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Parallel Comparison of 4-1BB or CD28
Co-stimulated CD19-Targeted CAR-T Cells
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CD19-targeted chimeric antigen receptor-T (CAR-T) cells with
CD28 or 4-1BB (28z CAR-T and BBz CAR-T) have shown great
promise to treat relapsed or refractory (r/r) B cell non-Hodg-
kin’s lymphoma (B-NHL). However, comparison of their clin-
ical outcomes has never been reported. This study investigated
their efficacy and adverse events in B-NHL therapy. Six patients
with r/r B-NHL were initially enrolled and infused with 28z or
BBz CAR-T cells at a dose of 0.75–5 � 105/kg. These CAR-T
cells showed similar antitumor efficacies, with a complete
response (CR) rate of 67% within 3 months. BBz CAR-T was
well tolerated. However, severe cytokine release syndrome
and immune effector cell-associated neurotoxicity syndrome
occurred in the 28z CAR-T cohort, resulting in the termination
of further evaluation of 28z CAR-T. Three more patients were
enrolled to investigate BBz CAR-T cells in-depth at an escalated
dose (1 � 106/kg). All cases achieved CR within 3 months, and
only grade 1/2 adverse events occurred. This study suggests that
4-1BB is more beneficial for the clinical performance of CAR-T
cells than CD28 in CD19-targeted B-NHL therapy, at least un-
der our manufacturing process.
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INTRODUCTION
Non-Hodgkin’s lymphoma (NHL) is one of the most common
hematologic malignancies worldwide.1 Despite progress in chemo-
therapy and molecular targeted therapy for certain types of B cell
NHL (B-NHL), a large number of patients relapse or are resistant
to these regimens.2 These intractable patients have a poor prognosis.
Chimeric antigen receptor-T (CAR-T) cell therapy is considered a
most promising approach in the treatment of hematological malig-
nancies such as B cell acute lymphoblastic leukemia and diffuse large
B cell lymphoma (DLBCL) that are relapsed or refractory (r/r) to
conventional treatments.3–5 Currently, two CD19-targeted CAR-T
products, axicabtagene ciloleucel (marketed as Yescarta) and tisagen-
lecleucel (marketed as Kymriah), have been approved to treat certain
types of r/r B-NHL.6–8 Many other clinical studies of CD19-targeted
CAR-T cells are ongoing for B-NHL therapy.9–11 In addition, CAR-T
cells targeting other cell surface antigens of B-NHL or exhibiting spe-
cial functions have also been investigated.12,13
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CAR-T cells are engineered by the transduction of T cells with CAR
molecules comprising an antigen recognition single-chain variable
fragment (scFvs), a transmembrane domain, and an intracellular
signaling domain, such as CD3x.14 To confer T cells with a great ca-
pacity for expansion, activity, and persistence, the signaling domains
of co-stimulatory receptors, including CD28 (T cell-specific surface
glycoprotein CD28) and 4-1BB (also known as tumor necrosis factor
(TNF) receptor superfamily member 9), have been incorporated
together with the cytoplasmic domain of the CD3x chain, generating
the second-generation CAR-T.15–17 Although remarkable antitumor
activities of second-generation CAR-T cells have been observed and
the effects of CAR-T cells with distinct co-stimulatory domains
have been investigated in parallel in some pre-clinical studies,18–23

there is a lack of clinical studies comparing the performances of
CD28 and 4-1BB functionalized CAR-T cells in parallel. Previous
mechanistic studies identified that CD28-based CAR-T cells usually
elicit a robust proliferative response and yield effector memory
T cells, whereas 4-1BB co-stimulation induces a progressive response
and can endow CAR-T cells with enhanced persistence and central
memory differentiation.19 Nevertheless, choice of the co-stimulatory
domain is still controversial and may be associated with the structures
of CAR molecules and the histopathology of target diseases. In this
study, we aimed to compare the therapeutic efficacy and safety of
4-1BB and CD28 co-stimulated CAR-T cells in patients with
CD19-positive NHL. This study will clearly show the different contri-
butions of 4-1BB and CD28 to the clinical outcomes of CD19-targeted
CAR-T cells in B-NHL therapy, providing evidence for selection of
//creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Schematic Design of the Clinical Study,

CAR-T Manufacture, and CAR Molecules

(A) Clinical study design. (B) CAR-T manufacturing process.

(C) Composition of BBz CAR and 28z CAR.
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the co-stimulatory domain in the design of CAR molecules against
such aggressive lymphoma.

RESULTS
Study Design and Characteristics of Patients to Be Infused with

CAR-T Cells at the Dose of 5 � 105/kg

The clinical trial was a single-center phase I/IIa study to assess the
safety and efficacy of CD19 CAR-T products with 4-1BB or CD28
co-stimulatory molecules (named BBz CAR-T and 28z CAR-T) in
patients with r/r B-NHL, and was conducted according to the proto-
col shown in Figure 1A. Patients were pre-treated with fludarabine
(25 mg/m2/day) and cyclophosphamide (250 mg/m2/day) for 3
consecutive days. The CAR-T cell product was infused 48 h after
the pre-conditioning regimen. The patients were followed by moni-
toring peripheral blood CAR-T cell numbers and adverse events. At
1 and 3 months after infusion, patients underwent positron emission
tomography-computed tomography (PET/CT) scanning for tumor
burden evaluation.

Patients were recruited and treated at Peking University Cancer Hos-
pital, Beijing, China. Between May 2018 and June 2018, six patients
withmarginal zone B cell lymphoma (MZL), DLBCL, or follicular lym-
phoma (FL) were enrolled into this phase I/IIa clinical trial (Table 1).
All patients previously received multiple rounds of chemotherapy,
radiotherapy, or targeted therapy (Table 1; Table S1). The patients
were divided into two groups irrespective of sex, age, weight, tumor
subtype, tumor burden, and stage, and were planned to be infused
with either BBz CAR-T or 28z CAR-T at the dose of 5 � 105/kg after
receiving conditioning chemotherapy (Table 1). The infusion doses of
28z CAR-T cells were slightly decreased in two patients based on the
severity of adverse events in cases after CAR-T treatment.

