

Abbreviations: CR, complete response; HR, hazard ratio; OS, overall survival; PD, progressive disease; PFS, progression-free survival; PR, partial response; sAAIPI,
secondary age-altered International Prognostic Index; SD, stable disease.
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Fig 4. (A) Progression-free survival
and (B) overall survival in responding
patients according to positron emission
tomography (PET) status after cycle 3.
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CAR-T cell for large B-cell lymphoma
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T-Cell−Based Therapies for 
B-Cell Lymphomas:  
A Summary Resource

Mechanism of Action and Molecular Targets

• CAR T-cell therapy consists of T-cells genetically modified to express a T-cell receptor targeting a specific antigen 
expressed on malignant cells1

 − Upon binding to the target antigen, the CAR T-cell activates and kills the target cell

 − As of May 2022, all FDA-approved CAR T-cell therapies for patients with lymphomas use modified autologous T-cells, 
although therapies are under investigation using allogeneic T-cells2-5
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• Tabelecleucel is an off-the-shelf allogeneic T-cell immunotherapy that consists of EBV-specific T-cells created by  
co-culturing transformed donor EBV−antigen presenting cells with donor T-cells to select for and expand EBV-directed 
cytotoxic T-cells 

 − EBV-directed T-cells, with diverse HLA profiles intended to cover 95% of patients, are ready in advance of patient need 
and are individually selected for each patient based on appropriate HLA restriction and allele profile

Indications and Recommendations for Use of T-Cell Therapy in B-cell Lymphomas

• The autologous CAR T-cell therapies currently approved for lymphomas (as of May 2022) target cancer cells  
expressing CD19

• The investigational allogeneic T-cell therapy tabelecleucel targets cancer cells positive for Epstein-Barr virus (EBV)
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contributes to the efficacy of the procedure. Moreover, using a
combination of fludarabine and cyclophosphamide (Flu/Cy)
regimen is beneficial in multiple tumors; however, this

combination is required for optimization in certain types of
cancer and attenuation of the exerted toxicities of these agents.
Although the benefits of lymphodepletion are undeniable, there

FIGURE 2 | Clinical production of CAR T-cells. The peripheral blood is withdrawn from the patient (autologous) or it can be obtained from the peripheral blood of a
healthy donor (mononuclear cells), induced pluripotent stem cells (iPSC), or umbilical cord blood (allogeneic). The targeted T-cells are obtained by leukapheresis. Then,
the T cells are separated and purified from other leukocytes using anti-CD3/CD28-coated beads; this process is followed by activation of the cells. Then, the genetic
material encoding chimeric receptors is introduced into the T-cells via several known methods (such as mRNA transfection), viral vectors (e.g., lentivirus), or
sleeping beauty (SB) transposons. The engineered T-cells expressing CARs are then expanded in a bioreactor. The patient receives chemotherapy for decreasing white
cells blood count; after 48–96 h, the CAR T-cells are reinfused into the patient, followed by close monitoring for a few days to observe any adverse effects.

FIGURE 3 |CAR T-cell action: (A)CAR T-cells recognition of targeted antigen. (B)Chimeric antigen receptor binding to tumor-antigen. (C) Initiation of the antitumor
(cytolytic) effects where the activated T-cells downstream the killing signaling by secreting granzymes and perforins, pro-inflammatory cytokines due to immune cell
invasion, as well as initiating the expression of TRAIL and FasL pathways.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org June 2022 | Volume 10 | Article 7974406

Alnefaie et al. CAR-T Cell Therapy for Cancer

Clinical production of CAR-T cells

Alnefaie A, et al. Front Bioeng Biotechnol. 2022 Jun 22;10:797440. doi: 10.3389/fbioe.2022.797440.



n engl j med 379;1 nejm.org July 5, 2018 65
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Figure 1. Chimeric Antigen Receptor (CAR) T Cells Engrafting, Trafficking to Tumor, and Proliferating Extensively after Infusion.

After infusion, CAR T cells leave the blood and travel to sites of tumor, where they identify and kill tumor cells. This can trigger extensive 
proliferation of CAR T cells and the release of tumor antigens, which activates the immune system to recruit non–CAR T cells, thus elic-
iting further antitumor responses in a process known as cross priming.

CAR T cell

CAR T cell

Endogenous
T cell

Tumor cells

Death of cancer cell
and antigen release

T cells are primed
and activated

Recognition
of tumor cell

CAR T cells are infused
into bloodstream

CAR T cells make their way 
toward tumor cells

Cells undergo
extensive proliferation

Neoantigens

TUMOR CELL

CAR T CELL

BLOOD VESSEL

Antigen-presenting
cell

The New England Journal of Medicine 
Downloaded from nejm.org at NAGOYA UNIVERSITY on July 23, 2018. For personal use only. No other uses without permission. 

 Copyright © 2018 Massachusetts Medical Society. All rights reserved. 

June CH, et al. N Engl J Med. 2018;379:64-73.

Mechanisms 
of action



CAR-T cell toxicity

within the tumorwasalsoobserved in some treated
subjects, further illustrating the need to targetmul-
tiple antigens to prevent antigen escape (30).
The tumor microenvironment presents addi-

tional barriers to the successful application of ACT,
especially in solid tumors.Well-describedpathways
that inhibit T cell immunitywithin tumors include
immune checkpoints (e.g., expression of PD-L1, a
ligand for the programmed death 1 receptor),
alterations in the tumor metabolic environment
(e.g., hypoxia or expression of indolamine-1-oxidase
and arginase), regulatory T cells, and suppressive
myeloid cells (31). Many of these immunologic and
metabolic checkpoints increase in tumors after
ACT, suggesting adaptive resistance (30). Clinical
trials that combine PD-1/PD-L1–blocking anti-
bodies with CD19-specific CAR T cell therapies
are underway (e.g., NCT02926833,NCT02650999,
and NCT02706405; clinicaltrials.gov). In addition
to combinations with other checkpoint inhibitors,
alternative approaches to disrupting these sup-
pressive pathways, such as switch receptors or
gene editing, are also under study (32).

Toxicities with CAR Tcell therapy

Although somedegree of immune stimulation and
inflammationwas expectedwith T cell activation
after ACT, severe cytokine release syndrome (CRS)
has been observed with CD19-specific, BCMA-
specific, and CD22-specific CAR T cells (Fig. 2).
This syndrome can be more severe than the
influenza-like syndrome commonly observed
with TIL- and TCR-based therapies (33). The
severity of the CAR T cell–associated CRS cor-
relates with tumor burden (14, 34). In the most
severe form, CRS shares many features with
hemophagocytic lymphohistiocytosis andmacro-
phage activation syndrome (35).
Although CRS was an expected toxicity with

T cell immunotherapy, unexpected neurologic
complications ranging in severity from mild to

life-threatening have also been reported across
different clinical studies with CD19- and BCMA-
specific CAR T cells. The neurologic toxicities
described with CD19-specific CAR T cells have
been largely reversible (Box 1). It is not known
whether the cerebral edema resulting from CAR
T cell therapy is an extrememanifestation of CRS
or whether there is a separate mechanism of
action. In support of the latter, there is evidence
for endothelial injury, perhaps related to inflam-
matory cytokines, contributing to the onset of
neurotoxicity (36). The mechanisms underlying
T cell immunotherapy–mediated CRS and cere-
bral edemaare poorly understood, in part because
the field lacks informative animalmodels to study
these important toxicities.

Improving engineered T cells through
cellular engineering

The strength of binding between a ligand and its
receptor (affinity) is a fundamental biophysical
parameter affecting the outcome ofmost receptor
signaling. Characterizing the affinity of a single
TCR for its cognate peptide presented within
MHC (pMHC) is complex. In the most simplistic
form, thebinding reactionbetweenTCRandpMHC
can be represented by the equation

TCR þ pMHC⇌
kon

koff
TCR:pMHC

However, there is considerable debate regard-
ing whether the equilibrium binding constant
(KD = kon/koff, where kon and koff are the associa-
tion and dissociation rates, respectively) or the
dissociation half-life (t1/2 = 0.693/koff) is the most
important parameter affecting the outcome of
TCR signaling. Using surface plasmon resonance
measurements of TCR affinity, the apparent KD

values of most functional TCRs for pMHC range
from 1 to 100 mM (37). The role of TCR affinity

may be especially relevant to tumor-associated
cancer-testis antigens, which are nonmutated
self-antigens to which some degree of tolerance
likely exists, unlike for foreign antigens (38).
Similar to TCRs, affinity engineering may also

be applicable in CAR design to increase the anti-
tumor potency of CAR T cells and modulate on-
target, off-tumor toxicity. ERBB2/HER2 encodes
a cell surface receptor implicated in the patho-
genesis of numerous epithelial malignancies (39).
Varying the affinity of aCARagainst ERBB2/HER2
increases the discrimination between low antigen
density, such as that found on healthy epithelial
cells, and higher antigen load on tumor cells
(40). However, identifying the optimal affinity
is not straightforward, as evidenced by improved
antitumor activity (but with the emergence of
severe neurotoxicity) associated with enhanced
binding of a GD2-specific CAR in a preclinical
model (28). Beyond affinity, substantial effort has
been expended to evaluate the impacts of CAR
ectodomain structure, transmembrane domain,
and signaling (41), which all can affect CAR func-
tion. Unfortunately, few standards have been
defined, and CAR design remains largely empiric.
In many cases, the functional consequences are
also not fully apparent in preclinical experiments,
further complicating the CAR design process.

Universal CAR Tcells

Although ACT evolved from allogeneic bone mar-
row transplantation, ACT strategies have focused
onautologousT cells owing to the inherent barriers
imposed by theMHC. A return to allogeneic donor
or “universal” T cells could provide considerable
advantages over autologous T cells if the MHC
barriers could be eliminated.Universal CART cells
derived from healthy donors have the potential
to overcome the many immune defects associ-
atedwith cancer treatment. In addition, the use
of universal CAR T cell therapies might provide
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Fig. 2. CAR Tcell therapy is
associated with cytokine
release syndrome and neuro-
toxicity. Cytokine release syn-
drome has occurred with CAR
Tcells targeting CD19 or BCMA.
When the CAR T cell engages
surrogate antigens, it releases a
variety of cytokines and che-
mokines. Macrophages and
other cells of the innate
immune system also become
activated and contribute to the
release of soluble mediators.
CAR T cells are routinely
observed in cerebral spinal
fluid, and the cytokines may
increase permeability to soluble
mediators and permit increased
trafficking of CAR T cells and
other lymphocytes to central
nervous system parenchyma.
IFN, interferon; AST, aspartate
aminotransferase; ALT, alanine
aminotransferase.
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Currently, most clinical applications of CAR T cells 
are for patients with poor-risk malignant disease, and 
within the field of haemato-oncology, most patients 
have been treated with CD19-directed CAR T cells 
(CD19CAR T cells), which are therefore the focus of 
this Review. However, it should be noted that similar 
toxicities to those described here have been observed 
in multiple clinical indications for a wide range of CAR 
T cell specificities. Rapid progress is underway in the 
development of genetically modified immune cells for 
non-malignant indications such as autoimmune diseases 
and solid organ transplant tolerance. In these cases, the 
risk–benefit balance is less favourable for potentially 
toxic therapies, requiring improved management of 
toxicities or lower toxicity profiles of the immunothera-
peutic interventions. As a result, it is important to better 

understand the clinical features and pathophysiological 
mechanisms of CRS and ICANS. Here, we discuss what 
is known so far and address how this might impact the 
development of novel therapeutics for the prevention 
and/or management of these toxicities. A greater under-
standing of CRS and ICANS also has wider relevance to 
other systemic, cytokine-mediated inflammatory dis-
eases, such as septic shock, macrophage activation syn-
drome (BOX 1), neuroinflammatory disease and infection 
with emerging pathogens such as SARS-CoV-2 (BOX 2), 
as well as to other therapeutic interventions such as 
the potential role of IL-1 blockade in cancer immuno-
therapy (BOX 3). As detailed below, our understanding 
of the pathophysiology of CRS and ICANS associated 
with CAR T cell therapy started with bedside to bench 
research but now has been further extended by detailed 
investigation in animal models.

Pathophysiology of CRS
The pathophysiology of CRS can be divided into 
five main phases. Phase 1 involves the trafficking of 
CAR T cells to the tumour site following their infu-
sion into a patient and CAR-mediated recognition of 
antigen-expressing target cells. In phase 2, there is prolif-
eration of CAR T cells at the tumour site, in situ cytokine 
production by both activated CAR T cells and cellular 
components of the tumour microenvironment, activa-
tion of ‘bystander’ endogenous immune cells, direct and 
indirect tumour cell killing, and onset of CRS. In phase 
3, there is an increase in cytokine levels and expansion 
of CAR T cell populations in the peripheral blood, which 
is associated with a systemic inflammatory response. 
This leads to endothelial injury and vascular leakage in 
multiple tissues and organs, and their associated effects 
including hypoxia, hypotension and/or organ damage. 
The diffusion of cytokines and transmigration of CAR 
T cells, endogenous T cells and peripherally activated 
monocytes into the cerebrospinal fluid (CSF) and cen-
tral nervous system (CNS) in phase 4, including break-
down of the blood–brain barrier (BBB), coincides with the 
onset of ICANS. In phase 5, activation-induced cell death 
of T cells following eradication of the tumour results in 
decreased serum cytokine levels and a reduced systemic 
inflammatory response, the end of CRS and/or ICANS 
symptoms and, potentially, the persistence of long-term 
memory CAR T cells. The relative timings for the onset 
and duration of CRS and ICANS are shown in FIG. 1.

CRS had not been anticipated from preclinical 
studies of CD19CAR T cells8,19,20 and was only recog-
nized after phase I clinical trials of CAR T cells were 
initiated4,7. Although the resulting fever and hypotension 
in patients were immediately associated with increased 
serum cytokine levels, the mechanisms underlying this 
occasional outcome, which is more common in patients 
with high tumour burden4,7,21, were initially unclear. 
It is now understood that nearly all patients treated 
with CD19CAR T cells develop some level of CRS; in 
the registration trials, up to one-third of patients with 
B cell acute lymphoblastic leukaemia developed severe 
CRS and up to one-half of patients developed ICANS22, 
although the real-world rates of CRS and ICANS may 
be lower than this. The empirical testing of different 
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Subtypes of malignancy (cancer) 
that have a poor prognosis with 
conventional therapies.
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(BBB). A network of blood 
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entering the brain.

Activation-induced cell death
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that is often the result of 
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pathways (for example, CD95–
CD95L) that are upregulated 
during immune activation.
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“Immune effector cell-associated 
neurotoxicity syndrome (ICANS)” 

Class effect AEs
• CD19CAR-T > B-cell aplasia, hypo IgG
• BCMA > Movement disorder (Parkisonism)

*Others
• Immune effector cell-associated hematotoxicity (ICAHT)
• Immune effector cell-associated HLH-like syndrome (IEC-HS)
• Infections
• Risk of second primary malignancies (myeloid/TCL)
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was 14.1 months in the European cohort, in which the median PFS was 
3 months and median OS 10.7 months18.

Liso-cel is the CD19-targeted CAR T cell product most recently 
approved as third-or-later-line therapy for LBCL, based on results 
of the pivotal phase II TRANSCEND trial3. Data from TRANSCEND 
indicate CR in 53% of patients, with median PFS and OS durations of 
6.8 months and 27.3 months, respectively, at a median follow-up dura-
tion of 19.9 months77. Given that liso-cel was approved by the FDA in July 
2022, only limited real-world data are available. However, a CIBMTR 
registry study from 2023 indicated CR in 65% of patients, with median 
PFS and OS not reached at a median follow-up duration of 7.4 months10.

Second-line therapy. The success of CD19-targeted CAR T cells as 
third-or-later-line therapy for patients with LBCL led to these agents 

being evaluated as second-line therapies4–7 (Table 3). In 2022, axi-cel 
and liso-cel received FDA approval for adult patients with R/R LBCL who 
are refractory to, and/or had disease relapse <12 months after, first-line 
chemoimmunotherapy. Data supporting this decision were provided 
by the phase III ZUMA-7 trial, in which patients with R/R LBCL within 
12 months of completion of first-line therapy received either axi-cel or 
two or three cycles of SOC platinum-containing salvage chemoimmuno-
therapy followed by high-dose chemotherapy and ASCT for those with a 
CR or a partial response (PR) in the SOC arm4. In this trial, 65% of patients 
receiving axi-cel had a CR versus 32% with SOC chemotherapy. Event-
free survival (EFS) at 24 months was 41% in the axi-cel group versus 16% 
in the SOC group, and median OS was not reached versus 31.1 months, 
respectively67. Most patients in the SOC group (56%) received sub-
sequent off-protocol cellular immunotherapy and this crossover  

Table 1 | Structure, indications and manufacturing time for CD19-targeted CAR T cell products approved for the 
treatment of LBCL

Axi-cel Tisa-cel Liso-cel

CAR structure Mouse
FMC63
scFV

CD28
hinge

CD28 TM

CD28
co-stim.

CD3z

CD28 TM

Mouse
FMC63
scFV

CD8a
hinge

CD8a TM

4-1BB
co-stim.

CD3z

CD8a TM

Mouse
FMC63
scFV

IgG4
hinge

CD28 TM

4-1BB
co-stim.

CD3z

CD28 TM

FDA-approved indications Adult patients with LBCL that is refractory 
to first-line chemoimmunotherapy or that 
has relapsed within 12 months of first-line 
chemoimmunotherapy
Adult patients with R/R LBCL after two or 
more lines of systemic therapy, including 
DLBCL not otherwise specified, primary 
mediastinal LBCL, high-grade B cell 
lymphoma, and DLBCL arising from 
follicular lymphoma

Adult patients with R/R 
LBCL after two or more 
lines of systemic therapy, 
including DLBCL not 
otherwise specified, 
high-grade B cell 
lymphoma and DLBCL 
arising from follicular 
lymphoma

Indicated for the treatment of adult patients with LBCL, 
including DLBCL not otherwise specified (including 
DLBCL arising from indolent lymphoma), high-grade 
B cell lymphoma, primary mediastinal large B cell 
lymphoma, and follicular lymphoma grade 3B, who have: 
disease refractory to first-line chemoimmunotherapy 
or disease relapse within 12 months of first-line 
chemoimmunotherapy; or disease refractory to 
first-line chemoimmunotherapy or that relapsed after 
first-line chemoimmunotherapy and who are not eligible 
for HSCT owing to comorbidities and/or age; or R/R 
disease after two or more lines of systemic therapy

Manufacturing time Median time from leukapheresis to 
infusion: 17–18 days1,8

Median time from leukapheresis to 
release in ZUMA-7: 13 days4

Median time from 
enrolment to infusion in 
JULIET: 54 days2

Median time from 
leukapheresis to infusion 
in BELINDA: 52 days6

Median time from leukapheresis to infusion: 
35.5–37 days3,5,7

Successful manufacturing 
rates in pivotal studies

99–100%1,4 93–99%2,6 99%3,7

CAR, chimeric antigen receptor; CD3z, CD3 ζ domain; co-stim., co-stimulatory domain; DLBCL, diffuse large B cell lymphoma; HSCT, haematopoietic stem cell transplantation; LBCL, large 
B cell lymphoma; R/R, relapsed and/or refractory; scFv, single-chain variable fragment; TM, transmembrane. Bock TJ, et al. Nat Rev Clin Oncol. 2025 Feb 18. doi: 10.1038/s41571-025-00992-5.

