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BACKGROUND
Preclinical studies suggest that bb2121, a chimeric antigen receptor (CAR) T-cell 
therapy that targets B-cell maturation antigen (BCMA), has potential for the treat-
ment of multiple myeloma.

METHODS
In this phase 1 study involving patients with relapsed or refractory multiple myeloma, 
we administered bb2121 as a single infusion at doses of 50×106, 150×106, 450×106, 
or 800×106 CAR-positive (CAR+) T cells in the dose-escalation phase and 150×106 
to 450×106 CAR+ T cells in the expansion phase. Patients had received at least three 
previous lines of therapy, including a proteasome inhibitor and an immunomodula-
tory agent, or were refractory to both drug classes. The primary end point was safety.

RESULTS
Results for the first 33 consecutive patients who received a bb2121 infusion are re-
ported. The data-cutoff date was 6.2 months after the last infusion date. Hematologic 
toxic effects were the most common events of grade 3 or higher, including neutropenia 
(in 85% of the patients), leukopenia (in 58%), anemia (in 45%), and thrombocytopenia 
(in 45%). A total of 25 patients (76%) had cytokine release syndrome, which was of 
grade 1 or 2 in 23 patients (70%) and grade 3 in 2 patients (6%). Neurologic toxic effects 
occurred in 14 patients (42%) and were of grade 1 or 2 in 13 patients (39%). One patient 
(3%) had a reversible grade 4 neurologic toxic effect. The objective response rate was 
85%, including 15 patients (45%) with complete responses. Six of the 15 patients who 
had a complete response have had a relapse. The median progression-free survival was 
11.8 months (95% confidence interval, 6.2 to 17.8). All 16 patients who had a response 
(partial response or better) and who could be evaluated for minimal residual disease 
(MRD) had MRD-negative status (≤10−4 nucleated cells). CAR T-cell expansion was 
associated with responses, and CAR T cells persisted up to 1 year after the infusion.

CONCLUSIONS
We report the initial toxicity profile of a BCMA-directed cellular immunotherapy for 
patients with relapsed or refractory multiple myeloma. Antitumor activity was docu-
mented. (Funded by Bluebird Bio and Celgene; CRB-401 ClinicalTrials.gov number, 
NCT02658929.)
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Multiple myeloma remains an in-
curable plasma-cell cancer. Advance-
ments in treatment, including the intro-

duction of immunomodulatory drugs, proteasome 
inhibitors, and monoclonal antibodies, have pro-
longed survival.1-5 However, almost all patients 
eventually have a relapse, with worse survival 
outcomes seen in patients with a high-risk cyto-
genetic profile or treatment-refractory disease.6-9 
Chimeric antigen receptor (CAR) T-cell therapy 
has emerged as a novel treatment that has the 
potential for long-term disease control in some 
hematologic cancers,10-12 with anti-CD19 CAR T-cell 
therapies showing efficacy in patients with leu-
kemia or lymphoma.13-22 B-cell maturation anti-
gen (BCMA) is a member of the tumor necrosis 
factor superfamily of proteins that is primarily 
expressed by malignant and normal plasma cells 
and some mature B cells, making it a potential 
target for multiple myeloma.23-27 We produced 
bb2121 by transducing autologous T cells with a 
lentiviral vector encoding a second-generation 
CAR incorporating an anti-BCMA single-chain 
variable fragment, a CD137 (4-1BB) costimula-
tory motif, and a CD3-zeta signaling domain.28

In preclinical studies, bb2121 showed low 
antigen-independent signaling and potent in vitro 
killing of myeloma tumor cells across a range of 
BCMA expression levels, even in the presence 
of soluble BCMA.28 In addition, bb2121 showed 
rapid, sustained elimination of tumors and 100% 
survival after single-dose administration in a 
mouse model of human multiple myeloma.28 
On the basis of these findings, a phase 1 clinical 
study (CRB-401) of bb2121 involving patients 
with relapsed or refractory multiple myeloma was 
initiated. We report initial results from this on-
going study.

Me thods

Study Design and Patients

This open-label, phase 1 study was conducted at 
multiple centers in the United States and con-
sisted of two parts: a dose-escalation phase and 
a dose-expansion phase. Eligibility criteria in-
cluded an age of 18 years or older; an Eastern 
Cooperative Oncology Group performance-status 
score of 0 or 1 (on a scale of 0 to 5, with higher 
scores indicating greater disability); measurable 
disease, defined by a concentration of monoclo-
nal protein (M protein) in serum of at least 0.5 g 
per deciliter or in urine of at least 200 mg per 

24 hours, serum free light chains (involved free 
light chain concentration of ≥10 mg per deciliter 
with abnormal ratio), or more than 30% bone 
marrow plasma cells; at least three previous 
lines of therapy, including a proteasome inhibi-
tor and an immunomodulatory agent, or disease 
refractory to both drug classes; and adequate 
organ function. Additional eligibility criteria for 
the dose-escalation phase included BCMA ex-
pression on 50% or more of marrow plasma 
cells on immunohistochemical assay. Additional 
eligibility criteria for the dose-expansion phase 
included previous exposure to daratumumab and 
refractoriness to the most recent line of therapy 
per International Myeloma Working Group 
(IMWG) criteria (Table S1 in the Supplementary 
Appendix, available with the full text of this 
article at NEJM.org); patients in the expansion 
cohort included in this report could have less 
than 50% tumor BCMA expression. A full de-
scription of the study design and eligibility cri-
teria are provided in the study protocol (available 
at NEJM.org).