Generation and Characteristics of BBz CAR-T and 28z CAR-T

Cells

Clinically applicable CAR-T cells were successfully prepared by isola-
tion of T cells from the peripheral blood mononuclear cells (PBMCs)
Molecular
of each patient and transduction of lentiviral vec-
tors expressing CARs that included an FMC63-
derived CD19-specific scFv, a 4-1BB or CD28
co-stimulatory molecule, and a CD3z intracel-
lular signaling domain (Figures 1B and 1C).
The nucleotide sequences of BBz CAR and 28z
CAR are shown in Figure S1. The average
manufacturing time of both CAR-T types was
approximately 11 days (patient BBz-1, 12; patient
BBz-2, 12; patient BBz-3, 11; patient 28z-1, 9; pa-
tient 28z-2, 12; patient 28z-3, 12; Figure 2A).
Before infusion, CAR-T cells were characterized
by their CAR expression level, cellular composition, and differentia-
tion status. The expression ratios of BBz CAR and 28z CAR were
9.4% and 6.4%, respectively (patient BBz-1, 10.79%; patient BBz-2,
6.22%; patient BBz-3, 11.05%; patient 28z-1, 12.38%; patient 28z-2,
3.46%; patient 28z-3, 3.41%; Figure 2B). The mean fluorescence in-
tensity of BBz CAR and 28z CAR in T cells was similar (Figure 2B).
The average copy numbers of BBz CAR and 28z CAR were 1.70
and 1.55 (patient BBz-1, 1.49; patient BBz-2, 2.36; patient BBz-3,
1.26; patient 28z-1, 0.67; patient 28z-2, 1.42; patient 28z-3, 2.57; Fig-
ure 2C). The CD4/CD8 ratio was approximately 1/2 for both CAR-T
cells (patient BBz-1, 0.34; patient BBz-2, 0.1; patient BBz-3, 1.08;
patient 28z-1, 0.81; patient 28z-2, 0.57; patient 28z-3, 0.32; Figure 2D).
About 73% of the BBz CAR-T and 62% of the 28z CAR-T cells were
found to be subsets of naïve and stem cell memory T cells (CD45RA+

CD62L+), central memory T cells (CD45RA�CD62L+), and effector
memory T cells (CD45RA�CD62L�) based on flow cytometry anal-
ysis of CD45RA and CD62L expression (patient BBz-1, 91.76%; pa-
tient BBz-2, 58.15%; patient BBz-3, 69.07%; patient 28z-1, 91.97%; pa-
tient 28z-2, 34.20%; patient 28z-3, 58.43%; Figure 2E; Figure S2).
These results demonstrated that both BBz CAR-T and 28z CAR-T
cells were successfully generated using a similar manufacturing pro-
cess and exhibited similar characteristics.

Clinical Responses of Patients Treated with BBz CAR-T or 28z

CAR-T Cells

Clinical response was evaluated at 1 and 3months after infusion using
PET/CT scanning. As shown in Table 1 and Figure S3, two of the
three patients receiving BBz CAR-T (BBz-1 and BBz-3) or 28z
CAR-T (28z-1 and 28z-2) cell therapy achieved a complete response
(CR). One patient (BBz-2) treated with BBz CAR-T cells showed pro-
gressive disease. One patient (28z-3) in the 28z CAR-T cell group died
on day 10. Peripheral blood CAR-T cell number in each patient was
monitored from day 4 to day 120. All subjects exhibited CAR-T cell
expansion in peripheral blood (Figure S4). The variations in BBz
CAR-T and 28z CAR-T cell quantities were similar in vivo. CAR-T
cells proliferated and reached a peak level on days 9–11 in all patients
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Table 1. Patient Characteristics, Treatment, and Clinical Responses

Patient No. Sex
Age
(years) Weight (kg) Diagnosis/Stage Disease Status Prior Regimens

Conditioning
Regimen before
T Cell Infusion

CAR-T
Regimen CAR-T Dose

Baseline
Tumor Burden
(SPD, mm2)

1-Month
Response
(SPD, mm2)

3-Month
Response
(SPD, mm2)a

BBz-1 male 49 70 MZL/IV primary refractory
R-CHOP � 6, CHOP � 2,
Ibrutinib

Flu/Cy BBz CAR-T 5 � 105/kg 814 CR (0) CR (0)

BBz-2 male 34 78 DLBCL/I primary refractory R-CHOP � 5, RT Flu/Cy BBz CAR-T 5 � 105/kg 1,044 PD (1,505) PD (3,266)

BBz-3 male 59 92 FL/IV primary refractory
R-CHOP � 4, (R-DDP+
VP-16+DXM) � 2,
GEMOX � 3

Flu/Cy BBz CAR-T 5 � 105/kg 7,472 CR (2,131) CR (1,616)

28z-1 male 34 58 FL/IV primary refractory R-CHOP � 3, CHOP � 5 Flu/Cy 28z CAR-T 5 � 105/kg 5,123 CR (1,487) CR (1,126)

28z-2 female 47 56 FL/II primary refractory R-CHOP � 6, RICE � 3 Flu/Cy 28z CAR-T 4 � 105/kg 446 CR (316) CR (226)

28z-3 male 21 49 DLBCL/IV primary refractory
R-CHOP � 8, DICE � 1,
RT, GEMOX � 3

Flu/Cy 28z CAR-T 7.5 � 104/kg 7,439 – –

BBz-4 male 65 75 FL primary refractory
CHOP � 8, CHOP � 3,
DICE � 4

Flu/Cy BBz CAR-T 1 � 106/kg 3,679 CR (1,952) CR

BBz-5 female 50 46 DLBCL/IV primary refractory R-CHOP � 7, R-DICE � 2 Flu/Cy BBz CAR-T 1 � 106/kg 1,829 CR (497) CR