FDA-approved 
CD19CAR-T cell
For DLBCL
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BACKGROUND
In a phase 1 trial, axicabtagene ciloleucel (axi-cel), an autologous anti-CD19 chime-
ric antigen receptor (CAR) T-cell therapy, showed efficacy in patients with refractory 
large B-cell lymphoma after the failure of conventional therapy.

METHODS
In this multicenter, phase 2 trial, we enrolled 111 patients with diffuse large B-cell 
lymphoma, primary mediastinal B-cell lymphoma, or transformed follicular lympho-
ma who had refractory disease despite undergoing recommended prior therapy. Pa-
tients received a target dose of 2×106 anti-CD19 CAR T cells per kilogram of body 
weight after receiving a conditioning regimen of low-dose cyclophosphamide and 
fludarabine. The primary end point was the rate of objective response (calculated as 
the combined rates of complete response and partial response). Secondary end points 
included overall survival, safety, and biomarker assessments.

RESULTS
Among the 111 patients who were enrolled, axi-cel was successfully manufactured 
for 110 (99%) and administered to 101 (91%). The objective response rate was 82%, 
and the complete response rate was 54%.With a median follow-up of 15.4 months, 
42% of the patients continued to have a response, with 40% continuing to have a 
complete response. The overall rate of survival at 18 months was 52%. The most com-
mon adverse events of grade 3 or higher during treatment were neutropenia (in 
78% of the patients), anemia (in 43%), and thrombocytopenia (in 38%). Grade 3 
or higher cytokine release syndrome and neurologic events occurred in 13% and 
28% of the patients, respectively. Three of the patients died during treatment. Higher 
CAR T-cell levels in blood were associated with response.

CONCLUSIONS
In this multicenter study, patients with refractory large B-cell lymphoma who received 
CAR T-cell therapy with axi-cel had high levels of durable response, with a safety pro-
file that included myelosuppression, the cytokine release syndrome, and neurologic 
events. (Funded by Kite Pharma and the Leukemia and Lymphoma Society Therapy 
Acceleration Program; ZUMA-1 ClinicalTrials.gov number, NCT02348216.)

A BS TR AC T

Axicabtagene Ciloleucel CAR T-Cell Therapy 
in Refractory Large B-Cell Lymphoma

S.S. Neelapu, F.L. Locke, N.L. Bartlett, L.J. Lekakis, D.B. Miklos, C.A. Jacobson, 
I. Braunschweig, O.O. Oluwole, T. Siddiqi, Y. Lin, J.M. Timmerman, P.J. Stiff, 
J.W. Friedberg, I.W. Flinn, A. Goy, B.T. Hill, M.R. Smith, A. Deol, U. Farooq, 

P. McSweeney, J. Munoz, I. Avivi, J.E. Castro, J.R. Westin, J.C. Chavez, A. Ghobadi, 
K.V. Komanduri, R. Levy, E.D. Jacobsen, T.E. Witzig, P. Reagan, A. Bot, J. Rossi, 

L. Navale, Y. Jiang, J. Aycock, M. Elias, D. Chang, J. Wiezorek, and W.Y. Go  

Original Article

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org at Prince of Songkla University on March 7, 2025. For personal use only. 

 No other uses without permission. Copyright © 2017 Massachusetts Medical Society. All rights reserved.

n engl j med 377;26 nejm.org December 28, 20172536

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

0.60.50.40.30.20.1 0.90.80.7 1.0

Objective Response Rate

Overall
Refractory subgroup

Refractory to ≥second-line therapy
Relapse after ASCT

Age
<65 yr 
≥65 yr 

Disease stage
I or II 
III or IV 

IPI risk score
0–2 
3 or 4 

Extranodal disease
Yes 
No 

Bulky disease (≥10 cm)
Yes 
No 

Treatment history
Primary refractory disease
Refractory to two consecutive lines

CD19 status
Positive
Negative 

CD19 histologic score
≤150
>150

Cell of origin
Germinal center B-cell–like subtype
Activated B-cell–like subtype

CD4:CD8  ratio
>1
≤1

Tocilizumab use
Yes 
No 

Glucocorticoid  use
Yes
No

No. of Patients
Who Could

Be Evaluated Objective Response Rate (95% CI)Subgroup

101

78
21

77
24

15
86

53
48

70
31

17
84

26
54

74
8

26
56

49
17

47
52

43
58

27
74

No. of Patients
with Event

83

65
16

61
22

13
70

46
37

56
27

12
71

23
42

63
6

22
47

43
13

41
40

36
47

21
62

Be
st

 R
es

po
ns

e 
(%

)

100

80

90

70

60

40

30

10

50

20

0
ORR SD PD NE

DLBCL (N=77)

ORR SD PD NE

PMBCL or TFL (N=24)

ORR SD PD NE

All Patients (N=101)

Partial response

Stable disease

Disease progression

Could not be evaluated

Complete response

B Subgroup Analysis 

A Objective Response Rate

82

12
(9) 5

(4) 1
(1)

83

8
(2) 4

(1)
4

(1)

82

11
(11) 5

(5)
2

(2)

49
(38)

32
(25)

71
(17)

12
(3)

54
(55)

28
(28)

0.0

0.82 (0.73–0.89)

0.83 (0.73–0.91) 
0.76 (0.53–0.92)

0.79 (0.68–0.88)
0.92 (0.73–0.99)

0.87 (0.60–0.98)
0.81 (0.72–0.89)

0.87 (0.75–0.95)
0.77 (0.63–0.88)

0.80 (0.69–0.89)
0.87 (0.70–0.96)

0.71 (0.44–0.90)
0.85 (0.75–0.91)

0.88 (0.70–0.98)
0.78 (0.64–0.88)

0.85 (0.75–0.92)
0.75 (0.35–0.97)

0.85 (0.65–0.96)
0.84 (0.72–0.92)

0.88 (0.75–0.95)
0.76 (0.50–0.83)

0.87 (0.74–0.95)
0.77 (0.63–0.87)

0.84 (0.69–0.93)
0.81 (0.69–0.90)

0.78 (0.58–0.91)
0.84 (0.73–0.91)

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org at Prince of Songkla University on March 7, 2025. For personal use only. 

 No other uses without permission. Copyright © 2017 Massachusetts Medical Society. All rights reserved.

n engl j med 377;26 nejm.org December 28, 20172538

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

Re
sp

on
se

 (%
)

100

80

90

70

60

40

30

10

50

20

0
0 6 8 10 12 13 27

Months

B Progression-free Survival

A Duration of Response

No. at Risk
Complete response
Objective response
Partial response

63
89
26

46
48

2

7

45
47

2

1

61
82
21

2

58
67

9

3

53
56

3

4

50
53

3

5

47
49

2

45
47

2

9

41
42

1

37
38

1

11

30
31

1

19
19
0

16
16

14

12
12

15

6
6

16

6
6

17

4
4

18

3
3

19

3
3

3
3

20

3
3

21

3
3

22

1
1

23

0
0

24 25 26

Pr
og

re
ss

io
n-

fr
ee

 S
ur

vi
va

l (
%

)

100

80

90

70

60

40

30

10

50

20

0
0 6 8 10 12 13 27

Months

C Overall Survival 

No. at Risk 108 52

7

50

1

101

2

90

3

71

4

61

5

58 49

9

49 47

11

47 34 21

14

20

15

12

16

6

17

6

18

4

19

3

20

3

21

3

22

3

23

3 1 0

24 25 26

O
ve

ra
ll 

Su
rv

iv
al

 (%
)

100

80

90

70

60

40

30

10

50

20

0
0 6 8 10 12 13 27

Months

No. at Risk 108 84

7

82

1

105

2

102

3

101

4

98

5

91 78

9

74 72

11

66 63 51

14

40

15

30

16

23

17

16

18

11

19

8

20

4

21

3

22

3

23

3 2 1 0

24 25 26

Median (95% CI)

Complete Response
Objective Response

Partial Response

NR (NE–NE)  
11.1 (3.9–NE)    

1.9 (1.4–2.1) 

mo

Median (95% CI)

5.8 (3.3–NE)

mo

Median (95% CI)

NR (12.0–NE)    

mo

Objective response

Partial response

Complete response

The New England Journal of Medicine is produced by NEJM Group, a division of the Massachusetts Medical Society.
Downloaded from nejm.org at Prince of Songkla University on March 7, 2025. For personal use only. 

 No other uses without permission. Copyright © 2017 Massachusetts Medical Society. All rights reserved.

Phase II, multicenter, 101/111 pts with r/r DLBCL, PMBCL, or tFL
Received 2 x 106 cells/kg IV after LD FC regimen
ORR 82%, CR 54%, mDOR = 11.1 mo
mF/U 15.4 mo, 40% continuing CR
AEs: CRS and ICANs grade ≥3 were 13% and 28%, respectively

Neelapu SS, et al. N Eng J Med. 2017;377(26):2531–44.
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Five-year follow-up of ZUMA-1 supports the curative
potential of axicabtagene ciloleucel in refractory
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KEY PO INT S

•Axicabtagene ciloleucel
induced long-term
survival with no new
safety signals in
patients with refractory
LBCL.

•Durable responses
were associated with
expansion of chimeric
antigen receptor T cells
early after intravenous
infusion.

In phase 2 of ZUMA-1, a single-arm, multicenter, registrational trial, axicabtagene
ciloleucel (axi-cel) autologous anti-CD19 chimeric antigen receptor (CAR) T-cell therapy
demonstrated durable responses at 2 years in patients with refractory large B-cell
lymphoma (LBCL). Here, we assessed outcomes in ZUMA-1 after 5 years of follow-up.
Eligible adults received lymphodepleting chemotherapy followed by axi-cel (2 × 106

cells per kg). Investigator-assessed response, survival, safety, and pharmacokinetics were
assessed in patients who had received treatment. The objective response rate in these
101 patients was 83% (58% complete response rate); with a median follow-up of
63.1 months, responses were ongoing in 31% of patients at data cutoff. Median overall
survival (OS) was 25.8 months, and the estimated 5-year OS rate was 42.6%. Disease-
specific survival (excluding deaths unrelated to disease progression) estimated at
5 years was 51.0%. No new serious adverse events or deaths related to axi-cel were
observed after additional follow-up. Peripheral blood B cells were detectable in all

evaluable patients at 3 years with polyclonal B-cell recovery in 91% of patients. Ongoing responses at 60 months were
associated with early CAR T-cell expansion. In conclusion, this 5-year follow-up analysis of ZUMA-1 demonstrates
sustained overall and disease-specific survival, with no new safety signals in patients with refractory LBCL. Protracted
B-cell aplasia was not required for durable responses. These findings support the curative potential of axi-cel in a
subset of patients with aggressive B-cell lymphomas. This trial was registered at ClinicalTrials.gov, as #NCT02348216.

Introduction
Chimeric antigen receptor (CAR) T-cell therapies targeting
CD19 induce considerable clinical benefit and have advanced
the treatment of multiply-relapsed large B-cell lymphoma
(LBCL) since initial reports.1-3 Axicabtagene ciloleucel (axi-cel),
an autologous CAR T-cell therapy, was initially approved for
relapsed or refractory (R/R) LBCL after ≥2 lines of systemic
therapy based on the pivotal ZUMA-1 study.4,5 In ZUMA-1,

treatment with axi-cel demonstrated an 83% objective
response rate (ORR), with a 58% complete response (CR) rate.6

The safety profile of axi-cel was manageable, with serious
adverse events (AEs) mostly occurring early after infusion.1,6

After a median of 27.1 months of follow-up, 39% of patients
were in ongoing response and the median overall survival (OS)
was not yet reached.6 In a propensity analysis comparing
the ZUMA-1 study with the SCHOLAR-1 retrospective study
of non−CAR T-cell salvage regimens, compared with
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and recovery were observed in patients with ongoing response
at 60 months (supplemental Table 3).6 In an analysis of evalu-
able patients in ongoing response 3 years after infusion, 91%
(21 of 23) demonstrated polyclonal B-cell recovery and diver-
sity, measured by immunoglobulin κ (Igκ) and Ig λ, with a
median Igκ:Igλ ratio of 1.6 (supplemental Figure 5).

Discussion
This updated 5-year analysis of the pivotal cohorts in phase 2 of
ZUMA-1 demonstrates continued durability of response and
long-term survival in patients with refractory LBCL, with no new
safety signals. At 5 years, estimated OS was 43% among all
patients who had received treatment and 64% among those
achieving a CR. Importantly, the 5-year disease-specific survival
rate was 51%, supporting the curative potential of axi-cel in a
substantial proportion of patients.

The median OS of 25.8 months reported with axi-cel in refrac-
tory LBCL appeared favorable compared with other approved
noncellular therapies for DLBCL after ≥2 lines of prior therapy.
Median OS with polatuzumab vedotin in combination with
bendamustine and rituximab was 12.4 months, and median OS
with single agents selinexor and loncastuximab tesirine were
9.1 and 9.9 months, respectively16-18; however, the limited
follow-up for trials supporting these approvals and varying
patient populations make cross-trial comparisons difficult.
Consistent with current and prior observations of association
between response status at 3 months and PFS,6 patients in
ZUMA-1 who had a CR at the week-4 assessment had a shorter
DOR than those who achieved an initial CR after the week-4
assessment; however, overall, patients who achieved a CR as
best response had a durable response. Of note, 11 patients
whose disease progressed before data cutoff remained alive,
although contributions of axi-cel to their survival are unclear. It

Table 3. Deaths by year

n (%)

N = 101

Total Year 1 Year 2 Year 3 Year 4 Year 5 Year >5

Patients who died 59 (58) 40 (40) 10 (10) 4 (4) 3 (3) 1 (1) 1 (1)

Primary cause of death

Progressive disease* 45 (45) 32 (32) 9 (9) 3 (3) 0 1 (1) 0

AE† 4 (4) 3 (3) 1 (1) 0 0 0 0

Secondary malignancy 1 (1) 0 0 0 0 0 1 (1)

Other‡ 9 (9) 5 (5) 0 1 (1) 3 (3) 0 0

MDS, myelodysplastic syndrome.

*After year 2, 4 patients with DLBCL who had a best response of a CR later had progressive disease on days 99, 184, 266, and 546 after infusion, respectively. During ongoing safety
monitoring after the data cutoff, 1 event of central nervous system lesion, which was not amenable to biopsy, was reported. Treatment for presumed progressive disease for DLBCL was
initiated by the investigator.

†Two events had no causal relationship (sepsis and pulmonary embolism), and 2 events were related to axi-cel (brain injury due to cardiac arrest, and hemophagocytic lymphohistiocytosis).

‡Events included infection (n = 3), cardiac arrest (n = 2), pulmonary nocardiosis (n = 1), sepsis (n = 1), complications of allogeneic transplantation for previous treatment–related MDS not
related to axi-cel (n = 1), and unknown (n = 1).
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Figure 3. Early CAR T-cell expansion correlated with ongoing response. (A) Peak CAR T-cell levels and (B) AUC between days 0 and 28 among patients who received
treatment who had evaluable samples who had an ongoing response after axi-cel infusion, along with those who relapsed after responding and those who did not respond to
axi-cel. Ongoing response was defined as responders (CR or PR) who did not have PD or die by the data cutoff date. Four patients did not have evaluable postinfusion samples
to allow for determination for CAR T-cell peak or AUC. The median is represented by the horizontal line within each box, and the 25th and the 75th percentiles are represented
by the lower and upper borders, resepctively, of each box. AUC, area under the curve; PD, progressive disease, PR, partial response.
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and recovery were observed in patients with ongoing response
at 60 months (supplemental Table 3).6 In an analysis of evalu-
able patients in ongoing response 3 years after infusion, 91%
(21 of 23) demonstrated polyclonal B-cell recovery and diver-
sity, measured by immunoglobulin κ (Igκ) and Ig λ, with a
median Igκ:Igλ ratio of 1.6 (supplemental Figure 5).

Discussion
This updated 5-year analysis of the pivotal cohorts in phase 2 of
ZUMA-1 demonstrates continued durability of response and
long-term survival in patients with refractory LBCL, with no new
safety signals. At 5 years, estimated OS was 43% among all
patients who had received treatment and 64% among those
achieving a CR. Importantly, the 5-year disease-specific survival
rate was 51%, supporting the curative potential of axi-cel in a
substantial proportion of patients.

The median OS of 25.8 months reported with axi-cel in refrac-
tory LBCL appeared favorable compared with other approved
noncellular therapies for DLBCL after ≥2 lines of prior therapy.
Median OS with polatuzumab vedotin in combination with
bendamustine and rituximab was 12.4 months, and median OS
with single agents selinexor and loncastuximab tesirine were
9.1 and 9.9 months, respectively16-18; however, the limited
follow-up for trials supporting these approvals and varying
patient populations make cross-trial comparisons difficult.
Consistent with current and prior observations of association
between response status at 3 months and PFS,6 patients in
ZUMA-1 who had a CR at the week-4 assessment had a shorter
DOR than those who achieved an initial CR after the week-4
assessment; however, overall, patients who achieved a CR as
best response had a durable response. Of note, 11 patients
whose disease progressed before data cutoff remained alive,
although contributions of axi-cel to their survival are unclear. It

Table 3. Deaths by year

n (%)

N = 101

Total Year 1 Year 2 Year 3 Year 4 Year 5 Year >5

Patients who died 59 (58) 40 (40) 10 (10) 4 (4) 3 (3) 1 (1) 1 (1)

Primary cause of death

Progressive disease* 45 (45) 32 (32) 9 (9) 3 (3) 0 1 (1) 0

AE† 4 (4) 3 (3) 1 (1) 0 0 0 0

Secondary malignancy 1 (1) 0 0 0 0 0 1 (1)

Other‡ 9 (9) 5 (5) 0 1 (1) 3 (3) 0 0

MDS, myelodysplastic syndrome.

*After year 2, 4 patients with DLBCL who had a best response of a CR later had progressive disease on days 99, 184, 266, and 546 after infusion, respectively. During ongoing safety
monitoring after the data cutoff, 1 event of central nervous system lesion, which was not amenable to biopsy, was reported. Treatment for presumed progressive disease for DLBCL was
initiated by the investigator.

†Two events had no causal relationship (sepsis and pulmonary embolism), and 2 events were related to axi-cel (brain injury due to cardiac arrest, and hemophagocytic lymphohistiocytosis).