The bb2121 was manufactured (by Celgene) 
from autologous peripheral-blood mononuclear 
cells, stimulated with antibodies to CD3 and 
CD28, transduced with a lentiviral vector con-
taining the anti-BCMA CAR, and expanded over 
a period of 10 days as described previously.28 No 
minimum absolute lymphocyte count was re-
quired in patients to proceed to apheresis, which 
targeted a collection of at least 2.5×109 mono-
nuclear cells by the processing of approximately 
twice the patient’s total blood volume. Bridging 
therapy during manufacturing was allowed but 
was stopped at least 14 days before the start of 
lymphodepletion (Table S2 in the Supplementary 
Appendix).

Patients received lymphodepletion with fludar
abine (30 mg per square meter of body-surface 
area per day) and cyclophosphamide (300 mg 
per square meter per day) on days –5, –4, and –3, 
followed by an infusion of bb2121 on day 0. 
Doses of 50×106, 150×106, 450×106, or 800×106 
total CAR-positive (CAR+) T cells (with an allow-
ance of ±20%) were tested in the dose-escalation 
phase and 150×106 to 450×106 total CAR+ T cells 
in the expansion phase. Patients were followed 
until disease progression. Thereafter, all patients 
who provided written informed consent were 
transferred to a long-term follow-up study of up 
to 15 years according to Food and Drug Admin-
istration (FDA) guidance.29

A Quick Take 
is available at 
NEJM.org
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Study Oversight

The study was conducted in accordance with the 
Declaration of Helsinki and International Con-
ference on Harmonisation guidelines for Good 
Clinical Practice. The protocol was approved by 
local or independent institutional review boards 
at each study center. Written informed consent 
was obtained from each patient. All the authors 
had access to the data and interpreted the re-
sults. The authors affirm the accuracy and com-
pleteness of the data and the adherence of the 
study to the protocol. Assistance in the prepara-
tion of an earlier draft of the manuscript was 
provided by a medical writer and paid for by 
Celgene. All drafts were critically reviewed and 
revised by the authors.

End Points and Study Procedures

The primary end point was safety. Adverse events 
occurring during the first 8 weeks after the infu-
sion and from 8 weeks through 6 months are 
reported separately. Severity was graded accord-
ing to National Cancer Institute Common Termi-
nology Criteria for Adverse Events, version 4.03. 
Cytokine release syndrome was defined and 
graded according to published criteria.30 Neuro-
logic toxic effects were graded according to the 
highest grade of any individual event during the 
first 90 days after the infusion. Secondary end 
points were response rate and duration. Clinical 
response and disease progression were assessed 
according to IMWG Uniform Response Criteria 
for Multiple Myeloma.2 Exploratory end points 
included evaluation of minimal residual disease 
(MRD) by next-generation sequencing with the 
use of a minimum cutoff of 10−4 nucleated cells 
(clonoSEQ, Adaptive Biotechnologies) at specified 
time points, independent of response status; 
overall survival and progression-free survival; 
measurement of select cytokines and chemo-
kines; quantification of bb2121 in blood and 
circulating serum BCMA; measurement of tu-
mor BCMA expression as described previously28; 
replication-competent lentivirus testing; and im-
munogenicity assessment. (Additional informa-
tion is provided in the Methods section in the 
Supplementary Appendix.)

Statistical Analysis

The sample size was based on clinical consider-
ations and a standard dose-escalation design. 
Descriptive statistics include means with stan-

dard deviations or medians with minimum and 
maximum for continuous variables, and counts 
and percentages for categorical variables. Miss-
ing data were not imputed unless otherwise 
specified. Exact methods (Clopper–Pearson 95% 
confidence intervals) were used for categorical 
variables. Duration of response, progression-free 
survival, time to recovery from grade 3 or 4 cyto-
penia, and associated 95% confidence intervals 
were estimated with the use of Kaplan–Meier 
methods. Censoring of data for progression-free 
survival and response duration was based on 
FDA censoring rules.31 Given the exploratory 
nature of this study, no adjustments for multiple 
comparisons were made. Analyses were performed 
with SAS software, version 9.4.