BBz-6 female 36 56 FL/IV primary refractory
R-CHOP � 6, BGB-3111 �
93 weeks

Flu/Cy BBz CAR-T 1 � 106/kg 1,910 CR (808) CR

CR, complete response; Cy, cyclophosphamide; DICE, dexamethasone, ifosfamide, cisplatin, etoposide; DLBCL, diffuse large B cell lymphoma; DXM, dexamethasone; FL, follicular lymphoma; Flu, fludarabine; GEMOX,
gemcitabine, oxaliplatin; MZL, marginal zone B cell lymphoma; PD, progressive disease; R-CHOP, rituximab, cyclophosphamide, adriamycin, vincristine, prednisone; R-DDP, rituximab, cisplatin; RICE, rituximab, ifosfa-
mide, cisplatin, etoposide; RT, radiation therapy.
aSPD was not available at 3 months for patients BBz-4, BBz-5, and BBz-6 because they underwent PET/CT scan only at 3 months.
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Figure 2. Characteristics of the Manufactured BBz

CAR-T and 28z CAR-T Cells

(A) The time taken to manufacture BBz CAR-T and 28z

CAR-T cells for each patient. (B) The expression ratio and

mean fluorescence intensity (MFI) of CARs in BBz CAR-T

and 28z CAR-T cells. CAR-T cells were stained with FITC-

anti-CAR scFv and analyzed using flow cytometry. (C) The

copy number of BBz CAR and 28z CAR in each CAR-T

cell. (D) The CD4/CD8 ratio of BBz CAR-T and 28z CAR-T

cells. (E) The differentiation status of BBz CAR-T and 28z

CAR-T cells. CAR-T cells were stained with APC-anti-

CD45RA and APC-Cy7-anti-CD62L antibodies, and

analyzed using flow cytometry. CD45RA+CD62L+,

CD45RA�CD62L+, and CD45RA�CD62L� were regarded

as lowly differentiated cells. *p < 0.05; the error bars

represent the SD (n = 3). D1, at the dose of �5 � 105/kg;

D2, at the dose of 1 � 106/kg.
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(Figure S4). In addition, the peak values of both types of CAR-T cells
were in the same order of magnitude (Table 2). However, slower
decrease of BBz CAR-T than 28z CAR-T was observed from
14 days to 4 months after infusion (Table 2). To further support
the activity and persistence of CAR-T cells, we examined the ratio
of CD19+ B cells in the peripheral blood of each patient (Table S2).
Most patients exhibited an extremely low level of B cells within
4 months, indicating the presence of CAR-T cells and their capacity
to kill CD19+ cells. Only patient 28z-1 showed a dramatic increase
of B cells at months 3 and 4. Meanwhile, the B cell level of patient
28z-2 was also higher than that of the BBz cohort. These results re-
vealed that BBz CAR-T and 28z CAR-T cells exhibited similar anti-
tumor efficacy at the dose of 0.75–5 � 105/kg, but longer persistence
was observed for BBz CAR-T cells after engraftment.

Adverse Events of BBz CAR-T and 28z CAR-T Cells

The adverse events associated with BBz CAR-T and 28z CAR-T cells
were monitored from day 4 to day 120 (Table 3). BBz CAR-T cells
were infused to three patients at the dose of 5 � 105/kg according to
the preliminary design, and only one patient experienced grade 1 cyto-
kine release syndrome (CRS) (Table 3). However, after patient 28z-1
received the adoptive transfer of 28z CAR-T cells at the dose of
5 � 105/kg, grade 2 CRS occurred. Therefore, a lower dose
(4 � 105/kg) was used to treat patient 28z-2, who also experienced
severe CRS (grade 3) afterward (Table 3). Patient 28z-2 was given to-
cilizumab 10 days after CAR-T infusion, and CRS was alleviated after-
ward. Considering the adverse events, patient 28z-3 was treated with
28z CAR-T cells at a dose of 7.5� 104/kg (Table 1). During the clinical
investigation, patient 28z-3 was injected with 10mg of dexamethasone
and 400 mg of tocilizumab to limit CRS; however, the patient still died
of grade 5 CRS on day 10 after emergent rescue (Table 3).

Peripheral blood inflammatory cytokines and growth factors were
analyzed using both the cytometric bead array (Figures S5A–S5F)
and Luminex assay (Figures S6 and S7). Infusion of either BBz
CAR-T or 28z CAR-T cells induced an elevation in multiple interleu-
kins (ILs), such as IL-6 and IL-10, and inflammatory cytokines, such as
granulocyte colony-stimulating factor (G-CSF), granulocyte-macro-
phage colony-stimulating factor (GM-CSF), interferon-inducible pro-
tein-10 (IP-10), and monocyte chemotactic protein 1 (MCP-1). In
addition, the expression of interferon-g (IFN-g) also increased in
two patients (28z-1 and 28z-2) in the 28z CAR-T cohort (Figure 3A).
Notably, the peak levels of IL-6, IL-10, G-CSF, and GM-CSF were
much higher in 28z CAR-T cell-treated patients than in BBz CAR-T
cell-treated patients (median IL-6 level: 329.9 pg/mL for 28z
CAR-T, 20.3 pg/mL for BBz CAR-T; median IL-10 level: 141.2 pg/
mL for 28z CAR-T, 22.2 pg/mL for BBz CAR-T; Figure 3B; Figure S7).
Two (28z-2 and 28z-3) of the three patients in the 28z CAR-T cell
group developed immune effector cell-associated neurotoxicity syn-
drome (ICANS), whereas BBz CAR-T did not induce any neurotox-
icity in three patients (Table 3).We examined the levels of CAR-T cells
and cytokines in the cerebrospinal fluid in patient 28z-2 on day 11.
The ratio of CAR-T cells was 26% in cerebrospinal fluid. In addition,
the concentration of IL-6 in cerebrospinal fluid reached 313.1 pg/mL
and was more than 2-fold greater than that in peripheral blood (Table
S3). All patients in the BBz CAR-T group showed a normal level or
mild elevation of C-reactive protein (Figure S8A). In contrast, 28z
CAR-T cell engraftment led to a marked increase in C-reactive pro-
tein, especially in patient 28z-2 (peak level, 107.5 mg/L). Most routine
blood indices were similar in patients from both cohorts, except that
platelets were decreased in two patients (28z-1 and 28z-2) after 28z
CAR-T cell infusion (Figure S8B; Table S4). Severe toxicities (grade
R3) detected by routine blood tests and blood biochemistry were
observed only in patients treated with 28z CAR-T cells (Table 3).
These results strongly suggested that BBz CAR-T cells showed a favor-
able safety profile compared with that of 28z CAR-T cells.