‡Events included infection (n = 3), cardiac arrest (n = 2), pulmonary nocardiosis (n = 1), sepsis (n = 1), complications of allogeneic transplantation for previous treatment–related MDS not
related to axi-cel (n = 1), and unknown (n = 1).
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Figure 3. Early CAR T-cell expansion correlated with ongoing response. (A) Peak CAR T-cell levels and (B) AUC between days 0 and 28 among patients who received
treatment who had evaluable samples who had an ongoing response after axi-cel infusion, along with those who relapsed after responding and those who did not respond to
axi-cel. Ongoing response was defined as responders (CR or PR) who did not have PD or die by the data cutoff date. Four patients did not have evaluable postinfusion samples
to allow for determination for CAR T-cell peak or AUC. The median is represented by the horizontal line within each box, and the 25th and the 75th percentiles are represented
by the lower and upper borders, resepctively, of each box. AUC, area under the curve; PD, progressive disease, PR, partial response.
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mPFS 4.5 mo
15 mo PFS 41%

mOS NR
18 mo PFS 52%

mFU 63.1 mo
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ABSTRACT

PURPOSE Axicabtagene ciloleucel (axi-cel) is an autologous CD19 chimeric antigen re-
ceptor (CAR) T-cell therapy that is approved for the treatment of relapsed or
refractory large B-cell lymphoma. Little is known about the long-term sur-
vivorship after CAR T-cell therapy.

METHODS Wepreviously reported the results of 298 patients whowere leukapheresedwith
the intent to receive standard-of-care axi-cel (n 5 275 infused) after two or
more previous lines of therapy at a median follow-up of 12.9 months. Here, we
report extended follow-up of this cohort to amedian of 58 months, with a focus
on late survivorship events.

RESULTS Among axi-cel–infused patients, progression-free survival at 5 years was 29%
and overall survival (OS) at 5 years was 40%. The 5-year lymphoma-specific
survival was 53%with infrequent late relapses. However, the 5-year nonrelapse
mortality (NRM) was 16.2%, with over half of NRM events occurring beyond
2 years. Patients who were 60 years and older had a lower risk of relapse
(P 5 .02), but a higher risk of NRM compared with patients younger than
60 years (NRM odds ratio, 4.5 [95% CI, 2.1 to 10.8]; P < .001). Late NRM was
mainly due to infections and subsequentmalignant neoplasms (SMNs). In total,
SMNs occurred in 24 patients (9%), including therapy-related myeloid neo-
plasms (n 5 15), solid tumors (n 5 7), and unrelated lymphoid malignancies
(n 5 2).

CONCLUSION In the standard-of-care setting, axi-cel exhibits outcomes consistent with
those reported in clinical trials, with sustained, durable responses observed at
the 5-year time point. However, late infections and the development of SMN are
key survivorship issues that reduce long-term survival after CART-cell therapy,
particularly in the elderly.

INTRODUCTION

CD19-directed chimeric antigen receptor (CAR)T-cell therapy
may generate durable remissions in patients with relapsed or
refractory (R/R) large B-cell lymphoma (LBCL). Axicabtagene
ciloleucel (axi-cel) was initially approved for the standard-
of-care treatment of R/R LBCL after two or more previous
lines of therapy on the basis of the ZUMA-1 clinical trial.1,2 The
long-term update of ZUMA-1 reported a 5-year progression-
free survival (PFS) of 32%and a 5-year overall survival (OS) of

43%.3 More recently, the ZUMA-7 randomized clinical trial
compared axi-cel with standard-of-care chemotherapy and
autologous stem-cell transplant (ASCT) in the second line for
patients who relapsed within 12 months of upfront therapy.5

ZUMA-7 met its primary end point of event-free survival
favoring axi-cel and also demonstrated an OS benefit.5,24

Currently, among CD19 CAR T-cell therapies for R/R LBCL,
axi-cel and lisocabtagene maraleucel are approved after one
or more previous lines, and tisagenlecleucel is approved after
two or more previous lines.6
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FIG 1. Five-year outcomes following standard-of-care axi-cel for R/R DLBCL after two or more previous lines of therapy. (A) PFS
and (B) OS among patients infused with axi-cel (n5 275). (C) OS among patients leukapheresed with intention to treat with axi-cel
(N 5 298). (D) PFS and (E) OS stratified by best overall response. (F) Visualization of (continued on following page)
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275 pts received SOC axi-cel after ≥ 2L therapies
mF/U 58 mo: 5-y PFS 29%, 5-y OS 40%
5-y NRM 16.2%, over half NRM occurred > 2 y
Late NRM  > infections and subsequent malignant 
neoplasms 9%; tMN, solid tumors, unrelated lymphoid malignancies
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BACKGROUND
Patients with diffuse large B-cell lymphoma that is refractory to primary and second-
line therapies or that has relapsed after stem-cell transplantation have a poor prog-
nosis. The chimeric antigen receptor (CAR) T-cell therapy tisagenlecleucel targets and 
eliminates CD19-expressing B cells and showed efficacy against B-cell lymphomas 
in a single-center, phase 2a study.
METHODS
We conducted an international, phase 2, pivotal study of centrally manufactured tisa-
genlecleucel involving adult patients with relapsed or refractory diffuse large B-cell 
lymphoma who were ineligible for or had disease progression after autologous he-
matopoietic stem-cell transplantation. The primary end point was the best overall 
response rate (i.e., the percentage of patients who had a complete or partial response), 
as judged by an independent review committee.
RESULTS
A total of 93 patients received an infusion and were included in the evaluation of ef-
ficacy. The median time from infusion to data cutoff was 14 months (range, 0.1 to 26). 
The best overall response rate was 52% (95% confidence interval, 41 to 62); 40% of 
the patients had complete responses, and 12% had partial responses. Response rates 
were consistent across prognostic subgroups. At 12 months after the initial response, 
the rate of relapse-free survival was estimated to be 65% (79% among patients with 
a complete response). The most common grade 3 or 4 adverse events of special inter-
est included cytokine release syndrome (22%), neurologic events (12%), cytopenias 
lasting more than 28 days (32%), infections (20%), and febrile neutropenia (14%). 
Three patients died from disease progression within 30 days after infusion. No deaths 
were attributed to tisagenlecleucel, cytokine release syndrome, or cerebral edema. No 
differences between response groups in tumor expression of CD19 or immune check-
point–related proteins were found.
CONCLUSIONS
In this international study of CAR T-cell therapy in relapsed or refractory diffuse 
large B-cell lymphoma in adults, high rates of durable responses were produced with 
the use of tisagenlecleucel. (Funded by Novartis; JULIET ClinicalTrials.gov number, 
NCT02445248.)
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(48%), pyrexia (35%), decreased neutrophil count 
(34%), decreased platelet count (33%), decreased 
white-cell count (33%), and diarrhea (32%) (Ta-
ble S8 in the Supplementary Appendix). Grade 3 
or 4 adverse events of special interest within the 
first 8 weeks after infusion (Table 2) included 
cytokine release syndrome (22% of the patients, 
according to the University of Pennsylvania grad-
ing scale19), cytopenias not resolved by day 28 
(32%) (see Table S9 in the Supplementary Ap-
pendix for information on the different types of 
prolonged cytopenias), infections (20%), neuro-
logic events (12%), and febrile neutropenia (15%).

The median time from infusion to the onset 
of symptoms of cytokine release syndrome was 
3 days (all patients except one had onset within 
9 days), and the median duration was 7 days 
(range, 2 to 30). The median time to the onset 
of grade 3 or 4 cytokine release syndrome was 
4 days (range, 2 to 8); 97% of cases had resolved 
by data cutoff. Overall, 14% of the patients re-
ceived tocilizumab, and 10% received both tociliz-
umab and glucocorticoids. No patient received 
more than two doses of tocilizumab (5% received 
one dose and 9% received two doses). Patients with 
cytokine release syndrome received supportive 

Figure 2. Best Overall Response Rate According to Subgroup.

The best overall response rate was the combined percentage of patients who had a complete or partial response. 
The dashed vertical line indicates a rate of 20% (the null hypothesis was that the best overall response rate would 
be 20% or less). IPI denotes International Prognostic Index; an IPI score of less than 2 (i.e., fewer than two risk fac-
tors) indicates a low risk, a score of 2 a low–intermediate risk, a score of 3 a high–intermediate risk, and a score of 
4 or 5 a high risk of death within 5 years.
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Phase II, multicenter, 93/115 pts with r/r DLBCL, tFL
ORR 52%, CR 40%, mDOR = NR
mPFS 2.9 mo, mOS 11.1 mo (12 mo ~40%)
AEs: CRS and ICANs grade ≥3 were 22% and 12%, respectively

Schuster SJ, et al. N Eng J Med. 2019;380(1):45–56.
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• 26 centers; 70 patients r/r DLBCL through 
CIBMTR CT registry

• Outcomes available from 47 patients 

• Tisa-cel 0.6–6 x 106 cells/kg

• mF/U 5.8 mo: ORR 59.6% (CR 38.3%)

• Grade ≥ 3 CRS and ICANS 4.3%

• 29.8% died after treatment due to PD

• 1 patient developed basal cell carcinoma 
(prior CAR-T infusion)

• 10 Spanish institutions; 69/91 patients r/r 
DLBCL

• 76% received CAR-T infusion, 56% received 
bridging before CAR-T

• Tisa-cel 2.2 x 108 cells

• Median time v-to-v 53 days (range; 29–225)

• ORR 64% (CR 28%)

• mF/U 14.1 mo: mFPS 3 mo, mOS 10.7 mo 

• Grade ≥ 3 CRS and ICANS 4% and 0%, 
respectively
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Lisocabtagene maraleucel for patients with relapsed or 
refractory large B-cell lymphomas (TRANSCEND NHL 001): 
a multicentre seamless design study
Jeremy S Abramson, M Lia Palomba, Leo I Gordon, Matthew A Lunning, Michael Wang, Jon Arnason, Amitkumar Mehta, Enkhtsetseg Purev, 
David G Maloney, Charalambos Andreadis, Alison Sehgal, Scott R Solomon, Nilanjan Ghosh, Tina M Albertson, Jacob Garcia, Ana Kostic, 
Mary Mallaney, Ken Ogasawara, Kathryn Newhall, Yeonhee Kim, Daniel Li, Tanya Siddiqi

Summary
Background Lisocabtagene maraleucel (liso-cel) is an autologous, CD19-directed, chimeric antigen receptor (CAR) 
T-cell product. We aimed to assess the activity and safety of liso-cel in patients with relapsed or refractory large B-cell 
lymphomas. 

Methods We did a seamless design study at 14 cancer centres in the USA. We enrolled adult patients (aged ≥18 years) 
with relapsed or refractory large B-cell lymphomas. Eligible histological subgroups included diffuse large B-cell 
lymphoma, high-grade B-cell lymphoma with rearrangements of MYC and either BCL2, BCL6, or both (double-hit 
or triple-hit lymphoma), diffuse large B-cell lymphoma transformed from any indolent lymphoma, primary 
mediastinal B-cell lymphoma, and follicular lymphoma grade 3B. Patients were assigned to one of three target dose 
levels of liso-cel as they were sequentially tested in the trial (50 × 10⁶ CAR+ T cells [one or two doses], 100 × 10⁶ CAR+ 
T cells, and 150 × 10⁶ CAR+ T cells), which were administered as a sequential infusion of two components (CD8+ and 
CD4+ CAR+ T cells) at equal target doses. Primary endpoints were adverse events, dose-limiting toxicities, and the 
objective response rate (assessed per Lugano criteria); endpoints were assessed by an independent review committee 
in the efficacy-evaluable set (comprising all patients who had confirmed PET-positive disease and received at least 
one dose of liso-cel). This trial is registered with ClinicalTrials.gov, NCT02631044.

Findings Between Jan 11, 2016, and July 5, 2019, 344 patients underwent leukapheresis for manufacture of CAR+ T cells 
(liso-cel), of whom 269 patients received at least one dose of liso-cel. Patients had received a median of three (range 1–8) 
previous lines of systemic treatment, with 260 (97%) patients having had at least two lines. 112 (42%) patients were 
aged 65 years or older, 181 (67%) had chemotherapy-refractory disease, and seven (3%) had secondary CNS involvement. 
Median follow-up for overall survival for all 344 patients who had leukapheresis was 18·8 months (95% CI 15·0–19·3). 
Overall safety and activity of liso-cel did not differ by dose level. The recommended target dose was 100 × 10⁶ CAR+ 
T cells (50 × 10⁶ CD8+ and 50 × 10⁶ CD4+ CAR+ T cells). Of 256 patients included in the efficacy-evaluable set, an objective 
response was achieved by 186 (73%, 95% CI 66·8–78·0) patients and a complete response by 136 (53%, 46·8–59·4). 
The most common grade 3 or worse adverse events were neutropenia in 161 (60%) patients, anaemia in 101 (37%), and 
thrombocytopenia in 72 (27%). Cytokine release syndrome and neurological events occurred in 113 (42%) and 
80 (30%) patients, respectively; grade 3 or worse cytokine release syndrome and neurological events occurred in 
six (2%) and 27 (10%) patients, respectively. Nine (6%) patients had a dose-limiting toxicity, including one patient who 
died from diffuse alveolar damage following a dose of 50 × 10⁶ CAR+ T cells.

Interpretation Use of liso-cel resulted in a high objective response rate, with a low incidence of grade 3 or worse 
cytokine release syndrome and neurological events in patients with relapsed or refractory large B-cell lymphomas, 
including those with diverse histological subtypes and high-risk features. Liso-cel is under further evaluation at first 
relapse in large B-cell lymphomas and as a treatment for other relapsed or refractory B-cell malignancies.

Funding Juno Therapeutics, a Bristol-Myers Squibb Company.

Copyright © 2020 Elsevier Ltd. All rights reserved.

Introduction
Fewer than 50% of patients with relapsed or refractory 
large B-cell lymphomas achieve a response to subsequent 
treatment after a standard second-line salvage regimen, 
and few are cured.1–4 Outcomes are worse in patients 
with chemotherapy-refractory disease, with 7% achieving 
a com plete response to conventional treatment and 

overall survival of 6 months.5 Older age (>65 years), 
CNS involvement,6,7 and comor bidities8 further portend 
adverse outcomes.

CD19-directed chimeric antigen receptor (CAR) T-cell 
treatments have shown high response rates and durable 
remission in patients with relapsed or refractory diffuse 
large B-cell lymphoma, diffuse large B-cell lymphoma 
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• Phase II, multicenter, 269/344 pts with r/r DLBCL, HGBL, 
tDLBCL, PMBCL, or FL G3B > received liso-cel CD8:CD4 = 1:1 
dose, recommended dose 108 cells

• 256 pts evaluable: ORR 73%, CR 53%, mDOR = 11.1 mo
• mF/U 19.9 mo: 2-y DOR 49.5%, PFS 40.6%, OS 50.5%
• AEs: CRS and ICANs grade ≥3 were 2% and 10%, respectively
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CLINICAL TRIALS AND OBSERVATIONS

Two-year follow-up of lisocabtagene maraleucel in
relapsed or refractory large B-cell lymphoma in
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KEY PO INT S

• Pivotal TRANSCEND
NHL 001 study
demonstrated the
efficacy and safety of
liso-cel as third-line or
later treatment for
patients with R/R LBCL.

•With 2-year follow-up,
liso-cel showed high
response rates, durable
remissions, and a
manageable safety
profile for patients with
R/R LBCL.

Lisocabtagene maraleucel (liso-cel) demonstrated significant efficacy with a manageable
safety profile as third-line or later treatment for patients with relapsed or refractory (R/R)
large B-cell lymphoma (LBCL) in the TRANSCEND NHL 001 study. Primary end points were
adverse events (AEs), dose-limiting toxicities, and objective response rate (ORR) per
independent review committee. Key secondary end points were complete response (CR)
rate, duration of response (DOR), progression-free survival (PFS), and overall survival (OS).
After 2-year follow-up, patients could enroll in a separate study assessing long-term (≤15
years) safety and OS. Liso-cel–treated patients (N = 270) had a median age of 63 years
(range, 18-86 years) and a median of 3 prior lines (range, 1-8) of systemic therapy, and 181
of them (67%) had chemotherapy-refractory LBCL. Median follow-up was 19.9 months. In
efficacy-evaluable patients (N = 257), the ORR was 73% and CR rate was 53%. The median
(95% confidence interval) DOR, PFS, and OS were 23.1 (8.6 to not reached), 6.8 (3.3-12.7),
and 27.3 months (16.2-45.6), respectively. Estimated 2-year DOR, PFS, and OS rates
were 49.5%, 40.6%, and 50.5%, respectively. In the 90-day treatment-emergent period
(N = 270), grade 3 to 4 cytokine release syndrome and neurological events occurred in 2%

and 10% of patients, respectively. The most common grade ≥3 AEs in treatment-emergent and posttreatment-
emergent periods, respectively, were neutropenia (60% and 7%) and anemia (37% and 6%). Liso-cel demonstrated
durable remissions and a manageable safety profile with no new safety signals during the 2-year follow-up in patients
with R/R LBCL. These trials were registered at www.ClinicalTrials.gov as #NCT02631044 and #NCT03435796.

Introduction
Patients with relapsed or refractory (R/R) large B-cell lymphoma
(LBCL) for whom standard second-line therapy has failed have
poor outcomes using conventional therapies, with very few
patients achieving complete response (CR) and virtually no
patients achieving long-term remission.1,2 Outcomes have been
particularly poor for patients with chemotherapy-refractory
disease, with CR rates of ~7% to conventional therapy and an
overall survival (OS) of 6 months.3 In addition, older age
(>65 years), central nervous system (CNS) involvement,4,5 and

presence of medical comorbidities6 have been associated with
poor outcomes.

Autologous chimeric antigen receptor (CAR) T-cell therapies
have demonstrated significant clinical benefits for several
hematologic malignancies, including R/R LBCL, providing a
valuable treatment option for these patients.7-12 Lisocabtagene
maraleucel (liso-cel) is an autologous, CD19-directed, 4-1BB
CAR T-cell product composed of CD8+ and CD4+ CAR+

T cells.10 The consistent total and relative doses of CD8+ and
CD4+ CAR+ T cells and low variability in CD8+:CD4+ ratio

Regular Article
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Multicenter, Real-World Study in Patients with R/R Large B-Cell Lymphoma (LBCL) Who Received Lisocabtagene

Maraleucel (liso-cel) in the United States (US)
Jennifer L. Crombie 1, Loretta J. Nastoupil, MD2, Charalambos Andreadis 3, Iris Isufi 4, Bradley Hunter 5, Allison Winter, MD6,
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Background: Liso-cel is an autologous, CD19-directed, 4-1BB CAR T cell product administered at equal target doses of CD8
+ and CD4 + CAR + T cells that has demonstrated efficacy and favorable safety based on clinical studies. Liso-cel is approved
in the US for the treatment of adults with R/R LBCL after 1 or more lines of systemic therapy, but data describing outcomes
in patients treated with liso-cel in the real-world setting are limited. We report real-world clinical effectiveness and safety
of commercial liso-cel in patients with R/R LBCL based on a postmarketing study using data collected at the Center for
International Blood and Marrow Transplant Research (CIBMTR).
Methods: This is a noninterventional, observational, multicenter study of US patients who were followed in the CIBMTR Cellu-
lar Therapy Registry between February 2021 and November 2022 after infusion with commercial liso-cel (conforming product
only) for the treatment of R/R LBCL. Patients who received nonconforming product are being followed in a separate post-
marketing study. The primary objective was to evaluate the real-world clinical effectiveness and safety outcomes of patients
with R/R LBCL receiving liso-cel, including ORR, CR, duration of response (DOR), progression-free survival (PFS), overall sur-
vival (OS), and risk of cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS).
Results were analyzed and reported descriptively.
Results: At data cutoff (May 4, 2023), 323 patients who received commercial liso-cel across > 50 treatment sites were included
in the analysis. The median vein-to-vein time (from leukapheresis to liso-cel infusion) was 36 days (IQR, 34–42), which is con-
sistent with clinical studies of liso-cel. The median age was 70 years (range, 24–91). Patients included those with high-risk
disease (Table). Most patients had DLBCL not otherwise specified (NOS; 81%), 27% had disease transformed from indolent
lymphoma, 12% had high-grade B-cell lymphoma (HGBCL), 37% had International Prognostic Index (IPI) ≥ 3, 6% had active
CNS involvement, and 15% had prior transplant. The median number of prior lines of systemic therapy was 3 (range, 0–11),
with 25% of patients having received ≥ 4 lines. The median time from diagnosis to liso-cel infusion was 1.4 years (range,
0.2–29.7). At a median follow-up of 7.4 months, ORR was 79%, with a 65% CR rate. Median time to response was 1.2 months
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• Real-world multicenter study (> 50 sites) of US CIBMTR 
registry (Feb 2021– Nov 2022)

• Cutoff May 4, 2023 ; 323 pts

• Median v-to-v time 36 days (IQR, 34–42)

• mF/U 7.4 mo: ORR 79%, CR 65%

• Median time to response 1.2 mo

• mDOR NR; 6-mo DOR 73%

• mPFS and mOS NR; 6-mo PFS 64% and OS 82%

• Grade ≥ 3 CRS and ICANs were 3% and 11%, respectively

Crombie JL, et al. Blood. 2023;142: 104–6.