R esult s

Patients

Between January 31, 2016, and April 30, 2018, 
a total of 36 consecutive patients were enrolled 
in the study and underwent leukapheresis. The 
manufacturing of bb2121 was successful for 
100% of the patients. Three patients underwent 
leukapheresis but discontinued the study owing 
to disease progression before bb2121 infusion 
(Fig. S1 in the Supplementary Appendix). The re-
sults that are presented are based on the 33 pa-
tients who received bb2121. The median age was 
60 years (range, 37 to 75), and the median time 
since diagnosis was 5 years (range, 1 to 36) (Ta-
ble 1, and Table S3 in the Supplementary Appen-
dix). A total of 67% of the patients had stage II or 
III disease, 27% had extramedullary disease, and 
45% had a high-risk cytogenetic profile, defined 
by the presence of del(17p), t(4;14), or t(14;16).

The median number of previous regimens 
was 7 (range, 3 to 14) among patients in the 
dose-escalation cohort and 8 (range, 3 to 23) 
among patients in the expansion cohort (Ta-
ble 1). All but 1 patient received previous autolo-
gous stem-cell transplantation. All the patients 
had previously received both bortezomib and 
lenalidomide, and 79% were exposed to bortezo-
mib, carfilzomib, lenalidomide, pomalidomide, 
and daratumumab. A total of 26 patients (79%) 
were refractory to both a proteasome inhibitor 
and an immunomodulatory agent; 6 patients (18%) 
were refractory to bortezomib, carfilzomib, lena
lidomide, pomalidomide, and daratumumab 
(Table S3 in the Supplementary Appendix). A 

The New England Journal of Medicine 
Downloaded from nejm.org on March 21, 2024. For personal use only. No other uses without permission. 

 Copyright © 2019 Massachusetts Medical Society. All rights reserved. 



n engl j med 380;18  nejm.org  May 2, 2019 1729

CAR T-Cell Ther apy in Multiple Myeloma

Characteristic

Dose-Escalation 
Cohort 
(N = 21)

Expansion 
Cohort 
(N = 12)

Total 
(N = 33)

Median age (range) ― yr 57 (37–74) 64 (46–75) 60 (37–75)

Male sex ― no. (%) 13 (62) 8 (67) 21 (64)

Median time since diagnosis (range) ― yr† 4 (1–16) 6 (1–36) 5 (1–36)

High tumor burden ― no. (%)‡ 11 (52) 5 (42) 16 (48)

Extramedullary disease ― no. (%) 4 (19) 5 (42) 9 (27)

Tumor BCMA expression ≥50% ― no. (%)§ 21 (100) 2 (17) 23 (70)

ECOG performance-status score ― no. (%)¶

0 8 (38) 2 (17) 10 (30)

1 11 (52) 10 (83) 21 (64)

2 2 (10) 0 2 (6)

High-risk cytogenetic profile ― no. (%)‖ 8 (38) 7 (58) 15 (45)

Bridging therapy ― no. (%)** 7 (33) 7 (58) 14 (42)

Progressive disease during most recent line of therapy  
― no. (%)

11 (52) 10 (83) 21 (64)

Median no. of previous antimyeloma regimens (range) 7 (3–14) 8 (3–23) 7 (3–23)

Previous autologous stem-cell transplantation ― no. (%) 21 (100) 11 (92) 32 (97)

Previous therapies ― no. (%)

Bortezomib

Exposed 21 (100) 12 (100) 33 (100)

Refractory 13 (62) 7 (58) 20 (61)

Carfilzomib

Exposed 19 (90) 11 (92) 30 (91)

Refractory 12 (57) 7 (58) 19 (58)

Lenalidomide

Exposed 21 (100) 12 (100) 33 (100)

Refractory 17 (81) 7 (58) 24 (73)

Pomalidomide

Exposed 19 (90) 12 (100) 31 (94)

Refractory 14 (67) 12 (100) 26 (79)

Daratumumab

Exposed 15 (71) 12 (100) 27 (82)

Refractory 9 (43) 9 (75) 18 (55)

*	� BCMA denotes B-cell maturation antigen.
†	� Shown is the time between the initial diagnosis and screening for the study.
‡	� Tumor burden was determined by the investigator, with a high burden defined as at least 50% CD138-positive cells 

by central laboratory analysis (first preference) or by local analysis of bone marrow plasma cells (second preference). 
In the absence of both, tumor burden was determined by the safety review committee.

§	� Data are for tumor BCMA expression at screening.
¶	� Eastern Cooperative Oncology Group (ECOG) performance-status scores range from 0 to 5, with higher scores indi­

cating greater disability; a score of 5 indicates death.
‖	� The cytogenetic risk profile was reported by investigators on the basis of local assessment of bone marrow obtained 

at screening. High risk was defined by the presence of the following abnormalities: del(17p), t(4;14), or t(14;16).
**	� Bridging therapy was administered after leukapheresis and before lymphodepletion.