Clinical Outcomes of BBz CAR-T Cells at the Dose of 1 � 106/kg

Based on the good safety profile of BBz CAR-T cells at the dose of
5 � 105/kg, we further evaluated the efficacy and adverse events of
Molecular Therapy: Oncolytics Vol. 15 December 2019 63
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Table 2. Peak Level and Residual Number of CAR-T Cells in Each Patient after Infusion

Patient No.
Peak Level of CAR-T
Cells, 105/L (%)

Time to Reach
Peak Level

No. of CAR-T Cells in Peripheral Blood after Infusion (105/L)

Day 10 Day 14 Day 21 Day 28 Month 2 Month 3 Month 4

BBz-1 6,302.01 (44) day 10 6,302.01 1,697.26 687.6 719.9 65.72 114.4 152.28

BBz-2 2,864.16 (40) day 10 2,864.16 118.9 111 118.37 210 49.68 –

BBz-3 1,373.04 (19) day 14 5.85 1,373.04 200.88 259.2 25.95 47.74 71.38

28z-1 7,694.36 (52) day 10 6,520.66 602.28 118.4 51.06 333.35 120.52 47.5

28z-2 1,674.45 (37) day 10 1,674.45 76.5 88.75 14.7 43.99 34.08 22.4

28z-3 208.50 (14) day 10 – – – – – – –

BBz-4 11,170.18 (69) day 7 5,664.63 1,666.62 1,106.64 242.64 67.1 70.72 46.8

BBz-5 11,554.95 (73) day 10 11,554.95 1,011.15 180.95 203.00 10.88 56.76 31.82

BBz-6 6,924.61 (43) day 10 6,924.61 166.14 143.36 97.17 47.73 132.3 26.4
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this CAR-T cell type at an escalated dose. Three more patients with r/r
DLBCL or FL were enrolled. The characteristics of these patients are
shown in Table 1. Patients were infused with BBz CAR-T cells at
a dose of 1 � 106/kg after receiving conditioning chemotherapy
(Table 1). The manufacturing time of these BBz CAR-T cells was
all 8 days (Figure 2A). The average BBz CAR expression ratio in
T cells was 13.72% (patient BBz-4, 11.83%; patient BBz-5, 15.19%; pa-
tient BBz-6, 14.13%; Figure 2B), and the average copy number of BBz
CAR was 5.22 in each cell (patient BBz-4, 1.83; patient BBz-5, 5.10;
patient BBz-6, 8.73; Figure 2C). The CD4/CD8 ratio was 2.00, 1.24,
and 1.17 for patient BBz-4, patient BBz-5, and patient BBz-6, respec-
tively (Figure 2D). Most of the BBz CAR-T cells were subsets of naive,
stem cell memory, central memory, and effector memory T cells
(patient BBz-4, 88.15%; patient BBz-5, 93.30%; patient BBz-6,
90.55%; Figure 2E). At 1 and 3 months after CAR-T infusion, patients
underwent PET/CT scanning, and tumor burden for each patient was
analyzed. All three patients achieved CR (Table 1; Figure S9) and ex-
hibited a low or normal level of B cells in peripheral blood (Table S2).
The number of BBz CAR-T cells in peripheral blood was higher than
that in the patients treated at the dose of 5 � 105/kg, and the average
peak number was about 2.8 times that at the low dose (Table 2; Fig-
ure S10). Regarding the adverse events, only grade 1 and 2 toxicities
were observed (Table 3). The level and kinetics of cytokines including
IL-6, IL-10, and IFN-g in peripheral blood were similar to those
induced by BBz CAR-T at the dose of 5 � 105/kg (Figure 3; Fig-
ure S11). These results demonstrate that BBz CAR-T cells exhibited
high antitumor activity and favorable safety profile at the dose of
1 � 106/kg in r/r B-NHL patients.

DISCUSSION
This study compared the therapeutic efficacy and adverse events of
CAR-T cells with CD28 or 4-1BB co-stimulatory domains in a sin-
gle-center phase I/IIa clinical trial of r/r B-NHL therapy, irrespective
of the baseline characteristics of patients and the CAR-T
manufacturing process. Response evaluation revealed that the two
types of CAR-T cells had similar antitumor activities. However,
4-1BB co-stimulation conferred a more favorable safety profile on
the CAR-T cells in comparison with CD28 co-stimulation.
64 Molecular Therapy: Oncolytics Vol. 15 December 2019
To date, the majority of clinical studies have focused on the second
generation of CAR-T cells engineered with CD28 or 4-1BB co-stim-
ulatory molecules.6,24–28 The manufacturing process is regarded as
critical for the potency of CAR-T cell therapy;29,30 therefore, we
produced clinical-grade 28z CAR-T and BBz CAR-T cells using an
identical manufacturing process including T cell isolation, lentivirus
transduction, T cell expansion, and final product preparation. The
two types of CAR-T cells showed similar characteristics before infu-
sion. Thus, we believe that in the present study, the variations in the
clinical outcomes of these CAR-T cells were independent of the
manufacturing process. To exclude possible interference factors, we
established two cohorts irrespective of patient gender, age, weight,
disease status, and previous treatment lines. All patients received
the same conditioning chemotherapy and identical dose of CAR-T
cells. These design principles ensured the parallel comparison of
the two types of CAR-T cells.