Definitions and endpoints
Disease status before auto-HCT or CAR-T and determination of
the PR status was defined per Lugano working group classifica-
tion and determined by local radiologic assessments at trans-
plant or immunotherapy centers.9 The primary endpoint of the
study was PFS, defined as the time from either auto-HCT or
CAR-T to relapse or death from any cause. Secondary end-
points: overall survival (OS) defined as the time from treatment
to death of any cause, the cumulative incidence of nonrelapse
mortality (NRM) defined as death without preceding disease
progression, the cumulative incidence of relapse/progression
defined as the time from treatment to relapse or disease pro-
gression and hematopoietic recovery. For CAR-T patients, the
cumulative incidence of cytokine release syndrome (CRS) and
immune effector cell–associated neurotoxicity syndrome (ICANS)
were calculated. CRS and ICANS were graded using the Ameri-
can Society of Transplant and Cellular Therapy grading criteria.11

Subgroups analyses were performed for (1) patients with an
available PET scan before auto-HCT or CAR-T and (2) patients
who received #2 or .2 prior lines of treatment.

Statistical analysis
We compared the baseline characteristics between the auto-
HCT and CAR-T cohorts using the Kruskal-Wallis test for continu-
ous variables and the Pearson x2 test for categorical variables
after ignoring the missing data. The Kaplan-Meier estimator and

the log-rank test were used to compare the OS and PFS of the
auto-HCT and CAR-T cohorts. The cumulative incidence function
with Gray’s test was used to compare the hematopoietic recov-
ery, NRM, and relapse/progression rates in the 2 cohorts to
account for competing events. We used the Cox proportional
hazard model for PFS and OS; and the proportional cause-
specific hazards model for NRM and relapse/progression to
compare the 2 cohorts. The variables included in the regression
model were: age (continuous and by decade), Karnofsky perfor-
mance status ($90 vs ,90 vs missing), refractoriness to first-line
treatment, number of lines of prior therapies, the interval
between diagnosis and auto-HCT or CAR-T ($1 year vs ,1 year
vs missing), size of the largest residual node at auto-HCT or
CAR-T (,3 cm vs 3-5 cm vs .5 cm vs unknown). The forward
stepwise selection was used to identify significant variables at a
significance level of 0.05. Interactions between variables in the
final regression model were also checked. Proportional hazards
assumption was examined by testing covariates’ time-varying
effects. To confirm the regression analysis results further, we
conducted propensity score matching. To calculate propensity
scores, we used multiple imputations using R package smcfcs
and Rubin’s rule to handle missing covariates.12-14 Using calcu-
lated propensity scores, we matched the auto-HCT and CAR-T
cohorts using R package MatchIt with a 1:2 matching ratio for
CAR-T and auto-HCT.15 The marginal model was used to handle
correlation within matched pairs.16 All statistical analyses were
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Figure 1. Auto-HCT vs CAR-T in patients with DLBCL in PR (all patients). (A) Progression-free survival. (B) Nonrelapse mortality. (C) Progression/relapse. (D) Overall
survival.
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Outcomes for DLBCL treated with ASCT vs CAR-T 
after PR: CIBMTR

• 266 ASCT (2013-2019) vs 
145 CAR-T axi-cel (2018-
2019) patients receiving 
treatment while in PR

• Early relapse 12 mo: HCT 
39% vs CAR-T 44%

• Similar PFS, NRM

• Lower risk of CI relapse and 
higher OS with ASCT

* Not sig in subgr. ≤2 prior lines therapy

Shadman M, et al. Blood. 2022;139(9):1330-39.



• 281 ASCT (2015-2021) vs 79 
commercial CAR-T* (2018-2021) 
patients receiving treatment 
while in CR

• mF/U 49.7 and 24.7 mo for HCT 
and CAR-T

• Early relapse 12 mo: HCT 58% vs 
CAR-T 72.2% (sig.)

• Higher 2-y PFS, OS and lower 
CI relapse in HCT vs CAR-T

• MVA: HCT asso. superior PFS 
and lower relapse vs CAR-T

* Tisa-cel 53.2%, axi-cel 45.6%, liso-cel 1.3%

Shadman M, et al. Blood Cancer J. 2024;108(14):108.

CAR-T therapy (tisa-cel, axi-cel, and liso-cel) is considered the
SOC for patients with relapsed LBCL in patients after two prior
lines of treatment [2–4]. Axi-cel and liso-cel are also approved
by the FDA for sconed-line in patients with primary refractory
disease based on ZUMA-7 and TRANSFORM studies, respec-
tively [7, 9]. These studies compared CAR-T with the SOC
consisting of second-line chemotherapy followed by auto-HCT
in patients with PR or CR. In both studies, more than half of the
patients on the SOC arms were considered to have a “failure
event” because of chemorefractory disease per study protocols
before receiving auto-HCT. Therefore, the two trials were not
poised to compare the efficacy of auto-HCT vs. CAR-T in

patients who were eligible for auto-HCT defined by having a
chemosensitive disease in the form of a PR or a CR. Our
findings are not contradictory to the results of the mentioned
randomized studies as it address a different clinical question
relevant to patients with proven chemosensitive disease. These
findings are consistent with our previous findings, indicating
higher efficacy (lower relapse rate and a longer PFS) of auto-
HCT compared to CAR-T in patients in partial remission [16].
Comparing patients in CR in the current study eliminates the
potential confounding associated with the heterogenicity of
PRs in the prior analysis which was a valid criticism of that
study [20]. Overall, both studies argue for the continued role of

A               Progression-free Survival B               Relapse/Progression 

C               Overall Survival D               Non-Relapse Mortality 

Fig. 1 Auto-HCT vs CAR-T in patients with DLBCL in CR. A progression-free survival. B Cumulativeincidence of relapse. C Overall survival.
D. Non-relapse Mortality.

Table 2. Univariable analysis of outcomes in patients treated with auto-HCT or CAR-T while in a CR.

Outcomes

Auto-HCT CAR-T P-value

N Prob (95%CI) N Prob (95%CI)

Non-relapse mortality 277 76 0.673

1-year 4.4% (2.3-7.1) 2.6% (0.2-7.4)

2-year 5.9% (3.4-9.1) 4.1% (0.8-10)

Relapse/progression 277 76 <0.001

1-year 21.9% (17.2-27) 41.6% (30.6-53.1)

2-year 27.8% (22.6-33.4) 48% (36.4-59.7)

Progression-free survival 277 76 <0.001

1-year 73.7% (68.3-78.8) 55.7% (44.4-66.8)

2-year 66.2% (60.4-71.8) 47.8% (36.4-59.4)

Overall survival 281 77 0.037

1-year 86.7% (82.4-90.4) 79.1% (69-87.7)

2-year 78.9% (73.9-83.6) 65.6% (53.6-76.6)

M. Shadman et al.
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Outcomes for DLBCL treated with ASCT vs CAR-T 
after CR: CIBMTR



US FDA-approved CAR-T cell

The ZUMA-7 trial enrolled 359 patients with a median age of 59
years (maximum age, 81 years).1 Baseline characteristics were
well balanced, with .70% of patients having primary refractory
disease. As per protocol, no patients on the axi-cel arm received
bridging chemotherapy, but 36% received corticosteroids to
control disease-related symptoms. Ninety-four percent of
patients received the intended CAR T-cell therapy, with median
time from randomization to infusion of 29 days. In contrast, only
36% of patients in the standard of care arm underwent ASCT.
The overall response rate (ORR) and complete response (CR)
rate were significantly greater in the axi-cel arm (83% and 65%)
in comparison with the standard of care arm (50% and 32%).
With a median follow-up time of 24.9 months, the median EFS
was 8.3 months in the axi-cel arm vs 2 months in the standard of
care arm and was 41% vs 16% at 24 months. Although the trial
did not allow crossover, 56% of patients on the standard of care
arm received subsequent cellular therapy off protocol. Based on
the hierarchical statistical plan, OS was not significantly

improved at the time of interim analysis, although a trend in
favor of axi-cel compared with standard of care was observed
(hazard ration [HR], 0.708; 95% confidence interval [CI], 0.515-
0.972; P 5 .0159; median not reached vs 25.7 months).42

The Belinda trial enrolled 322 patients with a median age of
59.5 and 58 years in the tisa-cel and standard of care arms,
respectively, and a maximum age of 79 years.2 Baseline charac-
teristics were well balanced, with .65% of patients having pri-
mary refractory disease. Bridging chemotherapy was given to
83% of patients on the tisa-cel arm, with 48% receiving .1 cycle
and 12% receiving .1 regimen. At the 6-week assessment, 26%
of patients had progressive disease in the tisa-cel arm (prior to
infusion) compared with 14% in the standard of care arm. None-
theless, 95.7% of patients received the intended CAR T-cell
therapy, although median time from randomization to infusion
of tisa-cel was quite prolonged at 52 days. Patients on the stan-
dard of care arm were required to undergo 2 salvage regimens

TransformZUMA-1 Juliet

52/3983/58 73/53

Median duration
of response (m)

ORR/CR (%)

Median PFS (m)

PFS, 24 m (%)

23.111.1 NE

6.85.9 2.9

27.3Median OS (m)

OS, 24 m (%)

25.8 11.1

CRS:
Any/Gr3+ (%) 42/293/13 57/23

Neuro tox:
Any/Gr3+ (%) 30/1064/28 20/11 

40.636 33*

50.550.5 40*

CD19 scFv

Signal 2

Signal 1 CD3ξ CD3ξ CD3ξ

Viral vector Gamma
retrovirus Lentivirus Lentivirus

FMC63 FMC63 FMC63

CD28 41BB 41BB

Axi-cel Tisa-cel Liso-cel

Pivotal trial

Source Fresh
unsorted PBMCs

Cryopreserved
unsorted PMBCs

Fresh
sorted PBMCs

Most mature
follow up (m) 2463.1 40.3

Figure 1. Distinguishing features of the US Food
and Drug Administration–approved CAR T-cell
constructs and updated outcomes from the
pivotal trials.25,26,28,36
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before crossover to tisa-cel for inadequate response. As such,
54% of standard of care patients received 2 salvage regimens
but only 32.5% received ASCT, of which 31% did so only after
responding to the second salvage regimen. The ORR and CR
rate were not different between the tisa-cel (46% and 28%) and
standard of care arms (43% and 28%). With a median follow-up

of 10 months, the median EFS of 3 months was similar in both
arms (P 5 .61). In total, 51% of patients on the standard of care
arm crossed over to receive tisa-cel on study. Because of the
hierarchical statistical plan, OS was not formally tested but was
numerically similar between the tisa-cel and standard of care
arms (median, 16.9 vs 15.3 months).

Table 1. Trial design features

ZUMA-7 Belinda Transform

Histologies included DLBCL NOS,* including
transformed from FL, HGBCL
with or without MYC and
BCL2/6, T/H-RLBCL, Primary
cutaneous DLBCL - leg type

DLBCL NOS, including
transformed from indolent
NHL, HGBCL with or without
MYC and BCL2/6, T/H-RLBCL,
Primary cutaneous DLBCL -
leg type FL grade 3B, PMBCL,
Intravascular LBCL, ALK 1
LBCL, HHV8 1 LBCL

DLBCL NOS, including
transformed from indolent
NHL, HGBCL with MYC and
BCL2/6, T/H-RLBCL, FL grade
3B, PMBCL

Product Axi-cel, CD28/CD3zeta
2 3 106 cells/kg

Tisa-cel, 4 – 1BB/CD3zeta
0.6-6 3 108 cells

Liso-cel, 4 2 1BB/CD3zeta
1 3 108 cells

1L refractory definition ! PD as best response
! SD after at least 4 cycles
! PR with 1 biopsy or PD
,12 mo from 1L start

! PD/SD as best response ! PD/SD/PR as best response
! CR with progression ,3 mo

1L relapsed definition ! CR followed by 1 biopsy
,12 mo from 1L end

! Positive biopsy #12 mo from
1L end

! CR followed by 1 biopsy 3-12
mo from 1L end

Age 181 181 18-75

Leukapheresis time point ! At randomization
! Only CAR T-cell arm

! Before randomization
! All patients

! Before randomization
! All patients

Stratification factors 1. Refractory vs Relapse #6 mo
vs Relapse .6-12 mo

2. 2L AAIPI 0-1 vs 2-3

1. Refractory or relapsed #6 mo
vs relapsed 6-12 mo

2. IPI ,2 vs $2

1. Refractory vs relapse
2. 2L AAIPI 0-1 vs 2-3

Bridging therapy ! Dexamethasone #40 mg for
#4 d

! R-ICE
! R-GDP
! R-DHAP
! R-GemOx

! R-ICE
! R-GDP
! R-DHAP

LD chemotherapy ! Fludarabine 30 mg/m2 3 3 d
! Cyclophosphamide 500 mg/m2

3 3 d

! Fludarabine 25 mg/m2 3 3 d
and

! Cyclophosphamide 250 mg/m2

3 3d
OR

! Bendamustine 90 mg/m2 3 2 d

! Fludarabine 30 mg/m2 3 3 d
! Cyclophosphamide 300 mg/m2

3 3 d

SOC chemotherapy ! R-ICE
! R-GDP
! R-DHAP
! R-ESHAP

! R-ICE
! R-GDP
! R-DHAP
! R-GemOx

! R-ICE
! R-GDP
! R-DHAP

Crossover to CAR
T-cell therapy

No Yes, if
! ,PR/CR by 12 wk (after 2 SOC

regimens)
! PD at any time

Yes, if
! ,PR/CR by 9 wk
! PD at any time
! Need for new therapy after 18 wk

EFS definition Time from randomization to:
! PD
! Death
! ,PR at day 150 assessment
! Start of new lymphoma therapy

Time from randomization to:
! PD
! Death
! ,PR at/after week 12

Time from randomization to:
! PD
! Death
! #PR by week 9
! Start of new lymphoma therapy

1L, first-line; 2L, second-line; AAIPI, age-adjusted international prognostic index; ALK, anaplastic lymphoma kinase; BCL2/6, B-cell lypmphoma protein 2 and/or 6; FL, follicular
lymphoma; HGBCL, high-grade B-cell lymphoma; HHV8, human herpesvirus-8; IPI, international prognostic index; LD, lymphodepleting chemotherapy; PD, progressive disease;
PMBCL, primary mediastinal B-cell lymphoma; PR, partial response; R-ESHAP, rituximab, etoposide, steroids, high-dose cytarabine, cisplatin; R-GemOx, rituximab, gemcitabine,
oxaliplatin; SD, stable disease; SOC, standard of care; T/H-RLBCL, T-cell/histiocyte-rich large B-cell lymphoma.

*The ZUMA7 protocol does not specifically state LBCL subtypes, but the subtypes listed are included in patients enrolled.
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The Transform trial enrolled 184 patients with a median age of
60 and 58 years in the liso-cel and standard of care arms,
respectively, and a maximum age per protocol of 75 years.3

Baseline characteristics were well balanced, with .70% of
patients having primary refractory disease. One cycle of bridging
chemotherapy was given to 63% of patients on the liso-cel arm,
and 97.8% received the intended CAR T-cell therapy (median
infusion time not reported to date). In contrast, only 45.6% of
patients on the standard of care arm received ASCT. The ORR
and CR rate were significantly greater in the liso-cel arm (86%
and 66%) in comparison with the standard of care arm (48% and
39%). With a short median follow-up time of 6.2 months at a
prespecified interim analysis, the median EFS was 10.1 months
in the liso-cel arm vs 2.3 months in the standard of care arm and
was 63% vs 33% at 6 months. In total, 51% of standard of care
patients crossed over to liso-cel on study. The interim analysis of
OS did not demonstrate a statistical improvement to date; how-
ever, there was a trend to improvement in the liso-cel arm (HR,
0.509; 95% CI, 0.258-1.004; P 5 .0257; median not evaluable
[NE] vs 16.4 months). At the time of this review, the Transform
trial has only been presented in abstract form.

Grade $3 toxicities were seen in nearly 90% of patients on both
arms of all 3 studies; however, key differences included CRS and
neurologic toxicities in the CAR T-cell arms and more frequent
cytopenias and infections in the ASCT arms1-3 (Table 4). Toxic-
ities of interest in the CAR T-cell therapy arms were similar to
rates reported within the respective pivotal trials.15-17 Rates of
grade $3 CRS were relatively low in all trials (1%-6%). ICANS
was more common in ZUMA-7, with grade $3 toxicity in 21% of
patients compared with 2% in Belinda and 4% in Transform.
Additional follow-up is needed for long-term toxicities; however,
ZUMA-7 reported grade $3 cytopenias 30 days from definitive
therapy in 29% of axi-cel–treated patients in contrast with 19%
of patients who received ASCT. Toxicities observed to be more
common in the standard of care arm than in the CAR T-cell ther-
apy arm included febrile neutropenia, anemia, and nausea.

Importantly, the fatal adverse event rate attributable to therapy
was not different between the arms in any of the trials. Quality
of life, measured with patient-reported outcomes, was improved
in the CAR T-cell arms of ZUMA-7 and Transform.43,44

Discussion
The ZUMA-7, Belinda, and Transform trials all had the same
objective: to determine whether CAR T-cell therapy would
improve outcomes in patients with high-risk R/R LBCL to sup-
plant the longstanding standard of care of platinum-based sal-
vage followed by ASCT. Results yielded discordant findings,
with ZUMA-7 and Transform meeting their primary end point of
improved EFS and Belinda demonstrating no difference in out-
come between strategies. How can these disparate findings be
resolved to guide treating clinicians? Although the 3 trials had
numerous similarities, important differences in trial design,
including the allowance of bridging therapy, the definition of
EFS, and the potential for crossover, likely had major implica-
tions on overall results.