Table 1. Baseline Characteristics of the Safety Population.*
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total of 14 patients (42%) received bridging 
therapy during the manufacturing window, and 
dexamethasone, daratumumab, bortezomib, and 
bendamustine were the most commonly used 
agents (Table S2 in the Supplementary Appen-
dix). All treated patients still had measurable 
disease at baseline assessments performed after 
the completion of bridging therapy and before 
the start of lymphodepletion.

Safety

All 33 patients had adverse events, with 32 (97%) 
having events of grade 3 or higher (Table 2, and 
Tables S4 and S5 in the Supplementary Appen-
dix). Hematologic toxic effects were the most 
common events of grade 3 or higher, including 
neutropenia (in 85% of the patients), leukopenia 
(in 58%), anemia (in 45%), and thrombocytope-
nia (in 45%); these are expected toxic effects of 
lymphodepleting chemotherapy. Among patients 
who had cytopenia of grade 3 or higher, 97% 
recovered to an absolute neutrophil count of at 
least 1000 cells per cubic millimeter and 65% to 
a platelet count of at least 50,000 per cubic mil-
limeter by month 1; however, delayed recovery 
from cytopenia was observed (Fig. S2 in the 
Supplementary Appendix).32,33 The median time 
from infusion to recovery of an absolute neutro-
phil count of at least 1000 per cubic millimeter 
was 1.3 weeks (95% confidence interval [CI], 1.0 
to 1.4). Recovery to a platelet count of at least 
50,000 per cubic millimeter occurred in a me-
dian of 2.0 weeks (95% CI, 1.4 to 8.4). Non
hematologic events of grade 3 or higher were 
uncommon.

A total of 25 patients (76%) had cytokine re-
lease syndrome, which was of grade 1 or 2 in 23 
patients (70%) and grade 3 in 2 patients (6%); 
there were no cases of cytokine release syn-
drome of grade 4 or higher (Tables S6 and S7 in 
the Supplementary Appendix). Cytokine release 
syndrome occurred early, with a median time to 
onset of 2 days (range, 1 to 25) and a median 
duration of 5 days (range, 1 to 32). A total of 
7  patients received tocilizumab and 4 received 
glucocorticoids. The proportion of patients who 
had cytokine release syndrome correlated with 
the dose, with a higher percentage of patients 
who received more than 150×106 CAR+ T cells 
than those who received 150×106 or fewer being 
affected. A higher incidence of cytokine release 
syndrome was also associated with a higher peak 

level of serum C-reactive protein, a higher peak 
level of tumor necrosis factor α, and higher 
baseline levels of ferritin, tumor-associated se-
rum free light chains, and serum BCMA (Figs. 
S3 through S5 in the Supplementary Appendix). 
In addition, peak CAR T-cell expansion was 
higher in patients who had cytokine release syn-
drome than in those who did not. Overall, CAR 
T-cell expansion did not appear to be negatively 
affected by tocilizumab or glucocorticoid use 
(Fig. S6 in the Supplementary Appendix).

Neurologic toxic effects occurred in 14 pa-
tients (42%) and were of grade 1 or 2 in 13 pa-
tients (39%) (Table 2, and Table S8 in the Sup-
plementary Appendix). One patient (3%) with a 
high tumor burden had a grade 4 neurologic 
toxic effect starting 11 days after the infusion; 
this effect resolved within 1 month. One patient 
reported a grade 3 headache during a cytokine 
release syndrome event in the absence of other 
signs of neurotoxicity and did not warrant the 
use of glucocorticoids. Infection developed in 14 
patients (42%), 2 of whom had grade 3 events 
(anal abscess and parvovirus infection); no grade 
4 infections occurred.

Efficacy

The objective response rate was 85% (95% CI, 
68.1 to 94.9), with 45% of the patients having a 
complete response (9%) or stringent complete 
response (36%) (Table 3). A dose-dependent ef-
fect on the frequency and duration of response 
was observed (Table  3 and Fig.  1). Very good 
partial responses or better were observed only 
with doses of at least 150×106 CAR+ T cells. Al-
though subgroup analyses were limited by small 
sample sizes, the occurrence of a partial response 
or better was not significantly influenced by 
baseline serum or tumor BCMA levels or previ-
ous treatment exposure but trended lower in 
patients with a high-risk cytogenetic profile, 
those who did not have cytokine release syn-
drome, those who received 150×106 or fewer 
CAR+ T cells, and those with less in vivo CAR 
T-cell expansion (Figs. 1 and 2A, and Table S9 
and Fig. S7 in the Supplementary Appendix). In 
addition, response rates of 74% or higher were 
observed among patients who had progressive 
disease during their most recent line of therapy, 
those who had received daratumumab as part of 
their most recent line, those who did not receive 
bridging therapy, and those who had extramed-
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ullary disease (plasmacytomas) at baseline (Ta-
ble S9 in the Supplementary Appendix). Among 
patients who received 450×106 CAR+ T cells, the 
percentage who had a response was similar in 
those with tumor BCMA expression of less than 
50% and those with tumor BCMA expression of 
50% or more on marrow plasma cells at screen-
ing (100% and 91%, respectively).