Previous studies have reported that the CD28 and 4-1BB signaling
molecules endow T cells with distinct functionalities.18–23 CD28
co-stimulation has been validated to induce a brisk T cell activation,
promoting T cells to differentiate into cells with an effector memory
phenotype. In contrast, 4-1BB can lead to a relatively progressive and
long-lasting response. CAR-T cells with 4-1BB show enhanced persis-
tence and central memory differentiation.19 A recent study showed
that CD28 CAR is capable of eliciting faster and stronger signaling
compared with 4-1BB, resulting in T cell differentiation into an
effector phenotype and reduced antitumor activity of CAR-T cells.18

Consistently, our study demonstrated that the in vivo persistence of
BBz CAR-T cells was higher than that of 28z CAR-T cells (Figure S4;
Table 2). Although the antitumor activity of these CAR-T cells was
similar within 3 months after infusion (Table 1), we speculated that
BBz CAR-T cells are likely to show superior antitumor efficacy over
a longer period due to the contribution of 4-1BB to T cell survival
and central memory differentiation. Patient BBz-2 showed progres-
sive disease after infusion of BBz CAR-T cells (Table 1). We observed
a relatively higher decrease of CAR-T cell number in this patient,
which may account for the disease progression. The therapeutic effi-
cacy and persistence of BBz or 28z CAR-T cells was not associated



Table 3. Adverse Events after BBz CAR-T or 28z CAR-T Cell Infusion

Adverse Events, n (%)

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

Dose 1 Dose 2 Dose 1 Dose 2 Dose 1 Dose 2 Dose 1 Dose 2 Dose 1 Dose 2

BBz 28z BBz BBz 28z BBz BBz 28z BBz BBz 28z BBz BBz 28z BBz

Blood System Disorders

Neutropenia – 1 (33) 1 (33) 2 (67) – 2 (67) 1 (33) – – – 1 (33) – – – –

Anemia 1 (33) 2 (67) 1 (33) – 1 (33) 1 (33) – – – – – – – – –

Thrombocytopenia – 2 (67) 1 (33) – – – – – – – – – – –

CRS 1 (33) – 2 (67) – 2 (67) – – – – – – – – 1(33) –

Alanine aminotransferase increased 1 (33) – 1 (33) – – – – – – – – – – – –

Aspartate aminotransferase increased – – 1 (33) – – – – – – – – – – – –

Bilirubin increased 2 (67) 1 (33) 1 (33) – – – – – – – – – – – –

Elevated CRP 1 (33) 1 (33) 2 (67) – 2 (67) – – – – – – – – – –

Diarrhea 1 (33) 1 (33) – – – – – – – – – – – – –

Fever (>38.5�C) 1 (67) 1 (33) 2 (67) – 1 (33) – – – – – – – – – –

Systolic pressure decreased – 1 (33) – – – – – – – – – – – – –

Tachycardia 1 (33) 1 (33) 1 (33) – – – – – – – – – – – –

ICANS – 1 (33) 1 (33) – – – – 1 (33) – – – – – – –

Headache – 1 (33) – – – – – – – – – – – – –

Seizure – – – – – – – 1 (33) – – – – – – –

Other Symptoms

Frequent micturition 1 (33) – – – – – – – – – – – –

Cough and expectoration – 2 (67) – – – – – – – – – – –

Limb edema – 1 (33) – – – – – – – – – – –

Chest stuffiness – 1 (33) – – 1 (33) – – – – – – – –

Nausea and vomiting – – – – 1 (33) – – – – – – – –
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with the baseline tumor burden (mean sum of perpendicular diameter
[SPD]: 3,110 [814, 7,442] versus 4,336 [446, 7,439]; p = 0.70; Table 1).
In addition, the therapeutic efficacy may be also correlated with the
differentiation of CAR-T cells in vivo, calling for further in-depth
investigation.

The greater advantage of BBz CAR-T cells compared with 28z CAR-T
cells is their favorable safety profile. Within 3 months after adminis-
tration, only mild toxicities were observed in patients infused with
BBz CAR-T cells. Grade 2 or higher CRS and ICANS occurred only
in the 28z CAR-T cohort (Table 3). In particular, one patient (28z-
3) died as a result of severe adverse events following 28z CAR-T
cell infusion. We did not observe differences in the differentiation sta-
tus and proliferation rate of CAR-T cells between patient 28z-3 and
the other patients. The death of patient 28z-3 was also independent
of the tumor burden, which was similar to that of patient BBz-3.
Although patient 28z-3 was the youngest, it was regarded that
younger patients could gain more benefits from CAR-T therapy
because of a more active immune system. Thus, the death of patient
28z-3 was irrespective of age, tumor burden, and infusion dose. This
case was included to summarize the adverse events and represented a
grade 5 adverse event.
CRS and ICANS are two common CAR-T-related toxicities that
should receive greater attention during CAR-T therapy.31 We
observed that 28z CAR-T cells induced higher expression of certain
cytokines compared with BBz CAR-T cells (Figure 3A; Figure S7).
The cytokine release was also not correlated with the baseline tumor
burden. In addition, ICANS occurred only in the 28z CAR-T cohort
at the low dose level, and one patient developed grade 1 ICANS after
infusion of BBz CAR-T at the escalated dose level (Table 3). Interest-
ingly, we observed that the ratio of CAR-T cells in the cerebrospinal
fluid of patient 28z-2 (treated with 28z CAR-T cells) was 26% on day
11, indicating that a large number of CAR-T cells are present in the
brain area. The level of IL-6 in cerebrospinal fluid was more than
2-fold greater than that in the peripheral blood of this patient on
day 11 (Table S3). Based on the different functional mechanisms
of CD28 and 4-1BB, we deduced that the severe side effects of 28z
CAR-T cells may result from the rapid and out-of-control immune
response induced by CD28 stimulation. The slow and steady
behavior of 4-1BB stimulation is beneficial for the safety of CAR-T
cell therapy.

In conclusion, our clinical investigations suggested that the 4-1BB co-
stimulatory domain was conducive to CD19-targeted CAR-T therapy
Molecular Therapy: Oncolytics Vol. 15 December 2019 65
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Figure 3. Comparison of Cytokine Levels in Patients

after Infusion of BBz CAR-T or 28z CAR-T Cells

(A) Expression of IL-6, IL-10, and IFN-g in the peripheral

blood of patients after infusion of BBz CAR-T or 28z CAR-T

cells for different time intervals. (B) Peak level of IL-6, IL-10,

and IFN-g in each group of patients. (C) Time intervals

to reach the peak level of IL-6, IL-10, and IFN-g in each

group of patients. **p < 0.01; the error bars represent SD

(n = 3). D1, at the dose of �5 � 105/kg; D2, at the dose of

1 � 106/kg.
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against B-NHL, at least under our current manufacturing process.
Although the hinge and transmembrane regions were different be-
tween BBz CAR and 28z CAR, our results showed that the co-stimu-
latory domain was more critical for the function of CAR-T cells.
Nevertheless, it would be valuable to further investigate whether 4-
1BB is more competent than CD28 for CAR-T cells against other tar-
gets such as CD123 and B cell maturation antigen in hematological
malignancies and in solid tumors with their complicated
microenvironment.