Because of trial differences, direct cross-trial comparisons are
not feasible. However, it is important to consider whether com-
parable patients were enrolled and whether patients are repre-
sentative of those seen in routine practice. Despite similar
inclusion criteria, ZUMA-7 did not allow bridging chemotherapy,
precluding participation of patients requiring immediate treat-
ment. Real-world studies indicate approximately 50% of patients
receive bridging therapy.29,30 This exclusion may have intro-
duced a selection bias in favor of patients with less aggressive
biology. Bridging therapy has been associated with inferior out-
comes in patients treated with CAR T-cell therapy, as it is mainly
used in patients with poorly controlled disease.29,30,37,38 Lym-
phoma tumor burden and aggressiveness as measured by eleva-
tion in lactate dehydrogenase, number of extranodal sites, and
total metabolic tumor volume are associated with poorer out-
comes.29,30,45 Comparison of clinical parameters between trials

Table 2. Patient characteristics

ZUMA-7 Belinda Transform

Axi-cel SOC Tisa-cel SOC Liso-cel SOC

N 180 179 162 160 92 92

Median age, y (range) 58 (21-80) 60 (26-81) 60 (19-79) 58 (19-77) 60 (20-74) 58 (26-75)

Age $65 y, n (%) 51 (28) 58 (32) 54 (33) 46 (29) 36 (39) 25 (27)

Female sex (%) 70 (39) 52 (29) 59 (36) 62 (39) 48 (52) 31 (34)

AAIPI* 2-3IPI $2 (%) 82 (46)* 79 (44)* 106 (65) 92 (58) 36 (39)* 37 (40)*

GCB subgroup (%) 109 (61) 99 (55) 46 (28) 63 (39) NR NR

ABC subgroup (%) 16 (9) 9 (5) 52 (32) 42 (26) NR NR

HGBCL (%) 31 (17) 25 (14) 32 (20) 19 (12) 22 (24) 21 (23)

Refractory to 1L (%) 133 (74) 131 (73) 107 (66) 107 (67) 67 (73) 68 (74)

ABC, activated B-cell; GCB, germinal center B cell; HGBCL, high grade B-cell lymphoma; NR, not reported; SOC, standard of care.

*Age-adjusted international prognostic index.
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is difficult, as lactate dehydrogenase, extranodal sites, and dis-
ease bulk were not universally reported, and ZUMA-7 and
Transform reported age-adjusted international prognostic index,
whereas Belinda did not. Median age was similar across trials,
despite the age restriction of 75 years within Transform. A slight
female predominance within the CAR T-cell arms of Transform
and ZUMA-7 occurred, which may be relevant as female
patients have improved outcomes with immunotherapy46 and
CAR T-cell therapy.29 All 3 trials had a similar proportion of
patients with primary refractory disease and high-grade B-cell
lymphoma. Cell-of-origin data have not been reported for the
Transform study, but Belinda had a higher percentage of acti-
vated B-cell patients (32%) than ZUMA-7 (9%), although the
prognostic value of cell-of-origin is uncertain in patients with
R/R disease and was not associated with differences in EFS rates
in the Belinda trial.47,48 It is reassuring that the positive findings
observed in ZUMA-7 were consistent with those observed in the
Transform trial, where bridging chemotherapy was used in 63%
of liso-cel patients, representing a more real-world approach.
However, it should be noted that the highest use of bridging
chemotherapy (83%) was reported in Belinda, with 48% receiv-
ing more than 1 cycle, possibly indicating patients with more
aggressive and/or chemotherapy-insensitive disease.

Another major difference between trials was the definition of
EFS. All trials included disease progression and death as an
event, as well as lack of a complete or partial response (stable
disease) at a designated time point. This time point differed
between trials, being longest in ZUMA-7 at 150 days, compared
with only 9 weeks in Transform and 12 weeks in Belinda. Most
impactful was the requirement of a second salvage regimen
within the Belinda trial before crossover to tisa-cel, which was not
considered an event, whereas such initiation of new antilym-
phoma therapy would have been considered an event in both
ZUMA-7 and Transform. Thus, patients in the standard of care
arm of Belinda were given a second chance to respond to sal-
vage, which led to 54% of patients receiving 2 salvage regimens,
representing 31% of patients proceeding to ASCT. Despite this
allowance, the Belinda trial had the lowest percentage of patients
proceeding to ASCT at 32.5%. Had only 1 salvage regimen been
required, less than 25% of patients would have received ASCT in
comparison with 36% on ZUMA-7 and 45.6% on Transform, pos-
sibly reflecting a higher-risk cohort within Belinda.

The ability to deliver the intended CAR T-cell therapy was simi-
larly high in all trials, ranging from 94% to 97.8%. However, the
time from randomization to CAR T-cell infusion, which was not

Table 3. Outcomes

ZUMA-7 Belinda Transform

Axi-Cel SOC Tisa-Cel SOC Liso-Cel SOC

Received bridging corticosteroids (%) 36 — — — — —

Received bridging chemotherapy (%) 0 — 83 — 63 —

Received .1 SOC chemotherapy regimen (%) — 0 — 54 — 0

Received intended CAR T cell (%) 94 — 96 — 97.8 —

Median time to CAR T-cell infusion in days,
(interquartile range* or range†)

29 (27-34)* — 52 (31-135)† — NR —

Received intended ASCT (%) — 36 — 32.5 — 45.6

Crossover pn protocol (%) — — — 51 — 51

Received cellular therapy off protocol (%) — 56 — — —

Follow up, median in months 24.9 10 6.2

ORR/CR rate (%) 83/65 50/32 46/28 43 /28 86/66 48/39

EFS, median in months 8.3 2 3 3 10.1 2.3

EFS, % (timepoint in months) 41 (24 mo) 16 (24 mo) NR NR 63 (6 mo) 33 (6 mo)

EFS HR (95% CI) 0.4 (0.31-0.51) 1.07 (0.82-1.4) 0.35 (0.23-0.53)

PFS, median in months 14.7 3.7 NR NR 14.8 5.7

PFS HR (95% CI) 0.49 (0.37-0.65) NR 0.406 (0.21-0.66)

OS, median in months NE 25.7 16.9 15.3 NE 16.4

OS HR (95% CI) 0.708 (0.515-0.972)‡ NR 0.51 (0.26-1.004)

NE, not evaluable; NR, not reported; SOC, standard of care.

*Interquartile range of time from leukapheresis to infusion of axi-cel.

†Range of time from leukapheresis to infusion of tisa-cel.

‡Updated data from reference 42.
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Prolonged cytopenias were reported in 40 (43%) patients in the
liso-cel arm, and most (73%) had recovered to grade ≤2 within
2 months after liso-cel infusion. In the SOC arm, prolonged
cytopenias were reported in 3 (3%) patients. Additional details
on the lineage and duration of prolonged cytopenias are pro-
vided in Table 4. Infections were reported in 2 of 92 patients
>90 days after liso-cel infusion (herpes zoster and pneumonia, 1
each); no bleeding events were reported. In the liso-cel arm,
40 patients received at least 1 dose of granulocyte colony-
stimulating factor, 12 received immunoglobulins, 32 received
at least 1 packed red blood cell transfusion, and 34 received at
least 1 platelet transfusion on or after study day 64 after
randomization. Second primary malignancies were reported in
3 (3%) and 7 (8%, including 3 after crossover) patients in the liso-
cel and SOC arms, respectively.

For patients randomly assigned to the SOC arm who crossed
over to receive liso-cel, TEAEs after liso-cel infusion are shown
in supplemental Table 10. The rates of CRS and NEs among
crossover patients were similar to those in patients randomly
assigned to the liso-cel arm (supplemental Table 11).

Cellular kinetics
Among evaluable patients in the liso-cel arm, the median time
to maximum expansion was 10 days (range, 6-22), median
maximum expansion was 33 285 copies per μg (interquartile
range, 13 848-94 913), and median area under the curve from
0 to 28 days after infusion was 268 911 day × copies per μg
(interquartile range, 114 626-779 701) (supplemental Table 12).
Cellular kinetics for the crossover subgroup were similar to
those of the liso-cel arm. Persistence of the liso-cel transgene
was observed up to 23 months after infusion (5 of 15 evaluable
patients) (supplemental Table 13).

Discussion
With a median follow-up of 17.5 months, the primary analysis of
the TRANSFORM study confirmed the superiority of liso-cel
over SOC. Treatment with liso-cel resulted in significant
improvements in EFS, CR rate, and PFS. Consistent with pre-
vious studies of liso-cel,8,9,14 rates of any-grade and severe
CRS and NEs were relatively low (CRS: 49% and 1%; NEs: 11%
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axi-cel and 24.4% (95% CI, 17.2 to 32.2) with stan-
dard care. Median investigator-assessed event-free 
survival (distinct from the primary outcome of 
event-free survival according to central review8) 
was 10.8 months (95% CI, 5.0 to 25.5) with axi-cel 
and 2.3 months (95% CI, 1.7 to 3.1) with standard 
care, with an estimated 4-year event-free survival 
of 38.9% and 17.3%, respectively (hazard ratio, 
0.42; 95% CI, 0.33 to 0.55) (Fig. 2B).

Safety
The safety analysis set included 170 patients who 
had received axi-cel and 168 who had received 
standard care. All the patients reported at least 
one adverse event; cumulative adverse events of 
any grade and of grade 3 or higher and serious 
adverse events are shown in Table S6 and Table 
S7, respectively. In the safety analysis set, 74 pa-
tients in the axi-cel group and 91 patients in the 
standard-care group died since trial initiation 
(Table 1). Disease progression was the most com-
mon cause of death in both the axi-cel group (51 
patients) and the standard-care group (71 patients). 
A summary of all deaths that occurred since the 

publication of the results of the primary analysis 
of event-free survival8 is provided in Table S8.

Since the previous publication, no changes in 
cumulative treatment-related serious adverse events 
or treatment-related fatal adverse events occurred. 
Since the trial initiation, new or secondary can-
cers were reported in 11 patients (8 in the axi-cel 
group and 3 in the standard-care group, includ-
ing 1 patient with 2 new cancers) (Table S9). No 
cases of replication-competent retrovirus infec-
tion were reported.

Infections of any grade were reported in 76 
patients (44.7%) in the axi-cel group and in 53 
(31.5%) in the standard-care group; infections of 
grade 3 or higher were reported in 28 patients 
(16.5%) and in 20 (11.9%), respectively (Table S10).

B-cell aplasia (undetectable B cells) occurred 
in 62.3% of the patients at 3 months and in 
22.6% at 24 months after infusion in the patients 
in the axi-cel group who were evaluated for B-cell 
levels at these time points (Fig. 3 and Table S11). 
B-cell recovery was observed over time with wide 
interpatient variability. Median B-cell levels were at 
or below the lower limit of quantitation (0.017%) 

Figure 1. Overall Survival.

Shown are Kaplan–Meier estimates of overall survival among the patients who were randomly assigned to receive axicabtagene ciloleu-
cel (axi-cel) or standard care. At a median follow-up of 47.2 months, death was reported in 82 patients in the axi-cel group and in 95 pa-
tients in the standard-care group; the stratified two-sided P value was calculated by means of log-rank testing. Tick marks indicate data 
censoring. NE denotes not estimable, and NR not reached.
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a second-line treatment option in this popula-
tion on the basis of a significant improvement in 
survival, as opposed to a strategy of delaying cel-
lular immunotherapy until after progression or 
an inadequate response to platinum-based chemo-
therapy.

Before the advent of CAR T-cell therapy, pa-
tients who were receiving second-line therapy for 
large B-cell lymphoma and who were unable to 
proceed to definitive therapy with HDT-ASCT had 
poor outcomes, with a median overall survival of 
4.4 months.5 Numerous attempts to improve sur-
vival for patients with second-line curative treat-
ment had been unsuccessful. The most recent 
trial that showed a survival improvement was 
the 1995 Parma study, which was conducted 
before the approval of rituximab.1 Thus, a new 
nonchemotherapy-based second-line approach 
was needed for patients with early relapsed or 
refractory large B-cell lymphoma, which prompt-
ed the design of the ZUMA-7 trial.

Historically, the estimated 3-year overall sur-
vival for patients receiving standard care was 39% 
for those with early relapse and 40% for those 
who had received previous rituximab treatment.11 
Among the patients in both categories, which 
included the population in ZUMA-7, 3-year sur-
vival was under 40%.11,12 In contrast, among the 
patients in the standard-care group in ZUMA-7, 
the estimated 3-year overall survival was 48% at 
3 years and 46% at 4 years, a difference from the 
findings in historical studies that may be due in 
part to the availability of subsequent cellular im-
munotherapy. Despite the increased survival in 
the standard-care group relative to historical 
studies, axi-cel increased survival over standard 
care. The frequency of subsequent cellular im-
munotherapy in our trial was similar to that in 
other contemporary randomized trials of anti-
CD19 CAR T-cell therapies that included a pro-
tocol-specified crossover design.13,14

The improvement in overall survival with axi-
cel over standard care was observed in the inten-
tion-to-treat population, which included patients 
with high-risk features known to confer a poor 
prognosis, such as disease refractory to first-line 
therapy, an age of 65 years or older, and high-
grade B-cell lymphoma. The benefit of axi-cel in 
older patients is of particular interest, because 
patients who would otherwise be considered 
ineligible for definitive therapy with HDT-ASCT 
owing to their age may still qualify for CAR T-cell 
therapy and thus benefit from curative-intent 
therapy.2,3,15 These findings confirm that age alone 
should not be a barrier for consideration of CAR 
T-cell therapy.7,15-17 Other published analyses of 
data from ZUMA-7 showed that axi-cel was as-
sociated with improved quality-of-life measures 

Figure 3. CAR T-Cell and B-Cell Levels.

Shown are median log10 values for the percentage of B cells of total leuko-
cytes (Panel A) and the number of chimeric antigen receptor (CAR) T cells 
targeting CD19 in blood (Panel B) from baseline to 24 months after axi-cel 
infusion among evaluable patients. The I bars indicate 95% confidence in-
tervals. A value of 0.017% was the lower limit of quantitation (LLOQ).
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a second-line treatment option in this popula-
tion on the basis of a significant improvement in 
survival, as opposed to a strategy of delaying cel-
lular immunotherapy until after progression or 
an inadequate response to platinum-based chemo-
therapy.

Before the advent of CAR T-cell therapy, pa-
tients who were receiving second-line therapy for 
large B-cell lymphoma and who were unable to 
proceed to definitive therapy with HDT-ASCT had 
poor outcomes, with a median overall survival of 
4.4 months.5 Numerous attempts to improve sur-
vival for patients with second-line curative treat-
ment had been unsuccessful. The most recent 
trial that showed a survival improvement was 
the 1995 Parma study, which was conducted 
before the approval of rituximab.1 Thus, a new 
nonchemotherapy-based second-line approach 
was needed for patients with early relapsed or 
refractory large B-cell lymphoma, which prompt-
ed the design of the ZUMA-7 trial.

Historically, the estimated 3-year overall sur-
vival for patients receiving standard care was 39% 
for those with early relapse and 40% for those 
who had received previous rituximab treatment.11 
Among the patients in both categories, which 
included the population in ZUMA-7, 3-year sur-
vival was under 40%.11,12 In contrast, among the 
patients in the standard-care group in ZUMA-7, 
the estimated 3-year overall survival was 48% at 
3 years and 46% at 4 years, a difference from the 
findings in historical studies that may be due in 
part to the availability of subsequent cellular im-
munotherapy. Despite the increased survival in 
the standard-care group relative to historical 
studies, axi-cel increased survival over standard 
care. The frequency of subsequent cellular im-
munotherapy in our trial was similar to that in 
other contemporary randomized trials of anti-
CD19 CAR T-cell therapies that included a pro-
tocol-specified crossover design.13,14

The improvement in overall survival with axi-
cel over standard care was observed in the inten-
tion-to-treat population, which included patients 
with high-risk features known to confer a poor 
prognosis, such as disease refractory to first-line 
therapy, an age of 65 years or older, and high-
grade B-cell lymphoma. The benefit of axi-cel in 
older patients is of particular interest, because 
patients who would otherwise be considered 
ineligible for definitive therapy with HDT-ASCT 
owing to their age may still qualify for CAR T-cell 
therapy and thus benefit from curative-intent 
therapy.2,3,15 These findings confirm that age alone 
should not be a barrier for consideration of CAR 
T-cell therapy.7,15-17 Other published analyses of 
data from ZUMA-7 showed that axi-cel was as-
sociated with improved quality-of-life measures 

Figure 3. CAR T-Cell and B-Cell Levels.

Shown are median log10 values for the percentage of B cells of total leuko-
cytes (Panel A) and the number of chimeric antigen receptor (CAR) T cells 
targeting CD19 in blood (Panel B) from baseline to 24 months after axi-cel 
infusion among evaluable patients. The I bars indicate 95% confidence in-
tervals. A value of 0.017% was the lower limit of quantitation (LLOQ).

B-
C

el
l L

ev
el

(p
er

ce
nt

ag
e 

of
 le

uk
oc

yt
es

)

1.00

10.00

100.00

0.10

0.01

0 3 6 9 12 15 18 21 24

Months since Axi-cel Infusion

B CAR T-Cell Level

A B-Cell Level

C
AR

 T
-C

el
l L

ev
el

(c
el

ls
/m

m
3  

of
 b

lo
od

)

100.00

1.00

10.00

0.10

0.01

0

0 3 6 9 12 15 18 21 24

Months since Axi-cel Infusion

Axi-cel
infusion

Axi-cel
infusion

LLOQ

The New England Journal of Medicine
Downloaded from nejm.org at PRINCE OF SONGKLA UNIVERSITY on July 27, 2024. For personal use only. 

 No other uses without permission. Copyright © 2023 Massachusetts Medical Society. All rights reserved.

Westin JR, et al. N Egl J Med. 2023;389(2):148–57.



Should CAR-T cell be used instead of ASCT
Bridging 
allowed

% 
Bridging

% CAR % ASCT Cross-over 
planned

% cross-
over

EFS OS

ZUMA-7 No 0 94 36 No 56 HR 0.398;
P < 0.0001

HR 0.73
P = 0.03

TRANSFORM Yes 63 97 46 Yes 51 HR 0.349
P < 0.0001

HR 0.724
P = 0.0987

BELINDA Yes 83 96 33 Yes 51 HR 1.07
P = 0.69

NS

Locke FL, N Engl J Med. 2022;386:640–54.
Kamdar M, et al. Lancet. 2022;399:2294–308.

Bishop MR, et al. N Engl J Med. 2022;386:629–39.