Responses occurred early, with a median time 
to first partial response or better of 1.0 month 
(range, 0.5 to 3.0). There was a general trend for 
slower decreases in serum M protein levels, 
which led to a prolonged deepening of response 
over time in some patients. Two patients had 
clearance of serum M protein as late as month 
9. Nearly complete decreases (>90%) from base-
line in tumor-associated serum free light chains 
and serum BCMA were observed within 1 month 
in most patients who received at least 150×106 
CAR+ T cells, a finding consistent with shorter 
serum half-lives for these markers than for in-
tact immunoglobulin (Fig. S8 in the Supplemen-
tary Appendix). Furthermore, rapid bone marrow 
clearance of plasma cells (on immunohisto-
chemical assay for BCMA and CD138) was ob-
served at doses of at least 150×106 CAR+ T cells 
as early as day 14 (Fig. S9A in the Supplemen-
tary Appendix). Tumor responses in sites of ex-
tramedullary disease were also seen by month 1 
in many patients (Fig. S9B in the Supplementary 
Appendix). The median duration of response 
was 10.9 months (range, 7.2 to could not be es-
timated) (Table 3).

A total of 18 patients could be evaluated for 
MRD status in the bone marrow, including 16 
who had a response (partial response or better) 
and 2 who did not have a response (less than a 
partial response). All 16 patients who had a re-
sponse were MRD-negative at 10−4 nucleated 
cells or better; 15 of 16 (94%) were MRD-nega-
tive at 10−5, and 3 were MRD-negative at 10−6 
(Table  3). All 16 MRD-negative patients had 
MRD negativity at the first valid assessment (13 
patients at month 1 and 3 patients at month 3), 
and 12 had at least two consecutive negative as-
sessments. Two patients who did not have a re-
sponse and who could be evaluated for MRD were 
MRD-positive at month 1. Early MRD negativity 
occurred in patients before the best response 
according to IMWG criteria. In fact, early MRD 
negativity was observed in the context of stable 
disease with later evolution to complete response 

Variable Total (N = 33)

Any Grade Grade 3 Grade 4

number of patients (percent)

Adverse event*

Any 33 (100) 4 (12)† 28 (85)

Hematologic

Neutropenia 28 (85) 2 (6) 26 (79)

Leukopenia 20 (61) 6 (18) 13 (39)

Anemia 19 (58) 15 (45) 0

Thrombocytopenia 19 (58) 5 (15) 10 (30)

Lymphopenia 6 (18) 3 (9) 3 (9)

Gastrointestinal

Constipation 9 (27) 0 0

Nausea 7 (21) 0 0

Diarrhea 7 (21) 0 0

Vomiting 6 (18) 0 0

Other

Fatigue 14 (42) 1 (3) 0

Headache 10 (30) 0 0

Hypocalcemia 9 (27) 0 0

Pyrexia 8 (24) 1 (3) 0

Hypokalemia 8 (24) 0 0

Hypophosphatemia 7 (21) 3 (9) 0

Peripheral edema 6 (18) 1 (3) 0

Hyperglycemia 6 (18) 1 (3) 0

Hypoalbuminemia 6 (18) 0 0

Cough 6 (18) 0 0

Dizziness 6 (18) 0 0

Upper respiratory tract 
infection

5 (15) 0 0

Sinus tachycardia 5 (15) 0 0

Hypotension 5 (15) 2 (6) 0

Hyponatremia 5 (15) 2 (6) 0

Cytokine release syndrome‡ 25 (76) 2 (6) 0

Neurologic toxic effect§ 14 (42) 0 1 (3)

*	�Shown are adverse events not designated as symptoms of cytokine release 
syndrome that occurred in 15% or more of the safety population during the 
first 8 weeks.

†	�One patient who had a grade 3 event during the first 8 weeks later had a 
grade 5 event (cardiorespiratory arrest).

‡	�The clustered term included the preferred term. Cytokine release syndrome 
was graded uniformly according to the criteria in Lee et al.30

§	� Data are for events occurring in the first 90 days and including the following 
preferred terms: bradyphrenia, brain edema, confusional state, dizziness, hal­
lucination, insomnia, lethargy, memory impairment, neurotoxicity, nystagmus, 
somnolence, and tremor.

Table 2. Adverse Events, Cytokine Release Syndrome, and Neurologic Toxic 
Effects.
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due to decreases in serum M protein levels over 
time (Fig. 1).