MATERIALS AND METHODS
Patient Eligibility Criteria

Patients with CD19-positive B-NHL who showed progressive dis-
ease after treatment with rituximab- or doxorubicin-containing reg-
imens were enrolled. Other inclusion criteria were as follows: (1)
patients with evaluable disease lesions; (2) age R18 years; (3) ex-
pected lifespan of over 3 months; (4) an Eastern Cooperative
Oncology Group (ECOG) score of 0–2 points; and (5) women of
childbearing age with a negative blood pregnancy test. Patients
with graft-versus-host disease or a history of CNS disease were
excluded. Patients should not have received any chemotherapy or
radiotherapy within 3 days, or systemic steroids within 5 days
before apheresis.
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Clinical Study Design

The clinical trial (ClinicalTrials.gov identifier:
NCT03528421) was a single-center phase I/IIa
study to assess the safety and efficacy of CD19
CAR-T products in patients with r/r B-NHL.
This study had planned to enroll 15 cases into
each of the BBz CAR-T and 28z CAR-T groups.
Three dose levels (5 � 105/kg, 1 � 106/kg, and
3 � 106/kg) were set up for each cohort, and
three cases were used for evaluation of each
dose. Six more cases would be recruited for
extensive investigation in each cohort. Once
dose-limiting toxicity (DLT) occurred in more
than two cases, the recruitment should be termi-
nated at this dose. This study was conducted in
accordance with the Declaration of Helsinki
and was approved by the Institutional Review
Board at Peking University Cancer Hospital.
All participants were informed of the possible
risks and side effects of the therapy and provided signed informed
consent.

A schematic design of the clinical trial is shown in Figure 1A.
Apheresis was performed in all eligible patients for isolation of PBMCs
and subsequent production of CAR-T cells. The period of CAR-T
manufacture and quality control was 8–15 days. Patients were pre-
treated with fludarabine (25 mg/m2/day) and cyclophosphamide
(250 mg/m2/day) for 3 consecutive days. On day 0, patients were
infused with BBz CAR-T or 28z CAR-T cells. The patients were fol-
lowed by monitoring peripheral blood CAR-T cell numbers and
adverse events that were associated with routine blood analysis, blood
biochemistry, C-reactive protein, CRS, and ICANS. Adverse events
were evaluated according to the Common Terminology Criteria for
Adverse Events (CTCAE) Version 5.0. The severity of CRS and ICANS
was assessed according to the reported gradings.31 At 1 and 3 months
after infusion, patients underwent PET/CT scanning for response
evaluation based on the revised criteria for response assessment,32

and tumor burden was calculated according to previous reports.33

Vector Construction and Lentivirus Production

The CD19-targeted 28z CAR contained an FMC63-derived CD19-
specific scFv, a CD28 co-stimulatory molecule, and the intracellular
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signaling domain of CD3z. The BBz CAR was composed of an
FMC63-derived CD19-specific scFv, the hinge and transmembrane
domains of CD8a, the intracellular domain of 4-1BB, and the intra-
cellular domain of CD3z. The PCR products of both CAR molecules
were ligated to the third-generation EF1a promoter-based lentiviral
transfer plasmid pLenti6.3/V5 (Thermo Fisher, Waltham, MA,
USA). Lentivirus stock was prepared by transient transfection of
transfer plasmid, packaging plasmids (pLP1 and pLP2; Thermo
Fisher), and envelope plasmid (pLP/VSVG; Thermo Fisher) to
293T cells using polyethyleneimine (Polysciences, Warrington, PA,
USA), collection of the culture medium 48 and 72 h after transfection,
ultrafiltration of the culture medium, and subsequent purification of
the lentiviral particles using Core 700 chromatography (GE Health-
care, Chicago, IL, USA).

Preparation of CAR-T Cells

CAR-T cells were produced using the good manufacturing practice
(GMP) facilities at Immunochina Pharmaceuticals (Beijing, China),
and the manufacturing process is shown in Figure 1B. In brief, the
PBMCs from each patient were prepared using Ficoll (GE Healthcare,
Chicago, IL, USA) density centrifugation leukapheresis. The PBMCs
were washed in saline twice, and T cells were isolated and activated us-
ing CD3/CD28 magnetic beads (Thermo Fisher) at a T cell/bead ratio
of 1:1. T cells were cultured in X-VIVO 15 medium (Lonza Group,
Basel, Switzerland) supplemented with 500 U/mL IL-2 at a density
of 1.5 � 106/mL. Cells were transduced with GMP-grade lentiviral
vector carrying the CAR components. Cell viability and transduction
efficiency were monitored for 5–7 days after lentivirus transduction.
When the CAR-T cells had sufficiently expanded for patient infusion,
the cells were cryopreserved and underwent quality-control evalua-
tions including viability, potency, CAR expression ratio, replication-
competent lentivirus, sterility, mycoplasma contamination, and endo-
toxin levels. All CAR-T cell products met the defined specifications.

Flow Cytometry Analysis of CAR-T Cells

Flow cytometry was used to analyze CAR expression, the CD4/CD8
ratio, and the differentiation status of the manufactured CAR-T cells.
In brief, CAR-T cells (1 � 106) were suspended in 100 mL of Dulbec-
co’s PBS (DPBS; Thermo Fisher) and incubated with fluorescent
molecule-labeled antibodies for 30 min. After washing in DPBS twice,
the cells were analyzed using a flow cytometer (NOVOCYTE 2060R;
ACEA Biosciences, San Diego, CA, USA). The cells were stained with
allophycocyanin (APC)-anti-CD3 (BD Biosciences, San Jose, CA,
USA) and fluorescein isothiocyanate (FITC)-anti-CAR that was
developed by Immunochina Pharmaceuticals to specifically recognize
the scFv of CAR. Phycoerythrin (PE)-anti-CD4 and FITC-anti-CD8
(BD Biosciences) were used to label CAR-T cells to determine the
CD4/CD8 ratio. APC-anti-CD45RA and FITC-anti-CD62L (Bio-
Legend, San Diego, CA, USA) were chosen to evaluate the differenti-
ation status of CAR-T cells.