Patient population: r/r DLBCL within 12 months
Definition of EFS (primary end point) differred between trials

Early relapsing LBCL = CAR-T cell therapy
2L CAR vs 3L CAR
- Superior OS (esp. axi-cel and trend in liso-cel)
- Also suitable for “transplant ineligible”
- Improved T-cell fitness
- All have a chance to cure



FOCUS | ARTICLES

1The University of Texas MD Anderson Cancer Center, Houston, TX, USA. 2Peter MacCallum Cancer Centre, Royal Melbourne Hospital and The University 
of Melbourne, Melbourne, Victoria, Australia. 3Banner MD Anderson Cancer Center, Gilbert, AZ, USA. 4Université de Paris, AP-HP, Hôpital Saint-Louis, 
Hemato-oncology, DMU HI, Paris, France. 5Research Unit NF-kappaB, Différenciation et Cancer, Paris, France. 6Vanderbilt-Ingram Cancer Center, Nashville, 
TN, USA. 7City of Hope National Medical Center, Duarte, CA, USA. 8Seattle Cancer Care Alliance, Fred Hutchinson Cancer Research Center, Seattle, WA, 
USA. 9Mayo Clinic, Rochester, MN, USA. 10University of Chicago Medicine, Chicago, IL, USA. 11Department of Medicine, The Ottawa Hospital, Ottawa, 
Ontario, Canada. 12David Geffen School of Medicine at UCLA, Santa Monica, CA, USA. 13Kite, a Gilead Company, Santa Monica, CA, USA. 14Moffitt Cancer 
Center, Tampa, FL, USA. ✉e-mail: sneelapu@mdanderson.org

Large B-cell lymphoma accounts for up to 40% of all new diag-
noses among non-Hodgkin lymphomas worldwide, making it 
the most common subtype1. While about 60% of patients with 

LBCL have durable responses to standard first-line chemoimmu-
notherapy regimens—such as six cycles of rituximab, cyclophos-
phamide, doxorubicin, vincristine and prednisone (R-CHOP) or 
dose-adjusted etoposide, prednisone, vincristine, cyclophospha-
mide, doxorubicin and rituximab (DA-EPOCH-R)—outcomes are 
lower in patients with high-risk LBCL2. For instance, patients with 
LBCL and an International Prognostic Index (IPI) score of 3–5 
(high–intermediate- and high-risk) have lower EFS, PFS and OS with 
standard rituximab-containing chemoimmunotherapy regimens3,4. 
Intensification of chemoimmunotherapy and/or first-line consolida-
tion with high-dose chemotherapy and autologous stem cell trans-
plantation did not improve outcomes in patients with high IPI2.  
A number of recent studies have also assessed early positron emission 
tomography–computed tomography (PET–CT) using visual analy-
sis by Deauville criteria as a measure of dynamic risk assessment to 
therapy5–9. Based on the results of these studies, patients with LBCL 
who had a positive PET result (PET2+) after two cycles of standard 
first-line chemoimmunotherapy appeared to have a worse prognosis 
compared with patients who had a negative PET2 (PET2–).

Additionally, patients with high-grade B-cell lymphoma (HGBL) 
characterized by gene rearrangements of MYC and BCL2 and/
or BCL6 (that is, double- or triple-hit lymphomas) have a poor  

prognosis with standard first R-CHOP, with CRR <50% (refs. 10–12). 
These high-risk patients are also more likely to have CNS involve-
ment13. While DA-EPOCH-R is widely used in double- or triple-hit 
lymphomas, CRRs remain <60% and there is no clear survival  
benefit with the more aggressive induction regimen compared with 
standard R-CHOP14,15. At present, optimal therapy for double- or 
triple-hit lymphomas or patients with LBCL and high IPI is unclear. 
Given the poor outcomes collectively observed, these patients have 
a high need for more effective therapeutic options early in their  
disease course.

Chimeric antigen receptor T-cell therapies targeting CD19 
have demonstrated manageable safety profiles and high efficacy 
in the treatment of relapsed/refractory B-cell lymphomas, includ-
ing LBCL, mantle cell lymphoma and follicular lymphoma16–20. 
Axi-cel, an autologous anti-CD19 CAR T-cell therapy, is approved 
for patients with relapsed/refractory LBCL after two or more sys-
temic lines of therapy21,22. Initial approval of axi-cel in relapsed/
refractory LBCL was based on ZUMA-1, a single-arm, multicenter 
trial of 101 patients with refractory LBCL after two or more lines of 
systemic therapy23. After 63 months of median follow-up, median 
OS in ZUMA-1 was 25.8 months and the 5-year OS rate was 43%, 
demonstrating long-term disease control with axi-cel in patients 
with refractory LBCL24. In ZUMA-1, patients who were less heavily 
pretreated appeared to have product CAR T cells that were poten-
tially more biologically and clinically active25.

Axicabtagene ciloleucel as first-line therapy in 
high-risk large B-cell lymphoma: the phase 2 
ZUMA-12 trial
Sattva S. Neelapu! !1 ✉, Michael Dickinson! !2, Javier Munoz3, Matthew L. Ulrickson3, 
Catherine Thieblemont! !4,5, Olalekan O. Oluwole6, Alex F. Herrera7, Chaitra S. Ujjani8, Yi Lin9, 
Peter A. Riedell10, Natasha Kekre11, Sven de Vos12, Christine Lui13, Francesca Milletti13, Jinghui Dong13, 
Hairong Xu13 and Julio C. Chavez14

High-risk large B-cell lymphoma (LBCL) has poor outcomes with standard first-line chemoimmunotherapy. In the phase!2, 
multicenter, single-arm ZUMA-12 study (ClinicalTrials.gov NCT03761056) we evaluated axicabtagene ciloleucel (axi-cel), 
an autologous anti-CD19 chimeric antigen receptor (CAR) T-cell therapy, as part of first-line treatment in 40!patients with 
high-risk LBCL. This trial has completed accrual. The primary outcome was complete response rate (CRR). Secondary out-
comes were objective response rate (ORR), duration of response (DOR), event-free survival (EFS), progression-free survival 
(PFS), overall survival (OS), assessment of safety, central nervous system (CNS) relapse and blood levels of CAR T!cells and 
cytokines. The primary endpoint in efficacy-evaluable patients (n!=!37) was met, with 78% CRR (95% confidence interval (CI), 
62–90) and 89% ORR (95% CI, 75–97). As of 17!May 2021 (median follow-up, 15.9!months), 73% of patients remained in objec-
tive response; median DOR, EFS and PFS were not reached. Grade!≥3 cytokine release syndrome (CRS) and neurologic events 
occurred in three patients (8%) and nine patients (23%), respectively. There were no treatment-related grade!5 events. Robust 
CAR T-cell expansion occurred in all patients with a median time to peak of 8!days. We conclude that axi-cel is highly effective 
as part of first-line therapy for high-risk LBCL, with a manageable safety profile.
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primary efficacy analysis) had an ongoing CR while 27 patients 
(82% of objective responders and 73% of patients in the primary 
efficacy analysis) had an ongoing objective response.

Complete response rates and ORRs among key subgroups gener-
ally aligned with the overall patient population (Fig. 2 and Extended 
Data Fig. 2). All four patients with double- or triple-hit lympho-
mas and IPI score ≥3 achieved CR (Fig. 2), and all 13 patients aged 
≥65 years achieved objective response (Extended Data Fig. 2). CRR 
for the six patients with double- or triple-hit lymphoma and IPI 
score ≤2 was lower than that of the overall population (50 versus 
78%), although sample size was small (Fig. 2).

With a median follow-up of 15.9 months at the time of data  
cutoff, the medians for secondary endpoints of DOR, PFS and 
EFS had not yet been reached (Fig. 1b–d). The estimated rates for 
DOR, PFS and EFS at 12 months were 81% (95% CI, 59–92), 75%  
(95% CI, 55–87) and 73% (95% CI, 53–85), respectively (Fig. 1b–d). 
The 12-month estimated OS rate (secondary endpoint) was 91% 
(95% CI, 73–97; Fig. 1e). Of the 37 patients included in the primary  

efficacy analysis, 32 (86%) were still alive at the time of data cut-
off. Efficacy outcomes were similar among all patients treated with 
axi-cel (n = 40; Extended Data Table 3).

Five patients experienced disease progression after an initial  
response to axi-cel at the time of data cutoff: one patient was 
retreated with axi-cel and achieved partial response (PR); two 
patients received subsequent therapies and did not respond; one 
patient was screened for axi-cel retreatment and is awaiting treat-
ment; and one patient is still alive as of the data cutoff date, with 
subsequent therapies unknown. No patients experienced CNS 
relapse, a secondary endpoint. One patient achieved PR as best 
response to axi-cel and then proceeded to subsequent therapy, 
which included autologous stem cell transplantation, after which 
the patient achieved CR. Three patients achieved a best response 
of stable disease (SD) to axi-cel. At the time of data cutoff, one 
patient had not received subsequent therapy but was still alive 
while two patients had received subsequent therapy but died of 
progressive disease (PD). The one patient who had PD as their 
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Fig. 1 | Best response, DOR, PFS, EFS and OS in patients included in primary efficacy analysis. a, Summary of best responses in efficacy-evaluable 
patients (n!=!37). b–e, Kaplan–Meier plots for DOR (b), PFS (c), EFS (d) and OS (e) in efficacy-evaluable patients. aOne patient died following progression 
after month!24 (cause of death was progression). NR, not reached; NE, not evaluable.
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Eligible adults 40: high-risk LBCL, with DH/TH, IPI ≥3, 
plus a positive PET DS 4/5 after 2 cycles of an anti-CD20 mAb
and anthracycline-containing regimen.

Gr ≥ 3; CRS 8%, ICANS 23%



ZUMA-23: Axi-cel vs SOC as 1L therapy in 
HR-LBCL
• Global, open-label RCT, phase III

Patients ≥ 18 y with 
DLBCL NOS, HGBCL, tFL or 

tMZL; IPI 4–5, received 1 cycle of 
R-chemo; no LBCL of CNS

(N=300)

Axi-cel 2.0 x 106 cells/kg
(single infusion)

Leukapheresis > bridging therapy
With RCHOP or DA-EPOCH-R

> *LD regimen

Primary endpoint: EFS

Secondary endpoints: OS, PFS

*LD: Fludarabine 30 mg/m2/day + 
cyclophosphamide 500 mg/m2/day on 
days –5 to –3 prior to CAR-T infusion 

SOC
6 cycles of investigator ‘s choice 

of RCHOP or DA-EPOCH-R 

1:1

Westin J, et al. J Clin Oncol. 2023;41(16)_suppl: https://doi.org/10.1200/JCO.2023.41.16_suppl.TPS7578.
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under evaluation in order to improve outcomes of treatment with CAR T-cells in patients
with R/R LBCL. Tables 3 and 4 summarize the major ongoing clinical trials of axi-cel
and liso-cel in patients with R/R LBCL. Sequential treatment with CD19-targeting CAR
T-cells followed by BsAbs such as mosunetuzumab or glofitamab is under evaluation in
patients with R/R DLBCL or transformed FL in a phase II trial (NCT04889716). Moreover,
another strategy is based on a consolidation treatment in patients who are not in CR after
CD19-targeting CAR T-cells such as consolidation with epcoritamab in a randomized
phase II trial (NCT06238648) or loncastuximab tesirine, an antibody-drug conjugate (ADC)
approved for the treatment of R/R LBCL, in a phase II trial (NCT05464719). Bridging
treatment with glofitamab in combination with rituximab plus ifosfamide, carboplatin,
etoposide in participants with R/R transplant or CAR-T therapy eligible DLBCL is also
under evaluation (NCT05364424). Another trial, the PORTAL trial, is also evaluating
polatuzumab vedotin, obinutuzumab and glofitamab as a peri-CAR T-Cell treatment
strategy in LBCL (NCT06071871). Tables 3 and 4 summarize the major trials evaluating
axi-cel and liso-cel in patients with R/R LBCL.

Table 3. Major ongoing trials evaluating axi-cel in patients with LBCL.

Study Drugs Phase No of Patients Population Primary Endpoint

NCT05794958 Axi-cel Ib 20
Reinfusion in R/R
second-line high-risk
LBCL after SOC axi-cel

DLTs

NCT04257578 Axi-cel + acalabrutinib I/II 50 LBCL AEs

NCT05459571
(ZUMA-24) Axi-cel + steroids II 30 R/R LBCL TE-CRS, TENE

NCT05605899
(ZUMA-23) Axi-cel vs. SOC III 300 First-line treatment

high-risk LBCL EFS

NCT06213311 Axi-cel + glofitamab II 40 Second-line R/R LBCL AEs

NCT05757219 Itacitinib pre axi-cel II 27 DLBCL PFS

TE-CRS: treatment emergent cytokine release syndrome; TENE: treatment emergent neurological events; LBCL:
large B cell lymphoma; R/R: relapsed and/or refractory; SOC: standard-of-care; AEs: adverse events; EFS:
event-free survival; PFS: progression-free survival; DLTs: dose-limiting toxicities.

Table 4. Major ongoing trials of liso-cel in patients with LBCL.

Study Drugs Phase No of Patients Population Primary Endpoint

NCT05583149 Acalabrutinib + liso-cel II 27 R/R aggressive B-cell
lymphoma after 2 lines CR rate

NCT05873712 Zanubrutinib + liso-cel II 24 R/R richter’s syndrome ORR

NCT05672173 Liso-cel + nivolumab +
ibrutinib II 20 R/R richter’s syndrome CR

UT

NCT05359211 Liso-cel + NKTR-255 I 24 R/R LBCL
AEs
DLT
CR rate

NCT05664217 NKTR-255 vs. placebo
after liso-cel II/III 400 R/R LBCL EFS

CR rate

UT: unacceptable toxicity; CR: complete remission; ORR: objective response rate; AEs: adverse events; DLT:
dose-limiting toxicities; EFS: event-free survival; R/R: relapsed and/or refractory; LBCL: large B cell lymphoma.

Author Contributions: Conceptualization, K.S., N.K. and A.L.C.; writing—original draft preparation,
K.S., N.K. and A.A.; writing—review and editing, R.K., C.C., R.I., Z.T., N.M. and M.H.; supervision,
A.L.C. All authors have read and agreed to the published version of the manuscript.
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T-cells followed by BsAbs such as mosunetuzumab or glofitamab is under evaluation in
patients with R/R DLBCL or transformed FL in a phase II trial (NCT04889716). Moreover,
another strategy is based on a consolidation treatment in patients who are not in CR after
CD19-targeting CAR T-cells such as consolidation with epcoritamab in a randomized
phase II trial (NCT06238648) or loncastuximab tesirine, an antibody-drug conjugate (ADC)
approved for the treatment of R/R LBCL, in a phase II trial (NCT05464719). Bridging
treatment with glofitamab in combination with rituximab plus ifosfamide, carboplatin,
etoposide in participants with R/R transplant or CAR-T therapy eligible DLBCL is also
under evaluation (NCT05364424). Another trial, the PORTAL trial, is also evaluating
polatuzumab vedotin, obinutuzumab and glofitamab as a peri-CAR T-Cell treatment
strategy in LBCL (NCT06071871). Tables 3 and 4 summarize the major trials evaluating
axi-cel and liso-cel in patients with R/R LBCL.

Table 3. Major ongoing trials evaluating axi-cel in patients with LBCL.

Study Drugs Phase No of Patients Population Primary Endpoint

NCT05794958 Axi-cel Ib 20
Reinfusion in R/R
second-line high-risk
LBCL after SOC axi-cel

DLTs

NCT04257578 Axi-cel + acalabrutinib I/II 50 LBCL AEs

NCT05459571
(ZUMA-24) Axi-cel + steroids II 30 R/R LBCL TE-CRS, TENE

NCT05605899
(ZUMA-23) Axi-cel vs. SOC III 300 First-line treatment

high-risk LBCL EFS

NCT06213311 Axi-cel + glofitamab II 40 Second-line R/R LBCL AEs

NCT05757219 Itacitinib pre axi-cel II 27 DLBCL PFS

TE-CRS: treatment emergent cytokine release syndrome; TENE: treatment emergent neurological events; LBCL:
large B cell lymphoma; R/R: relapsed and/or refractory; SOC: standard-of-care; AEs: adverse events; EFS:
event-free survival; PFS: progression-free survival; DLTs: dose-limiting toxicities.

Table 4. Major ongoing trials of liso-cel in patients with LBCL.

Study Drugs Phase No of Patients Population Primary Endpoint

NCT05583149 Acalabrutinib + liso-cel II 27 R/R aggressive B-cell
lymphoma after 2 lines CR rate

NCT05873712 Zanubrutinib + liso-cel II 24 R/R richter’s syndrome ORR

NCT05672173 Liso-cel + nivolumab +
ibrutinib II 20 R/R richter’s syndrome CR

UT

NCT05359211 Liso-cel + NKTR-255 I 24 R/R LBCL
AEs
DLT
CR rate

NCT05664217 NKTR-255 vs. placebo
after liso-cel II/III 400 R/R LBCL EFS

CR rate

UT: unacceptable toxicity; CR: complete remission; ORR: objective response rate; AEs: adverse events; DLT:
dose-limiting toxicities; EFS: event-free survival; R/R: relapsed and/or refractory; LBCL: large B cell lymphoma.
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Role of CD19CAR-T in PCNSL/SCNSL
Table 1. Resume of published studies with CAR T-cells for CNSL.