The median duration of follow-up after 
bb2121 infusion was 11.3 months (range, 6.2 to 
22.8). A total of 17 patients (52%) had disease 
progression, including 12 who had a response 
(among whom 6 had a complete response and 
6 had an MRD-negative response); 14 patients 
had ongoing responses (Fig.  1). The median 
progression-free survival was 11.8 months (95% 
CI, 6.2 to 17.8) (Fig. 2B). One patient died from 
cardiopulmonary arrest that was considered by 
the investigators to be unrelated to study treat-
ment, and another discontinued the study after 
starting chemotherapy for myelodysplastic syn-
drome.

Expansion and Persistence
The final bb2121 CAR+ T-cell product was com-
posed of a variable proportion of CAR+ CD4 and 
CD8 T cells, with a median of 85% (range, 42 to 
98) CAR+ CD4 T cells and 13% (range, 2 to 47) 
CAR+ CD8 T cells. In vivo expansion of bb2121 
CAR T cells was observed, with overlapping 
peak blood concentrations at all dose levels of 
more than 50×106 CAR+ T cells (Fig. 3A). Both 
CAR+ CD4 T cells and CD8 T cells expanded in 
vivo; a correlation was observed between the 
CAR+ CD4:CD8 T-cell ratio in the final product 
and that observed at peak expansion (r = 0.45, 
P = 0.02) (Fig. S10 in the Supplementary Appen-
dix). Persistence was durable, with 96%, 86%, 
57%, and 20% of the patients having detectable 

Variable

50×106 
CAR+ T Cells 

(N = 3)

150×106 
CAR+ Tells 

(N = 8)
450×106 

CAR+ T Cells

800×106 
CAR+ T Cells 

(N = 3)

150×106–
800×106 

CAR+ T Cells 
(N = 30)

50×106–
800×106 

CAR+ T Cells 
(N = 33)

<50% 
BCMA 

(N = 8)†

≥50% 
BCMA 

(N = 11)†

Objective response‡

No. of patients with a response 1 6 8 10 3 27 28

Rate ― % (95% CI) 33 
(1–91)

75 
(35–97)

100 
(63–100)

91 
(59–100)

100 
(29–100)

90 
(74–98)

85  
(68–95)

Best overall response ― no. (%)

Stringent complete response 0 5 (63) 3 (38) 4 (36) 0 12 (40) 12 (36)

Complete response 0 0 0 1 (9) 2 (67) 3 (10) 3 (9)

Very good partial response 0 0 4 (50) 4 (36) 1 (33) 9 (30) 9 (27)

Partial response 1 (33) 1 (12) 1 (12) 1 (9) 0 3 (10) 4 (12)

Stable disease 2 (67) 1 (12) 0 1 (9) 0 2 (7) 4 (12)

Progressive disease 0 1 (12) 0 0 0 1 (3) 1 (3)

Median duration of response (95% CI) 
― mo

1.9  
(NE–NE)

NE 7.7  
(5.3–14.8)

12.9  
(10.9–12.9)

10.9 
(7.2–NE)

10.9 
(7.2–NE)

Negativity for MRD§

No. of patients with a response who 
could be evaluated for MRD

0 4 11 1 16 16

Rate ― % 0 100 100 100 100 100

*	�All responses were confirmed and assessed according to the International Myeloma Working Group Uniform Response Criteria for Multiple 
Myeloma (details on the criteria for disease response are provided in the Supplementary Appendix). Percentages may not total 100 because 
of rounding. MRD denotes minimal residual disease, and NE could not be estimated.

†	�Data are for BCMA expression on bone marrow plasma cells at screening.
‡	�An objective response was defined as a partial response or better.
§	� Negativity for MRD was defined by a sensitivity level of at least 10−4 nucleated cells on the next-generation sequencing assay clonoSEQ 

(Adaptive Biotechnologies); 15 patients were MRD-negative at 10−5 (indeterminate, 1 patient), and 3 were MRD-negative at 10−6 (indetermi­
nate, 10 patients). A total of 12 of the 16 patients who had a response and were MRD-negative had at least two MRD-negative assessments. 
Reasons that MRD could not be evaluated were an inability to detect the malignant clone in the baseline bone marrow aspirate, which made 
follow-up evaluation impossible (in 7 patients), failure of the MRD result in quality-control testing (in 2 patients), and nonreceipt of the bone 
marrow aspirate sample (in 6 patients).

Table 3. Tumor Response According to Dose of Chimeric Antigen Receptor–Positive (CAR+) T Cells.*
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CAR T cells at 1, 3, 6, and 12 months, respec-
tively (Table S10 in the Supplementary Appen-
dix). Blood CAR T-cell levels were higher in pa-
tients who had a response (partial response or 
better) than in those who did not have a re-
sponse, as measured by maximum vector trans-
gene copies per microgram of genomic DNA and 
area under the curve during the first 28 days 
after the infusion (P = 0.006 and P = 0.007, re-
spectively) (Fig. 3B, and Fig. S11 in the Supple-
mentary Appendix).