Cytometric Bead Array Assay of Cytokines

The cytometric bead array human Th1/Th2/Th17 kit (BD Biosci-
ences) was used to measure IL-2, IL-4, IL-6, IL-10, TNF, IFN-g,
and IL-17A protein levels in each sample. Cytokine standards were
prepared by serial dilution of lyophilized human Th1/Th2/Th17
cytokines according to the manufacturer’s instructions. Capture
beads were added to the serum samples from each patient, cytokine
standards, and negative control, and were incubated in the dark for
30 min. Flow cytometry was used to detect the cytokine levels.

Luminex Assay

The human cytokine and chemokine magnetic bead panel kit (Milli-
pore, Merck, Darmstadt, Germany) was used to analyze the serum
levels of 29 cytokines and chemokines in each patient. Serum samples
were incubated with the magnetic beads, followed by labeling with
fluorescent molecule-conjugated secondary antibodies according to
the manufacturer’s instructions. The levels of candidate cytokines
and chemokines were evaluated using the Luminex 200 system (Milli-
pore, Merck).

Statistical Analysis

The two-sided Wilcoxon-Mann-Whitney test was used to compare
the two experimental groups. Statistical analysis of more than three
groups was based on one-way ANOVA and Tukey’s multiple com-
parison test. Analyses were performed using SPSS and GraphPad
Prism software. A threshold of p < 0.05 was considered statistically
significant for all analyses.
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Supplementary Figure 1. The nucleotide sequences of BBz CAR and 28z CAR. 

  



 
 

 

 

Supplementary Figure 2. Representative dot plots of differentiation status of BBz CAR-T 

and 28z CAR-T cells by flow cytometry analysis of CD45RA and CD62L expression. 

  



 
 

 

 

Supplementary Figure 3. The PET-CT scanning of patients before, one month, and three 

months after infusion of indicated CAR-T cells.  



 
 

 

 

 

Supplementary Figure 4. The number of CAR-T cells in peripheral blood after patients were 

infused with low dose of CAR-T cells for different time intervals. 

  



 
 

 

 

Supplementary Figure 5. (A-F) The expression levels of cytokines (IL-2, IL-4, IL-6, IL-10, 

TNF, IFN-γ, and IL-17A) in peripheral blood were evaluated using cytometric bead array in 

each patient after infusion with indicated CAR-T cells for different time intervals.  

  



 
 

 

 

Supplementary Figure 6. The levels of indicated serum interleukins of each patient were 

evaluated using luminex assay. 

  



 
 

 

 

Supplementary Figure 7. The levels of indicated inflammatory cytokines and growth factors 

in serum of each patient were evaluated using luminex assay. 

  



 
 

 

Supplementary Figure 8. Comparison of C-reactive protein level and platelet amounts in 

patients who were treated with BBz CAR-T or 28z CAR-T cells. (A) The level of C-reactive 

protein was monitored after patients were treated with indicated CAR-T cells. Red dashed 

showed the normal level at highest. (B) The number of platelets in patients receiving indicated 

CAR-T cells was followed up. Red dashed showed the normal level at lowest. 

  



 
 

 

Supplementary Figure 9. The cross-sectional PET-CT images of patients who were infused 

with an elevated dose of CAR-T and all showed complete response. 

  



 
 

 

Supplementary Figure 10. The number of BBz CAR-T cells in peripheral blood after they 

were infused to patients at an elevated dose. 

  



 
 

 

Supplementary Figure 11. (A-C) The expression levels of cytokines (IL-2, IL-4, IL-6, IL-10, 

TNF, IFN-γ, and IL-17A) in peripheral blood were evaluated using cytometric bead array in 

each patient after infusion with an elevated dose of CAR-T cells for different time intervals. 



 
 

Supplementary Table 1. Detailed chemotherapy regimens for patients before enrollment 

Chemotherapy regimen Components 

CHOP Cyclophosphamide, Doxorubicin, Oncovin, Prednisone 

R-CHOP Rituximab, Cyclophosphamide, Doxorubicin, Oncovin, Prednisone 

R-DDP+VP-16+DXM Rituximab, Cisplatin, Etoposide, Dexamethasone 

GEMOX Gemcitabine, Oxaliplatin 

RICE Rituximab, Ifosfamide, Cisplatin, Etoposide 

DICE Dexamethasone, Ifosfamide, Cisplatin, Etoposide 

 

  



 
 

Supplementary Table 2. Ratio of B cells in the peripheral blood of each patient after 

CAR-T infusion 

Patient 

No. 

Percentage of B cells in peripheral blood after CAR-T infusion (%) 

Day10 Day 14 Day 21 Day 28 Month 2 Month 3 Month 4 

BBz-1 1.31 0.21 0.57 0.04 0.4 1.13 0.2 

BBz-2 0.09 0.07 0.02 0.28 1.11 0.8 - 

BBz-3 0.36 1.55 0.09 0.32 0.08 0.64 1.54 

28z-1 0.32 0.26 0.52 0.23 0.38 63.86 31.51 

28z-2 0.24 0 0.18 0.2 0.93 2.46 9.74 

28z-3 3.24 - - - - - - 

BBz-4 0.69 3.04 1.31 0.56 0.28 0.09 0 

BBz-5 1.57 0.8 0.19 0.68 3.41 12.62 19.67 

BBz-6 1.63 1.25 0.13 0.42 0.11 4.26 7.95 

 

 

  



 
 

Supplementary Table 3. The concentration of cytokines in peripheral blood and 

cerebrospinal fluid of patient 28z-2 

 IL-2 IL-4 IL-6 IL-10 TNF IFN-γ IL-17A 

Peripheral blood (pg/mL) 0.87 0.78 146.84 11.44 0.32 0.77 -0.23 

Cerebrospinal fluid (pg/mL) 0.91 0.26 313.09 15.11 0.32 -0.61 -0.10 

 