Author n Study
design

Target Product P/S- CNSL Histology Clinical presentation LD Bridging CRS ICANS Response Efficacy Follow-
up
(median)

Nayak
et al. [46]

18 Phase I CD19 Axi-cel PCNSL= 13
SCNSL= 4

DLBCL NR Flu-Cy Corticosteroids Any
G= 89.0%
G ≥ 3= 0

Any
G= 44.0%
G ≥ 3= 28.0%

ORR= 94.0%
CR= 67.0%
Median time
to best
response=
3m

mDOR= 13.4 m
mPFS= 14.3m
mOS= 26.4m

24.2m

Wu et al.
[60]

13 Phase I ASCT+ CD19+ CD22
(first line)

Academic,
costimulatory
domain: CD28
and 4-1BB

PCNSL= 4
SCNSL= 9

DLBCL Parenchymal= 12
Leptomeningeal= 1

BEAM or
TioBuCy

CR= 1
Active disease= 12

Any
G= 84.6%
G ≥ 3= 0

Any grade=
27.3%
G ≥ 3= 1/13

At 3m,
ORR= 81.8%
CR= 54.6%

At 1 y,
PFS= 74.6%
OS= 82.5%
mDOR= 14.3 m

14.2m

Frigault
et al. [37]

12 Phase
I/II

CD19 Tisa-cel PCNSL DLBCL= 5
HGBCL= 2
PMBCL= 1

Parenchymal= 11
Leptomeningeal= 2

Flu-Cy All, but NR Any
G= 58.3%
G ≥ 3= 0

Any= 41.6%
G ≥ 3= 8.3%

ORR= 58.3%
CR= 50%
PR= 16.7%

12.2m

Abramson
et al. [35]

7 Phase I CD19 Liso-cel SCNSL DLBCL,
HGBCL,
PMBCL, and
tFLa

NR Flu-Cy NR G1-2= 2/7
G ≥ 3= 0

G3= 33.0% CR= 50.0% NR 18.8ma

Liu et al.
[59] b

7 Phase I CD19= 4 CD20= 3 No
costimulatory
domain
provided

PCNSL= 1
SCNSL= 6

DLBCL Parenchymal= 6
Leptomeningeal= 1

Flu-Cy= 5
ASCT (BuCy-E
&BEAC
cladribine)= 2

ASCT= 2 NR NR ORR= 100%
CR= 4/7
PR= 3/7

Median
duration of
CR= 22.4 m

10.4m

Siddiqi
et al. [62] b

5 Phase I
(CNS
cohort)

CD19 Academic PCNSL DLBCL Parenchymal Flu-Cy HD-MTX, pomalidomide,
WBRD, steroids

G1= 60.0%
G2= 40.0%

G1-2= 80.0%
G3= 20.0%

At 28 d:
CR= 60%
SD= 40%

mDOR= 43 d
(13-520)

NR

Li et al.
[47]

5 Phase I ASCT+ CD19+ CD22 Academic,
costimulatory
domain: CD28
and 4-1BB

PCNSL= 1
SCNSL= 4

DLBCL Parenchymal Flu-Cy HD-MTX, lenalidomide,
temozolamide, Ibrutinib,
WBRT

G1= 80.0%
G2= 20.0%

G1= 20.0%
G4= 20.0%

At 2m:
ORR= 100.0%
CR= 20.0%
PR= 80.0%

3 pts relapsed
at 3m.
1 pt relapsed at
8m.
At last FU, 1 pt
still in CR

14.0m

Ghafouri
et al. [63]

5 R CD19 Axi-cel= 5 SCNSL PMBCL= 1
DLBCL= 1
tNHL= 3

Parenchymal= 2
Parenchymal-
leptomeningeal= 3

Flu-Cy 3 pts:
1. WBRD, Ibrutinib,
revlimid;
2. Rituximab, Dexa, Ara-
C, Thiotepa;
3. IT, ICE, HD-MTX

Any
grade= 40%
G1= 20%
G2= 20%

Any grade=
40%
G3= 20%
G4= 20%

At 28 d:
ORR= 80%
CR= 60%
SD= 20%
PD= 20%

NR 155.0 d

Bennani
et al. [55]

17 (15
infused)

R CD19 Axi-cel SCNSL DBCL= 76%
(ABC
DLBCL= 53%)

Parenchymal= 4
Leptomeningeal/
CSF= 10
Data not
available= 3

Flu-Cy 82% pts (1 steroid only, 2
WBRT, 12 systemic
therapy)

Any= 93.0%
G ≥ 3= 13.0%

Any
G= 87.0%
G ≥ 3= 33.0%

At 1m,
ORR= 59.0%
At 3m,
ORR= 31.0%

mEFS= 3.5 m
(2.7-NE)

10.1 m

Epperla
et al. [49]

61 R CD19 Axi-cel= 30
Tisa-cel= 19
Liso-cel= 11
Brexu-cel= 1

SCNSL DLBCL Parenchymal= 25
Leptomeningeal= 29
Both= 6

Flu-Cy Chemotherapy, WBRT Any
G= 70.0%
G ≥ 3= 16.0%

Any
G= 57.0%
G ≥ 3= 44.0%

ORR= 68.0%
CR= 57.0%

mPFS= 3.3m
mOS= 7.6m

14.1m

Ayuk et al.
[50]

28 R CD19 Axi-cel
Tisa-cel

SCNSL aDLBCL= 81%
tFL= 9%
PMBCL= 6%
tMZL= 1.5%
tCLL= 1.5%
tHL= 1%
Richter < 1%

Parenchymal= 16
Meningeal= 6
Parenchymal &
meningeal= 6

Flu-Cy IT, WBRT, polatuzumab,
Gem-Ox,
venetoclax+ ibrutinib,
RCHOP+ HD-MTX

Any= 86.0%
G3= 21.0%

Any= 46%
G3= 11%
G4= 4%

NR At 1 y,
PFS= 41% (axi-
cel PFS= 62%;
tisa-cel
PFS= 19%)

17.0 m

Yu et al.
[52] b

22 R CD19 Relma-cel PCNSL= 12
SCNSL= 10

DLBCL Parenchymal/
leptomeningeal= 21
Leptomeningeal= 1

Flu-
Cy= 59.0%
ASCT= 41.’%

n= 20/22 pts.
, HD-MTX,
Temozolomide, ASCT,
WBRT, other
immunotherapy

Any
grade= 73%
G1-2= 68%
G3= 4.5%

Any G= 36%
G1-2= 32%
G3= 4.5%

At 1m,
ORR= 90.9%
CR= 68.2%

At 1 y,
PFS= 64.4%
OS= 79.2%
DOR= 71.5%
At last follow-
up: 13 pts
(81.3%) still in
CR

316.0 d

Lacan et al.
[43]

21 R CD19 Tisa-cel= 19
Axi-cel= 2

PCNSL= 13
SCNSL= 8

DLBCL Parenchymal &
Meningeal= 20
Also/only CSF= 9

Flu-Cy NR Any
grade= 16/
21
G3= 1/21

Any grade=
7/21
G ≥ 3= 2/21

At 28 d,
ORR= 67.0%
CR= 29.0%
PR= 38.0%

mOS= 15.0m
mDFS= 3.0 m
mDOR= 19.0 m

12.0m
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2024 ASCO: pilot study axi-cel for r/r PCNSL/SCNSL

Tisa-cel for r/r PCNSL

TRANSCEND HL 001: Liso-cel for r/r SCNSL

Active clinical trials:
NCT05625594 NCI Phase I CD19CAR-T cells i.c.v. PCNSL n=20
NCT 04134117 Novartis Phase I Tisa-cel IV PCNSL HR elderly, r/r PCNSL n=6
NCT 04608487 Kite Phase I Axi-cel IV r/r PCNSL, r/r SCNSL n=18
Also CD19-CD22 CAR-T, CD19-CD20 CAR-T, CD20CAR-T cell trials are ongoing!!

Losi G, et al. Bone Marrow Transpl. 2024; 2024 Dec 14.doi: 10.1038/s41409-024-02496-9.
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NR (p  <  0.0001) and a median OS of 19 months vs NR (p  =  0.0080) 
for those with out ctDNA. Moreover, of the patients with radio-
log i cally SD/PR at day +28, only 1/10 with con cur rently unde-
tect able ctDNA relapsed vs 15/17 with con cur rently detect able 
ctDNA (p  =  0.0001). Finally, all  patients with dura ble responses 
had unde tect able ctDNA at or before +3 months from infu sion. It 
should be con sid ered that this study used clonoseq assay using 
VDJ gene rearrangement as liq uid biopsy tech nique, which is 
pos si bly not the best method. Other tech niques such as PhasED-
Seq or CAPP-seq have more poten tial in this set ting.33,34

Finally, expan sion and per sis tence of anti-CD19 CAR T-cell 
showed a mixed effect on sur vival. In the JULIET study, no effect 
on out comes were observed in terms of CAR T-cell expan sion 
and per sis tence.2 On the con trary, in the ZUMA-1 study, CAR 
T-cell expan sion dur ing the first 28 days was asso ci ated with 
response (p  <  0.001) with an area under the curve 5.4 times 
higher between respond ers and no respond ers.1 Also, in the 
TRANSCEND study, expan sion of lisocabtagene maraleucel was 
asso ci ated with response. In fact, patients who reached a PR/CR 
had a higher Cmax (3.55-fold, p   <   0.0001) and area under the 
curve dur ing the first 28 days (2.72-fold, p  <  0.0001).3 Monfrini et 
al showed that CAR T-cell expan sion has a prog nos tic role also 
in the real-life set ting (only axi-cel and tisa-cel).26 In their study, 
patients in PR/CR within +3 months of infu sion had a supe rior 
CAR T-cell expan sion com pared to non-respond ers mea sured 
by CAR T-cell con cen tra tion at day +7 and +10, with max i mum 
con cen tra tion and area under the curve dur ing the first 30 days. 
When CAR T-cell are used as sec ond-line ther apy, no prog nos-
tic role of expan sions has been observed for axi-cel in terms of 
over all sur vival or for tisa-cel in terms of event-free survival.34,35 
The role of anti-CD19 CAR T-cell per sis tence did not show any 
prog nos tic sig nifi  cance in the lym phoma set ting.

Post-CAR T-cell relapse prog nos tic fac tors
In the set ting of relapse after anti-CD19 CAR T-cell was used 
after 2 or more lines of ther apy, there are a few stud ies that 
iden ti fied prog nos tic fac tors  able to pre dict sur vival out comes 
(Table 3). No data are cur rently avail  able for relapse after anti-
CD19 CAR T-cell is used as sec ond-line ther apy. When patients 
relapse after anti-CD19 CAR T-cell is used beyond sec ond-
line ther apy, median PFS and OS are 3 and 6 months, respec-
tively.35-40 The treat ment land scape in such a sce nario is rap idly 
chang ing, con sid er ing the emer gence of newer ther a peu tic 
strat e gies in this set ting. One of the first prog nos tic risk fac tors 
iden ti fied was hav ing a refrac tory dis ease (pro gres sion of dis-
ease <30 days from infu sion). Chow et al showed that the pro-
gres sion of dis ease within 30 days of infu sion has a median OS of 
3.75 months vs 9.29 months (p  =  0.042).41 The same results were 
dem on strated by Zurko et al, who recorded a OS of 2.9 months 
vs 8.0 months (p < 0.01) for patients with SD or pro gres sion of 
dis ease at day +30.36 An ele vated LDH at CAR T-cell infu sion was 
con firmed as one of the most impor tant fac tors in the post-
CAR T-cell relapse set ting. No pro spec tive clin i cal tri als defined 
which is the best ther a peu tic approach in this set ting. Data on 
the use of newer ther a pies (eg, lenalidomide; Rituximab-po-
latuzumab-bendamustine) should not be viewed as defin i tive 
because of known biases in the selec tion of patients fit for addi-
tional ther apy. Enrollment into clin i cal tri als should be always 
encour aged, con sid er ing the dis mal out comes of such patients.

Conclusions
Factors related to patients, anti-CD19 CAR T-cell prod uct, and 
dis ease char ac ter is tics can be iden ti fied before or after infu sion 
or at relapse post-CAR T-cell prod uct infu sion. Currently, there 
is not a per son al ized risk score with high accu racy that can be 

Table 3. Risk fac tors asso ci ated with sur vival out comes for lym phoma patients with relapse after anti-CD19 CAR T-cell infu sion

Risk fac tor Hazard ratio HR (95% CI)

• Response to axi-cel OS: HR 0.45 (95% CI: 0.29–0.71; p  =  0.0005)40

• Progression <30 day OS: HR 2.93 (95% CI: 1.56–5.50; p  =  0.0009)37

• CAR T-cell refrac to ri ness OS: HR 2.33 (95% CI: 1.02–5.29)38

• Grade 3–4 CRS OS: HR 5.39 (95% CI: 2.48–11.7; p  =  2.2. × 10−5)40

• Bridging che mo ther apy OS: HR 2.11 (95% CI: 1.32–3.39; p  =  0.002)40

• >2 lines of ther apy before CAR T-cell infu sion PFS: HR 1.89 (95% CI: 1.1–3.5; p  =  0.03)36

• No dou ble hit or dou ble expressor lym phoma sub type PFS: HR 0.42 (95% CI: 0.18–0.89; p  =  0.03)36

• Polatuzumab-bendamustine-rituximab after CAR T-cell fail ure as sal vage treat ment PFS: HR 0.097 (95% CI: 0.013–0.57; p  =  0.01)36

• Lenalidomide-based after CAR T-cell fail ure as sal vage treat ment PFS: HR 0.15, (95% CI: 0.026–0.76; p  =  0.03)36

OS: HR 0.42 (95% CI: 0.21.0.82; p  =  0.01)37

• High LDH at infu sion PFS: HR 3.42 (95% CI: 1.93–6.05; p  <  0.0001)
OS: HR 2.10 (95% CI: 1.16–3.78; p  =  0.01)37

OS: HR 2.95 (95% CI: 1.61–5.38)38

• High fer ri tin at infu sion PFS: HR 1.02 (95% CI: 1.00–1.03; p  =  0.01)37

• High CRP at infu sion OS: HR 1.11 (95% CI: 1.04–1.19; p  =  0.003)37

• Bulky dis ease at apher e sis OS: HR 2.27 (95% CI: 1.10–4.72)38

• Older age OS: HR 2.65 (95% CI 1.49–4.73)38

CRP, C-reac tive pro tein; CRS, cyto kine release syn drome; HR, haz ard ratio; LDH, lac tate dehy dro ge nase; OS, over all sur vival; PFS, pro gres sion-
free sur vival. 
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Axicabtagene ciloleucel: 
FDA approval and indication in DLBCL
• FDA-approved CD19CAR-T cell for adults with LBCL including 

DLBCL, PMBCL, HGBCL, and DLBCL arising from FL (**not 
indicate for PCNSL);
• Relapse and refractory≥ 2 lines in 2017 
• Refractory to 1st line CIT or relapses within 12 months of 1st CIT in 2022



Lisocabtagene maraleucel: 
FDA approval and indication in DLBCL
• FDA-approved CD19CAR-T cell for adults with LBCL, including 

DLBCL NOS, DLBCL arising from indolent lymphoma, HGBCL, 
PMBCL, and FL grade 3 B (**not indicate for PCNSL);
• Relapse and refractory≥ 2 lines in 2021
• Refractory to 1st line CIT or relapses within 12 months of 1st CIT or 

ineligible for HSCT in 2022



Tisagenlecleucel: 
FDA approval and indication in DLBCL
• FDA-approved CD19CAR-T cell for adults with LBCL, including 

DLBCL NOS, HGBCL, DLNCL arising from FL (**not indicate for 
PCNSL);
• Relapse and refractory≥ 2 lines in 2018



The results from the ZUMA-7 and Transform studies justify a par-
adigm shift to second-line CAR T-cell therapy (axi-cel or liso-cel)
in suitable patients with LBCL who are refractory to or relapse
within 1 year of completion of first-line therapy. The negative
results observed in the Belinda trial likely reflect the limitation of
CAR T-cell therapy when administered in a delayed fashion or in
the setting of poorly controlled disease. These results should
not be extrapolated beyond the study population as patients
with later relapse can have reasonable outcomes following
ASCT, and it is likely the mechanisms of resistance may differ
according to timing of relapse.8,14 A recent population-based
review of outcomes in transplant-eligible patients according to
timing of relapse, demonstrated a 5-year PFS of 12% with
platinum-based salvage followed by ASCT in patients who were
primary refractory or relapsed within 12 months of initial diagno-
sis compared with a 5-year PFS of 49% in patients who relapsed
beyond 2 years.51 Whether patients with refractory or early
relapsing LBCL who derive benefit from bridging chemotherapy
started urgently before leukapheresis should be reconsidered
for ASCT cannot be determined based on trial design. Impor-
tantly, patients with extensive poorly controlled disease prior to
CAR T-cell infusion may benefit less from this approach, and
proceeding with CAR T-cell treatment should be weighed
against other available options.

The current trials were restricted to a transplant-eligible popula-
tion, although 2 trials had no upper age limit. The criteria for
transplant eligibility vary between institutions and are often based

on performance status, physiologic age, organ function, and tol-
erance of first-line therapy. In view of the favorable efficacy and
toxicity profile, it could be argued that second-line CAR T-cell
therapy should be offered to some patients previously considered
transplant ineligible. The population of CAR T-cell–eligible
patients is somewhat larger than the transplant-eligible popula-
tion, with feasibility demonstrated in older patients and those
with modest comorbidities, albeit with somewhat higher toxic-
ity.29-33 The ongoing PILOT study is evaluating the safety and effi-
cacy of liso-cel as second-line therapy for transplant-ineligible
patients with aggressive B-cell lymphoma, with preliminary results
demonstrating similar safety and efficacy to the phase 2 pivotal
trial.52 However, use of CAR T-cell therapy in high-risk transplant-
ineligible patients should incorporate a careful consideration of
the risk of toxicity and other treatment options.

A proposed management algorithm for second-line therapy of
R/R LBCL is shown in Figure 2, with projected outcomes based
on historic expectations and data from phase 3 CAR T-cell ther-
apy trials. Although longer-term results and safety information
will be required to fully assess the merit of second-line axi-cel or
liso-cel therapy, the 2-year data from ZUMA-7 are reassuring as
few patients achieving CR within the pivotal trials relapsed after
1 year.25 In the absence of a definitive OS benefit (which may
emerge over time), cost-effectiveness analyses will be helpful to
support second-line CAR T-cell therapy but should take into
account the downstream treatment course of ASCT, including
crossover to CAR T-cell therapy and use of costly novel agents.

Figure 2. A new treatment algorithm for patients with R/R LBCL after first-line therapy is proposed. Patients with refractory or relapsed disease within 1 year of
completion of initial therapy should be considered for second-line CAR T-cell therapy (axi-cel or liso-cel) if eligible. Patients who relapse .1 year from initial therapy
should be considered for ASCT if transplant-eligible. Patients who are not eligible for second-line cellular therapy have numerous therapeutic alternatives, including
investigational agents/clinical trials. Selection of therapy should be individualized based upon disease and patient characteristics, treatment goals, patient preference,
and logistical factors (some agents may only be indicated for third-line therapy and beyond). At the time of publication, no CAR T-cell therapy has yet been approved
by the regulatory agencies for second-line therapy, but regulatory review is ongoing. Percentages are estimated and projected based upon data from clinical trials and
historical outcomes. The dashed arrows indicate treatment path for patients who are not cured by cellular therapy. 1L, first-line; 2L, second-line; 3L1, third-line and
beyond; ASCT, autologous stem cell transplantation; axi-cel, axicabtagene ciloleucel; BR, bendamustine and rituximab; CAR T-cell, chimeric antigen receptor T-cell
therapy; LBCL, large B-cell lymphoma; liso-cel, lisocabtagene maraleucel; XRT, radiation therapy. Professional illustration by Somersault18:24.
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BCEL-7

RELAPSE/
REFRACTORY DISEASE

ADDITIONAL 
THERAPY

RESPONSE 
ASSESSMENT 

Candidates 
for CAR 
T-cell therapy

Non-
candidates 
for CAR 
T-cell therapy

CAR T-cell therapy with 
bridging therapy (BCEL-C 2 
of 7) as clinically indicateddd 

Clinical trial
or
Second-line therapy; see 
Suggested Regimens (BCEL-C 
2 of 7)
or
Palliative ISRTt
or 
Best supportive care (NCCN 
Guidelines for Palliative Care)

r Lugano Response Criteria for Non-Hodgkin Lymphoma (NHODG-C).
t Principles of Radiation Therapy (NHODG-D).
cc Management of localized refractory disease is uncertain. RT ± chemoimmunotherapy followed by HDT/ASCR may be an option for some patients.
dd If bridging therapy results in CR or very good PR, proceeding with HDT/ASCR is an appropriate alternative.
ee Repeat biopsy should be strongly considered if PET-positive prior to additional therapy, because PET positivity may represent post-treatment inflammation. If biopsy 

negative, follow CR pathway.
ff If patient's clinical situation improves markedly and patient becomes eligible for HDT/ASCR. This may include patients who do not have access to CAR T-cell therapy. 

Additional RT can be given before or after transplant to sites of previous positive disease.

Complete 
responser

Partial 
responser,ee

No response or 
progressive diseaser

Relapse #2 or 
Greater (BCEL-9)

Follow-up 
(BCEL-9)

Follow-up (BCEL-9)

Relapsed disease 
<12 mo 
or 
Primary refractory 
diseasecc

Consolidation 
with HDT/
ASCR ± ISRTt,ff 
(optional) 
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BCEL-8

r Lugano Response Criteria for Non-Hodgkin Lymphoma (NHODG-C).
t Principles of Radiation Therapy (NHODG-D).
gg Some NCCN Member Institutions require a complete metabolic response in order to proceed to HDT/ASCR.
hh Additional RT can be given before or after transplant to sites of previous positive disease.
ii Selected cases include mobilization failures and persistent bone marrow involvement. 
jj Repeat biopsy should be strongly considered if PET-positive prior to additional therapy, because PET positivity may represent post-treatment inflammation. If biopsy 

negative, follow CR pathway.