Discussion

In this phase 1 study of bb2121 anti-BCMA CAR T 
cells involving patients with heavily pretreated re-
lapsed or refractory multiple myeloma, 85% of the 
patients had a clinical response lasting a median 
of 10.9 months without any ongoing myeloma 
therapy. Complete responses were observed across 
all doses from 150×106 to 800×106 CAR+ T cells.

Response appeared to be independent of tu-

mor BCMA expression, with similarly high re-
sponse rates observed at tumor BCMA expres-
sion levels of less than 50% and 50% or more in 
patients who received 450×106 CAR+ T cells. 
High response rates (≥74%) were also observed 
in patients with a high-risk cytogenetic profile, 
progressive disease during their most recent line 
of therapy, or extramedullary disease at baseline 
and in the absence of bridging therapy. Results 
of subgroup analyses and correlative studies are 
preliminary given the small sample size in this 
phase 1 study and require confirmation in future 
studies. Clearance of bone marrow plasma cells 
was rapid, generally occurring within 1 month. 
This was associated with a rapid time to initial 
response and a near complete decline in serum 
BCMA and tumor-associated serum free light 
chains. The time to best response according to 
IMWG criteria often lagged owing to slower 
clearance of serum M protein. The mechanism 
for slower clearance of whole immunoglobulin 
M protein is unknown but may be due to the 

Figure 1. Response to bb2121 Infusion.

Shown are the best responses among individual patients according to dose (50×106 to 800×106) of chimeric antigen 
receptor–positive (CAR+) T cells. All responses were confirmed and assessed according to the International Myelo­
ma Working Group Uniform Response Criteria for Multiple Myeloma (details on the criteria for disease response are 
provided in the Supplementary Appendix). Asterisks indicate patients with a high tumor burden (≥50% bone mar­
row plasma cells). MRD denotes minimal residual disease.
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long circulating half-life of immunoglobulin 
molecules or possibly slow clearance from tissue 
reservoirs, including extramedullary plasmacy-
tomas. Although potentially confounding, the 
fludarabine and cyclophosphamide lymphode-
pleting chemotherapy is unlikely to have contrib-
uted substantially to the responses observed 
given the lack of responses reported in this 
study and a previous study of anti-BCMA CAR 

T-cell therapy involving patients with myeloma 
who received the same fludarabine–cyclophos-
phamide regimen but who were treated at sub-
therapeutic doses of CAR T cells.26

The median progression-free survival was 
11.8 months, with 40% of the patients free of 
progression at 12 months in this heavily pre-
treated population. Although these results are 
preliminary and the sample size is small, the 
reported activity with this single-dose therapy 
compares favorably with other salvage therapies 
for relapsed or refractory myeloma that are ad-
ministered in repeated doses until progression. 
In one study, patients who received pomalido-
mide plus dexamethasone had a response rate of 
31% and a median progression-free survival of 4 
months.34 In a similar population, treatment 
with single-agent daratumumab resulted in a 
response rate of 29%, including 3% with a strin-
gent complete response, and a median progres-
sion-free survival of 3.7 months.35 Modest activ-
ity has been observed with selinexor plus 
dexamethasone in patients who had previously 
received daratumumab, with a response rate of 
21%, no complete responses, and a median pro-
gression-free survival of 2.3 months.36,37 Emerg-
ing therapies for relapsed or refractory myeloma 
have had some encouraging results. In a phase 
1 study of a BCMA-directed antibody–drug con-
jugate in which 67% of the patients had at least 

Figure 2 (facing page). Objective Response Rate  
and Progression-free Survival.

Panel A shows the rate of objective response (confirmed 
partial response or better) according to characteristics 
at baseline and during treatment. One patient who re­
ceived 205×106 CAR+ T cells is included in the 450×106 
dose group. Tumor burden was determined by the in­
vestigator, with a high burden defined as at least 50% 
CD138-positive cells by central laboratory analysis (first 
preference) or by local analysis of bone marrow plasma 
cells (second preference). In the absence of both, tumor 
burden was determined by the safety review committee. 
The cytogenetic risk profile was reported by investiga­
tors on the basis of local assessment of bone marrow 
obtained at screening. High risk was defined by the 
presence of the following abnormalities: del(17p), t(4;14), 
or t(14;16). AUC0-28d denotes area under the curve dur­
ing the first 28 days after the infusion, BCMA B-cell 
maturation antigen, and Cmax maximum concentration. 
Panel B shows the rate of progression-free survival 
among patients who received less than 150×106 CAR+  
T cells and those who received at least 150×106 CAR+ 
T cells. NE denotes could not be estimated.

Figure 3. Correlation of CAR T-Cell Expansion with Dose and Response.