  



 
 

Supplementary Table 4. The blood routine indexes and C-reactive protein level in each 

patient 

Patient 

No. 
Day Hb (g/L) 

RBC 

(1012/L) 

WBC 

(109/L) 

LYM 

(109/L) 

PMN 

(109/L) 

PLT 

(109/L) 

CRP 

(mg/L) 

Normal level 120-160 3.5-5.5 4-10 1-5 2-8 100-350 < 8 

BBz-1 

-3 130 4.6 2.46 0.23 2.01 167 3.3 

4 150 5.29 2.49 0.52 1.57 182 0.8 

7 147 5.15 2.14 0.56 1.01 178 1.6 

10 146 5.1 2.83 1.43 0.89 211 2.2 

14 151 5.21 3.04 1.13 1.37 264 1.4 

21 147 4.98 4.55 0.72 3.12 151 - 

28 151 5.28 4.67 1.02 3.13 169 1.5 

60 149 5.11 4.96 1.24 3.04 221 3.3 

90 147 5 6.33 1.76 3.68 206 2.3 

120 142 4.86 5.48 1.62 3.19 191 1.7 

BBz-2 

-3 134 4.49 4.09 0.08 3.8 191 8.5 

4 124 4.28 2.77 0.13 2.27 186 5.1 

7 138 4.46 2.01 0.21 1.41 207 - 

10 139 4.73 3.13 0.72 1.86 232 7.6 

14 121 4.07 2.65 0.29 1.9 235 5.4 

21 140 4.75 5.12 0.5 3.97 212 11.4 

28 131 4.45 5.36 0.89 3.78 196 25.9 

42 143 4.91 6.63 1.42 4.45 286 17.6 

60 128 4.36 4.21 0.6 3.16 205 17.6 

90 129 4.59 3.12 0.69 1.9 261 35.7 

BBz-3 

-3 99 3.56 2.34 1.06 1.1 141 10.4 

4 102 3.53 2.08 0.66 1.02 174 5.3 

7 118 3.95 2.08 0.59 1.04 203 8.5 

10 116 3.97 3.06 0.65 1.68 204 6 

14 122 4.12 2.53 0.72 1.58 184 12.3 

21 129 4.33 2.34 0.93 1 174 1.6 

28 126 4.23 3.69 1.8 1.5 133 1.9 

60 144 4.73 4.07 1.73 1.88 164 2.5 

90 134 4.44 5.19 1.54 3.14 209 42.1 

120 153 4.97 4.5 1.66 2.26 205 3.1 

28z-1 

-3 133 4.01 3.35 0.13 3.03 60 0.3 

4 122 3.69 2.23 0.21 1.72 87 18.7 

7 113 3.37 3.92 0.23 3.34 58 38.7 

10 106 3.19 8.27 1.58 5.31 78 - 

14 120 3.64 4.62 0.84 2.9 182 6 

21 138 4.03 3.37 0.64 2.39 164 0.5 

28 130 3.86 3.06 0.74 2.01 63 0.7 

60 135 3.83 4.12 1.13 2.49 101 0.7 

90 149 4.27 3.58 0.92 2.24 108 0.4 

120 143 4.07 4.69 0.95 3.47 91 0.6 

28z-2 

-3 90 2.87 1.34 0.15 1.06 119 1.7 

4 76 2.41 1.21 0.51 0.31 115 16.4 

7 76 2.42 3.54 0.13 3.31 77 107.5 

10 73 2.35 8.17 0.59 7.05 65 - 

14 74 2.41 7.45 0.25 6.76 67 13.1 



 
 

21 92 2.85 1.75 0.71 0.75 104 2.2 

28 98 3.07 2.09 1.05 0.71 87 0.2 

60 106 3.07 1.1 0.53 0.41 66 0.1 

90 98 2.88 1.77 0.71 0.77 139 2.7 

120 115 3.36 2.3 0.64 1.41 139 - 

28z-3 

-3 129 4.12 3.02 0.05 2.84 183 52.8 

4 112 3.66 0.69 0.21 0.45 156 - 

7 119 3.79 4.18 0.25 3.06 162 52.7 

10 120 3.81 8.95 0.19 7.68 136 - 

BBz-4 

-3 107 3.34 2.2 0.05 2.03 59 4.9 

4 98 3.18 1.4 0.17 1.07 89 77.4 

7 91 2.91 6.47 1.61 4.43 93 74.6 

10 101 3.21 2.63 0.93 1.35 131 31.1 

14 103 3.3 2.27 0.47 1.47 133 4.6 

21 122 3.87 3.85 0.72 2.65 90 0.8 

28 122 3.92 2.67 0.72 1.5 98 1.1 

60 137 4.3 4.72 1.22 2.97 99 1.7 

BBz-5 

-3 123 3.87 6.46 0.13 95 150 29.8 

4 122 3.28 2.19 0.18 1.57 161 5.9 

7 108 3.33 3.31 1.31 1.6 142 43.8 

10 125 3.94 2.91 1.65 26.8 209 14.6 

14 139 4.38 6.35 0.35 4.97 188 9.3 

21 129 4.03 3.36 0.77 2.21 143 2.3 

28 124 3.78 3.63 1 2.07 218 - 

60 144 4.4 4.52 1.36 2.7 171 0.7 

BBz-6 

-3 85 3.61 4.68 0.08 4.45 289 1.7 

4 89 3.76 2.61 0.43 1.71 288 0.4 

7 87 3.71 3.28 0.39 2.33 285 0.5 

10 86 3.66 16.19 1.61 82.4 329 0.9 

14 96 4.12 3.93 0.78 2.58 386 1 

21 100 4.52 2.89 1.12 1.54 306 0.5 

28 90 3.81 2 0.79 1 287 - 

60 86 3.96 2.66 1.11 1.2 354 0.6 

Abbreviations: Hb, hemoglobin; RBC, red blood cell; WBC, white blood cell; LYM, lymphocyte; PMN, 

neutrophil; PLT, platelet; CRP, C-reactive protein 
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