RELAPSE/
REFRACTORY DISEASE

ADDITIONAL 
THERAPY

RESPONSE 
ASSESSMENT 

CONSOLIDATION/ADDITIONAL THERAPY

Relapsed 
disease >12 mo

Intention  
to proceed to  
transplant 

No intention 
to proceed to 
transplant

Second-line 
therapy; see 
Suggested 
Regimens 
(BCEL-C 3 of 7)

Clinical trial
or
Second-line therapy; 
see Suggested 
Regimens  
(BCEL-C 3 of 7)
or
Palliative ISRTt
or 
Best supportive 
care (See NCCN 
Guidelines for 
Palliative Care)

Complete 
responser 

No response or 
progressive diseaser

HDT/ASCR (category 1) ± ISRTt,hh
or
Clinical trial 
or
Allogeneic HCT in selected casesii ± ISRTt,hh

Partial 
responser,gg

CAR T-cell therapy (BCEL-C 2 of 7)
or
HDT/ASCR ± ISRTt,hh
or
Clinical trial 
or
Allogeneic HCT in selected casesii ± ISRTt,hh

Complete 
responser

Treatment for 
Relapse #2 or 
Greater (BCEL-9)

Partial 
responser,jj

No response or 
progressive diseaser

Treatment for 
Relapse #2 or 
Greater (BCEL-9)

Follow-up 
(BCEL-9)

Follow-up (BCEL-9)
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SECOND-LINE THERAPYe,j,k  
(relapsed disease <12 mo or primary refractory disease)

Candidates for CAR T-Cell Therapy Non-Candidates for CAR T-Cell Therapy
• CAR T-cell therapyl

�Axicabtagene ciloleucel (CD19-directed) (category 1)
�Lisocabtagene maraleucel (CD19-directed) (category 1)

Bridging Therapy Options (≥1 cycles as needed until CAR T-cell
product is available)
• DHA + platinum (carboplatin, cisplatin, or oxaliplatin) ± rituximab 
• GDP (gemcitabine, dexamethasone, carboplatin or cisplatin) ± 

rituximab
• GemOx ± rituximab 
• ICE ± rituximab
• Polatuzumab vedotin-piiq ± rituximab ± bendamustinem
• ISRT (can be used as monotherapy or sequentially with systemic 

therapy) (NHODG-D 3 of 4)

Preferred regimens (in alphabetical order)
• Epcoritamab-bysp + GemOxn,o 

• Glofitamab-gxbm + GemOxn,o

• Polatuzumab vedotin-piiq ± bendamustinem ± rituximab
• Polatuzumab vedotin-piiq + mosunetuzumab-axgbn,o

• Tafasitamab-cxixp + lenalidomide (excluding primary refractory disease)

Other recommended regimens (in alphabetical order)
• CEOP (cyclophosphamide, etoposide, vincristine, prednisone) ± rituximab
• DHA (dexamethasone, cytarabine) + platinum (carboplatin, cisplatin, or 

oxaliplatin) ± rituximab
• ESHAP (etoposide, methylprednisolone, cytarabine, cisplatin) ± rituximab
• GDP (gemcitabine, dexamethasone, carboplatin or cisplatin) ± rituximab
• GemOx (gemcitabine, oxaliplatin) ± rituximab (if unable to receive 

epcoritamab-bysp or glofitamab-gxbm)
• ICE (ifosfamide, carboplatin, etoposide) ± rituximab 
• MINE (mesna, ifosfamide, mitoxantrone, etoposide) ± rituximab

Useful in certain circumstances 
• Brentuximab vedotin for CD30+ diseaseq

• Ibrutinibn (non-GCB DLBCL)
• Lenalidomide ± rituximab (non-GCB DLBCL)

BCEL-C
2 OF 7

SUGGESTED TREATMENT REGIMENSa,b

Third-line Therapy on BCEL-C 4 of 7

First-line Therapy on BCEL-C 1 of 7
Footnotes on BCEL-C 5 of 7

Second-line Therapy (relapsed disease >12 mo) on BCEL-C 3 of 7
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BCEL-C
3 OF 7

SUGGESTED TREATMENT REGIMENSa,b

SECOND-LINE THERAPYe,j,k  
 (relapsed disease >12 mo)

Intention to Proceed to Transplant No Intention to Proceed to Transplant
Preferred regimens (in alphabetical order)
• DHA (dexamethasone, cytarabine) + platinum (carboplatin, cisplatin, 

or oxaliplatin) ± rituximab
• GDP (gemcitabine, dexamethasone, carboplatin or cisplatin) ± 

rituximab
• ICE (ifosfamide, carboplatin, etoposide) ± rituximab

Other recommended regimens (in alphabetical order)
• ESHAP (etoposide, methylprednisolone, cytarabine, cisplatin) ± 

rituximab 
• GemOx (gemcitabine, oxaliplatin) ± rituximab
• MINE (mesna, ifosfamide, mitoxantrone, etoposide) ± rituximab

Preferred regimens (in alphabetical order)
• CAR T-cell therapy (CD19-directed)l (with bridging therapy as needed; 

BCEL-C 2 of 7) (if eligible)
�Lisocabtagene maraleucel

• Epcoritamab-bysp + GemOxn,o 

• Glofitamab-gxbm + GemOxn,o (category 1)
• Polatuzumab vedotin-piiq ± bendamustinem ± rituximab
• Polatuzumab vedotin-piiq + mosunetuzumab-axgbn,o

• Tafasitamab-cxixp + lenalidomide
Other recommended regimens (in alphabetical order)
• CEOP (cyclophosphamide, etoposide, vincristine, prednisone) ± rituximab
• GDP (gemcitabine, dexamethasone, carboplatin or cisplatin) ± rituximab
• GemOx ± rituximab (if unable to receive epcoritamab-bysp or glofitamab-

gxbm)
• Rituximab
Useful in certain circumstances 
• Brentuximab vedotin for CD30+ diseaseq

• Ibrutinibn (non-GCB DLBCL)
• Lenalidomide ± rituximab (non-GCB DLBCL)

Third-line Therapy on BCEL-C 4 of 7

First-line Therapy on BCEL-C 1 of 7
Footnotes on BCEL-C 5 of 7

Second-line Therapy (relapsed disease <12 mo or 
primary refractory disease) on BCEL-C 2 of 7
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BCEL-C
4 OF 7

SUGGESTED TREATMENT REGIMENSa,b

Consider prophylaxis for tumor lysis syndrome (NHODG-B)
See monoclonal antibody and viral reactivation (NHODG-B)

First-line Therapy on BCEL-C 1 of 7
Footnotes on BCEL-C 5 of 7

THIRD-LINE AND SUBSEQUENT THERAPY
Subsequent systemic therapy options include second-line therapy regimens (BCEL-C 2 of 7 and BCEL-C 3 of 7)  

that were not previously used.
Preferred regimens
• T-cell engager therapy
�CAR T-cell therapyl (preferred if not previously given)  

(in alphabetical order)
 ◊ Axicabtagene ciloleucel (CD19-directed)
 ◊ Lisocabtagene maraleucel (CD19-directed)
 ◊ Tisagenlecleucel (CD19-directed)

�Bispecific antibody therapy (only after at least two lines of systemic 
therapy; including patients with disease progression after transplant 
or CAR T-cell therapy) (in alphabetical order)

 ◊ Epcoritamab-byspn,o

 ◊ Glofitamab-gxbmn,o

Other recommended regimens
• Brentuximab vedotin + lenalidomide + rituximab (for CD30+ disease)q
• Loncastuximab tesirine-lpylp
• Selinexor (including patients with disease progression after transplant or 

CAR T-cell therapy)

Second-line Therapy on BCEL-C 2 of 7 and 
BCEL-C 3 of 7
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A B S T R A C T
Autologous hematopoietic cell transplantation (auto-HCT) has long been the standard approach for patients with
relapsed/refractory (R/R) chemosensitive diffuse large B cell lymphoma (DLBCL). However, the advent of chimeric
antigen receptor (CAR) T cell therapy has caused a paradigm shift in the management of R/R DLBCL patients, espe-
cially with the recent approval of CD19-directed CAR-T therapy in the second-line setting in high-risk groups (pri-
mary refractory and early relapse [!12 months]). Consensus on the contemporary role, optimal timing, and
sequencing of HCT and cellular therapies in DLBCL is lacking; therefore, the American Society of Transplantation
and Cellular Therapy (ASTCT) Committee on Practice Guidelines undertook this project to formulate consensus
recommendations to address this unmet need. The RAND-modified Delphi method was used to generate 20 con-
sensus statements with a few key statements as follows: (1) in the first-line setting, there is no role for auto-HCT
consolidation for patients achieving complete remission (CR) following R-CHOP (rituximab, cyclophosphamide,
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therapy (grade B recommendation; Table 5, #5) [51,52]. If
access to CAR T-cell therapy is available, the panel recom-
mends offering CAR-T therapy before proceeding with allo-
HCT (grade C recommendation; Table 5, #6).

The panel recommends allo-HCT in eligible DLBCL patients
relapsing/progressing after CAR-T therapy if they achieve a CR
or PR with subsequent antilymphoma therapies (grade C rec-
ommendation; Table 5, #7) and recommends RIC or nonmye-
loablative conditioning regimens (grade B recommendation;
Table 5, #9). The panel recommends allo-HCT for eligible R/R
DLBCL patients after auto-HCT failure in regions without access
to CAR-T therapy and in those with CAR-T product
manufacturing failure (resulting in no CAR-T product available
to infuse), ideally after achieving a CR or PR with subsequent
antilymphoma therapies (grade C recommendation; Table 5,
#8).

Allo-HCT may be necessary for patients who relapse after
CAR-T therapy, given that allo-HCT can be potentially curative
following failure of auto-HCT, especially in patients who
achieve chemosensitivity [15]. In the CIBMTR analysis of 503
DLBCL patients who relapsed after auto-HCT and underwent
subsequent allo-HCT, 31% were able to achieve long-term PFS
at 3 years [15]. In a recent multicenter retrospective study of
allo-HCT following CAR-T failure, the 1-year PFS and OS were
45% and 59%, respectively [53]. In both these studies, the single
factor associated with superior outcomes was achieving che-
mosensitivity at the time of allo-HCT [15,53].

CONCLUSION
In clinical scenarios in which data from prospective studies

are either scarce or unavailable, or in situations in which
patient populations included in published trials are less rele-
vant to contemporary clinical practice, formal consensus rec-
ommendations can be an invaluable resource to inform clinical
decision making [54]. The promising data with bispecific anti-
bodies (and eventual approval by regulatory agencies world-
wide) suggest that these therapies will imminently further

change the therapeutic landscape of R/R DLBCL. Additionally,
both CAR-T and bispecific antibody therapies are now being
studied in first-line therapy, and treatment algorithms will
continue to evolve as data emerge from these studies. Mean-
while, we hope the clinical practice recommendations in this
article can serve as a tool to guide clinicians managing patients
with newly diagnosed and R/R DLBCL.
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Table 5
Final Clinical Practice Guidelines Consensus Statements for Transplantation and CAR-T Cell Therapy for Late Relapsed (Relapse Beyond 12 Months of First-Line Che-
moimmunotherapy) DLBCL

Consensus Statement Grading of
Recommendations*

Percentage of
Panelists in Agreement

1. In DLBCL patients with late relapse, the panel recommends autologous HCT consolidation therapy in eligi-
ble patients who have achieved a complete or partial remission after second-line therapies.

A 96%

2. In DLBCL patients with late relapse, the panel recommends CAR-T therapy in patients who have not
achieved remission (complete or partial) after second-line therapies.

A 96%

3. In patients with DLBCL, the panel recommends CAR-T therapy in patients who are not eligible for autolo-
gous HCT (due to comorbidities or age) regardless of the timing of relapse.

B 96%

4. In patients with DLBCL, the panel recommends CAR-T therapy in those who have relapsed or refractory
disease after 2 or more lines of systemic therapy.

A 96%

5. The panel does not consider secondary CNS involvement a contraindication for administering CAR-T ther-
apy.

B 88%

6. In relapsed DLBCL patients with available access to CAR-T therapy, the panel recommends offering CAR-T
therapy before proceeding with allogeneic HCT.

C 96%

7. The panel recommends allogeneic HCT in eligible DLBCL patients relapsing/progressing after CAR-T ther-
apy if they achieve a complete or partial remission with subsequent antilymphoma therapies.

C 96%

8. The panel recommends allogeneic HCT in eligible relapsed or refractory DLBCL patients after autologous
HCT failure in regions without access to CAR-T therapy, and in those with CAR T cell manufacturing failure,
ideally after achieving a complete or partial remission with subsequent antilymphoma therapies.

C 96%

9. The panel recommends reduced-intensity conditioning or nonmyeloablative conditioning regimens for
eligible patients undergoing allogeneic HCT.

B 92%

* Agency of Healthcare Research and Quality (AHRQ) grading of recommendations based on level of evidence [15]:A = There is good research-based evidence to
support the recommendation.B = There is fair research-based evidence to support the recommendation.C = The recommendation is based on expert opinion and panel
consensus.X = There is evidence of harm from this intervention.
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recommendation; Table 4, #2,3). In DLBCL patients with early
relapse who achieve a CR or PR to salvage therapy, the panel
considers CAR-T therapy an acceptable therapeutic option
(grade B recommendation; Table 4, #4) [43,44].

Recommendations in the Late Relapse Setting (!12 Months)
In DLBCL patients with late relapse, the panel recommends

auto-HCT in eligible patients who have achieved a CR or PR
after second-line therapies (grade A recommendation; Table 5,
#1). The standard of care for R/R DLBCL remains auto-HCT con-
solidation in those who achieve a chemoresponsive state (CR
or PR) based on the results of the pivotal PARMA study that
compared auto-HCT with further cycles of salvage chemother-
apy in patients achieving a CR or PR after the initial salvage
attempt [3]. These results were further corroborated in the rit-
uximab era in the CORAL study [6]. Furthermore, patients who
achieve a CR to salvage therapy, especially those with a nega-
tive post-salvage PET scan (PET-CR), have the best outcomes
after auto-HCT (3-year progression-free survival [PFS] >80%
with PET-CR versus "35% with positive PET) [4,45,46]. These
data underscore the role of auto-HCT consolidation in R/R
DLBCL patients achieving a CR or PR to salvage therapy.

The panel recommends CAR-T therapy in patients with late
relapse who have not achieved remission after second-line

therapies (grade A recommendation; Table 5, #2) or have R/R
disease after 2 or more lines of systemic therapy (grade A rec-
ommendation; Table 5, #4). In the SCHOLAR-1 study, the CR
rate was 7% and the median OS was 6.3 months with the use of
existing therapies in patients who had aggressive B cell NHL
that was resistant to chemotherapy or who experienced a
relapse within 12 months after auto-HCT [47]. In contrast,
results from the 3 single-arm phase 2 pivotal CAR-T trials,
ZUMA-1, JULIET, and TRANSCEND, which established its utility
in patients with multiply-relapsed DLBCL (summarized
in Supplementary Table S1) showed relatively better outcomes
[10!12]. All 3 CAR T cell products demonstrated the ability to
induce durable remissions in approximately one-third of
treated patients (including those not achieving a durable
remission with a prior auto-HCT) and have received US Food
and Drug Administration approval for treating R/R DLBCL after
at least 2 lines of therapy. The recently published 5-year fol-
low-up analysis of ZUMA-1 continues to demonstrate sus-
tained OS and disease-specific survival [48].

The panel recommends CAR-T therapy in those who are not
eligible for auto-HCT because of comorbidities or age regard-
less of the timing of relapse (grade B recommendation; Table 5,
#3) [49,50]. The panel does not consider secondary CNS
involvement a contraindication for administering CAR-T

Table 3
Final Clinical Practice Guidelines Consensus Statements for Transplantation and CAR-T Therapy following First-Line Chemoimmunotherapy in DLBCL

Consensus Statement Grading of
Recommendations*

Percentage of
Panelists in Agreement

1. The panel does not recommend autologous HCT in DLBCL (regardless of IPI score) as consolidation in
complete remission after first-line (R-CHOP or similar) therapy.

A 96%

2. The panel does not recommend autologous transplantation in HGBCL withMYC/BCL2 and or BCL6
rearrangement as consolidation therapy in PET negative complete remission after DA-R-EPOCH or simi-
lar high-intensity regimens.

B 100%

3. Autologous HCT may be considered in eligible patients with HGBCL withMYC/BCL2 and or BCL6 rear-
rangement as consolidation therapy in PET-negative complete remission after first-line R-CHOP or sim-
ilar therapy.

B 80%

4. The panel does not recommend CAR-T therapy in the frontline setting for high-risk DLBCL (regardless
of IPI score or presence ofMYC, BCL2, or BCL6 gene rearrangements), outside the setting of a clinical trial.

C 96%

5. Autologous HCT may be considered for eligible patients with DLBCL with secondary CNS involvement
at diagnosis achieving complete remission and with undetectable CNS disease after first-line therapy.

C 100%

6. The panel recommends consolidation with autologous HCT for eligible primary CNS lymphoma
patients in CR1.

A 96%

7. The panel recommends a thiotepa-containing conditioning regimen when using autologous HCT con-
solidation for eligible primary CNS lymphoma patients in CR1.

B 100%

* Agency of Healthcare Research and Quality grading of recommendations based on level of evidence [15]:A: There is good research-based evidence to support the
recommendation.B: There is fair research-based evidence to support the recommendation.C: The recommendation is based on expert opinion and panel consensus.
X: There is evidence of harm from this intervention.

Table 4
Final Clinical Practice Guidelines Consensus Statements for Transplantation and CAR-T Therapy in Primary Refractory and Early Relapse (Relapse Within 12 Months of
First-Line Chemoimmunotherapy) DLBCL

Consensus Statement Grading of
Recommendations*

Percentage of Panelists
in Agreement

1. The panel recommends CAR-T therapy as a standard of care option in patients with DLBCL
who have refractory disease to first-line chemoimmunotherapy or relapse within 12 months of
first-line chemoimmunotherapy.

A 96%

2. In DLBCL patients with early relapse who achieve a complete remission with salvage therapy,
the panel considers autologous HCT an acceptable consolidation therapy in eligible patients.

B 88%

3. In DLBCL patients with early relapse who achieve a partial remission with salvage therapy,
the panel considers autologous HCT an acceptable consolidation therapy in eligible patients.

B 96%

4. In DLBCL patients with early relapse who achieve a complete remission or partial remission
to salvage therapy, the panel considers CAR-T therapy an acceptable therapeutic option.

B 84%

* Agency of Healthcare Research and Quality grading of recommendations based on level of evidence [15]:A: There is good research-based evidence to support the
recommendation.B: There is fair research-based evidence to support the recommendation.C: The recommendation is based on expert opinion and panel consensus.
X: There is evidence of harm from this intervention.
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