Panel A shows cellular kinetics as measured by median vector transgene copies per microgram of genomic DNA in CD3-enriched peripheral 
blood, according to dose group. Patients with a postbaseline vector transgene copy value were included. One patient received 205×106 
CAR+ T cells instead of the planned 450×106 and was included in the 450×106 dose group. I bars indicate 95% confidence intervals. LLOQ 
denotes lower limit of quantitation. Panel B shows the correlation between peak vector transgene copies per microgram of genomic DNA 
after infusion and the occurrence of tumor response in patients with at least 1 month of cellular kinetics data (33 patients). Horizontal lines 
indicate the medians. Circles indicate individual patients according to dose. The P value is based on a two-sided Wilcoxon rank-sum test.
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five previous lines of therapy, a response rate of 
60% and a median progression-free survival of 
7.9 months were observed.38

For treatment of multiple myeloma, BCMA has 
been identified as an important CAR target. In 
a recent study of another anti-BCMA CAR T-cell 
therapy involving 16 patients with refractory 
myeloma (median, 9.5 previous treatments), the 
median event-free survival was 7.1 months.25 
Among patients with myeloma who were less 
heavily pretreated (median, three previous regi-
mens; most had not undergone stem-cell trans-
plantation or previously received daratumumab) 
and who were treated with a different anti-BCMA 
CAR T-cell therapy in China, the response rate 
was 88%, with a complete response rate of 
68%.39 However, the patient populations are not 
directly comparable. Whether bb2121 has the 
potential to induce long-term durable remissions, 
as observed with CD19 CAR T cells, will require 
longer follow-up of ongoing patients who had a 
response (6 patients continued to have a re-
sponse of at least a very good partial response 
with ≥12 months of follow-up) as well as further 
exploration in less heavily pretreated patients.

Although this study had a large number of 
patients who could not be evaluated for MRD, 
the high rate of measured MRD negativity in 
bone marrow (in 100% of 16 patients with a 
partial response or better who could be evaluated 
for MRD) is encouraging. By comparison, a re-
cent study of daratumumab plus pomalidomide–
dexamethasone for relapsed or refractory multi-
ple myeloma showed that 35% and 29% of 17 
patients with a complete response who could 
be evaluated for MRD had MRD negativity at a 
threshold of 10−4 and 10−5 nucleated cells, re-
spectively.40 However, unlike analyses in previ-
ous studies that examined MRD status only in 
patients with a complete response, MRD analy-
ses in our study were scheduled in all the pa-
tients, so direct comparisons across studies are 
difficult. Despite the high rate observed here, 
the occurrence of MRD negativity did not trans-
late into continuous remission for all patients, 
possibly owing to the advanced, refractory nature 
of the myeloma in this patient population. Analy-
ses of mechanisms of relapse in patients with 
initial MRD-negative responses are ongoing.

The expansion and persistence of bb2121 
CAR T cells were also notable. Peak expansion 
was observed within 11 days at doses of at least 
150×106 CAR+ T cells. A modest correlation was 

observed between the CAR+ CD4:CD8 T-cell ratio 
in the bb2121 drug product and that observed at 
peak expansion in vivo. Peak expansion was 
greater in patients who had a response than in 
those who did not have a response, a finding 
similar to those of other studies of CAR T-cell 
therapy.41,42 Durable persistence was observed in 
57% of the patients at 6 months and 20% at 12 
months, which is longer than the 3 months of 
persistence reported for CAR T cells with CD28 
costimulatory domains.43

To date, the safety profile of bb2121 has been 
assessed at doses as high as 800×106 CAR+ T 
cells. Cytokine release syndrome was mostly of 
grade 1 or 2; the two grade 3 events (in 6% of the 
patients) resolved within 24 hours. Cytokine re-
lease syndrome was treated with tocilizumab in 
21% of the patients and glucocorticoids in 12%. 
Such treatment did not appear to negatively affect 
CAR T-cell expansion or treatment response. The 
incidence of cytokine release syndrome of grade 3 
or higher that has been reported with CD19-di-
rected CAR T cells (23 to 49% with tisagenlecleu-
cel and 13% with axicabtagene ciloleucel)33 is 
higher than that with BCMA-directed CAR T cells 
in our study. In a phase 1 study of another BCMA-
targeting CAR construct with CD28 costimula-
tion (instead of 4-1BB), 38% of the patients had 
cytokine release syndrome of grade 3 or higher, 
and the study was amended to treat only patients 
with myeloma who had less than 30% marrow 
plasma cells.25 The overall frequency of grade 3 or 
4 neurologic toxic effects with bb2121 was also 
low (3%), with no fatal events; two cases of neu-
rologic toxic effects of any grade (in 6% of the 
patients) were treated with glucocorticoids. Al-
though comparisons among studies are compli-
cated by differences in patient populations, CAR 
constructs, administered doses, and grading 
scales of toxic effects, the results observed with 
bb2121 indicate a favorable safety profile.

In conclusion, in a heavily pretreated popula-
tion of patients with multiple myeloma, bb2121 
showed promising efficacy at dose levels of 150×106 
or more CAR+ T cells. Nonhematologic toxic ef-
fects were primarily of grade 2 or lower.
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