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ABSTRACT
Background  Chimeric antigen receptor (CAR)-T cell has 
revolutionary efficacy against relapsed/refractory multiple 
myeloma (R/R MM). However, current CAR-T cell therapy 
has several limitations including long vein-to-vein time and 
limited viability.
Methods  A 4-1BB-costimulated B-cell maturation antigen 
(BCMA) CAR-T integrating an independently-expressed 
OX40 (BCMA-BBZ-OX40) was designed and generated 
by a traditional manufacturing process (TraditionCART) 
or instant manufacturing platform (named InstanCART). 
The tumor-killing efficiency, differentiation, exhaustion, 
and expansion level were investigated in vitro and in 
tumor-bearing mice. An investigator-initiated clinical trial 
was performed in patients with R/R MM to evaluate the 
outcomes of both TraditionCART and InstanCART. The 
primary objective was safety within 1 month after CAR-T 
cell infusion. The secondary objective was the best overall 
response rate.
Results  Preclinical studies revealed that integrated OX40 
conferred BCMA CAR-T cells with superior cytotoxicity and 
reduced exhaustion levels. InstanCART process further 
enhanced the proliferation and T-cell stemness of BCMA-
BBZ-OX40 CAR-T cells. BCMA-BBZ-OX40 CAR-T cells were 
successfully administered in 22 patients with R/R MM, 
including 15 patients with TraditionCART and 7 patients 
with InstanCART. Up to 50% (11/22) patients had a high-
risk cytogenetic profile and 36% (8/22) had extramedullary 
disease. CAR-T therapy caused grade 1–2 cytokine release 
syndrome in 19/22 (80%) patients, grade 1 neurotoxicity 
in 2/22 (9%) patients and led to ≥grade 3 adverse events 
including neutropenia (20/22, 91%), thrombocytopenia 
(15/22, 68%), anemia (12/22, 55%), creatinine increased 
(1/22, 5%), hepatic enzymes increased (5/22, 23%), and 
sepsis (1/22, 5%). The best overall response rate was 100%, 
and 64% (14/22) of the patients had a complete response 
or better. The median manufacturing time was shorter for 
InstanCART therapy (3 days) than for TraditionCART therapy 
(10 days). Expansion and duration were dramatically higher 
for InstanCART cells than for TraditionCART cells.
Conclusions  BCMA-BBZ-OX40 CAR-T cells were well 
tolerated and exhibited potent responses in patients 
with R/R MM. InstanCART shortened the manufacturing 
period compared to TraditionCART, and improved the 
cellular kinetics. Our results demonstrated the potency 
and feasibility of OX40-modified BCMA CAR-T cells using 
InstanCART technology for R/R MM therapy.

Trial registration number  This trial was registered at 
www.​clinicaltrials.​gov as #NCT04537442.

INTRODUCTION
Chimeric antigen receptor T (CAR-T) cells 
targeting B-cell maturation antigen (BCMA) 
have shown dramatic response rates in 
patients with relapsed/refractory multiple 
myeloma (R/R MM). Despite the encour-
aging outcomes of CAR-T-cell therapy, how to 
enhance CAR-T-cell activity and viability, and 
reduce vein-to-vein time are still problems to 
be solved.1

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Chimeric antigen receptor (CAR)-T cells targeting 
B-cell maturation antigen (BCMA) have achieved 
encouraging results in relapsed/refractory multiple 
myeloma (R/R MM), but there are still several limita-
tions to be solved, including long vein-to-vein time, 
and limited persistence.

WHAT THIS STUDY ADDS
	⇒ Our data support the idea that the constitutive ex-
pression of OX40 is beneficial for BCMA CAR-T-cell 
function. BCMA-BBZ-OX40 CAR-T cells were more 
persistent in vitro and in vivo, and were well toler-
ated in heavily pretreated patients with R/R MM. 
The establishment of a faster manufactured plat-
form offers the potential to shorten the time need-
ed before the administration of the product. Instant 
manufacturing platform (InstanCART) therapy had a 
comparable response rate compared with traditional 
manufacturing process therapy, even at a relatively 
low dose.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The InstanCART provides a treatment opportunity for 
rapidly progressive patients. This study provides the 
justification to embark on a larger, longer-duration 
multicenter clinical trial. Further study of OX40-
modified BCMA InstanCART therapy in R/R MM is 
warranted.

https://jitc.bmj.com/
http://orcid.org/0000-0002-8166-0216
https://doi.org/10.1136/jitc-2024-009476
https://doi.org/10.1136/jitc-2024-009476
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2024-009476&domain=pdf&date_stamp=2024-09-23
https://clinicaltrials.gov/show/NCT04537442
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Costimulation signaling contributes to the effector func-
tion, and persistence of T cells.2 3 In this regard, OX40 
(CD134) activated by the ligand OX40L has broad effects 
on T-cell activation, proliferation, differentiation, and 
survival.4–7 At the molecular level, OX40 ligation recruits 
tumor necrosis factor (TNF) receptor-associated factor 2 
(TRAF2), TRAF3, or TRAF5 to activate NF-κB, and induce 
antiapoptotic genes, including Bcl-2, and promotes the 
PI3K/AKT pathway to enhance cell survival and cell 
cycle progression.8–11 Inclusion of OX40 in CAR-T cells 
supports improved antigen-dependent memory forma-
tion.12 Preclinical investigation also showed that OX40-
costimulated CAR-T cells outperformed both CD28 and 
4-1BB CAR-T cells in cell persistence in an immunode-
ficient model of MM.12 13 CD19 or CD20 CAR-T cells 
with antigen-independent activation of OX40 have been 
reported to show robust amplification, and antitumor 
activity for treating B-cell malignancies.14 15 However, 
the performance of OX40 expression in CAR-T cells has 
never been reported in clinical trials for MM therapy.

In some cases, patients lost their eligibility for CAR-T-
cell treatment due to rapid disease progression during 
the long vein-to-vein interval. Thus, it is critical to reduce 
the waiting period, especially for patients with aggres-
sive disease. Previous studies have reported that early-
harvested CAR-T cells exhibited enhanced effector 
function and proliferation,16 raising the feasibility of 
shortening the manufacturing time. Limiting the ex vivo 
culture time of T cells is also beneficial for maintaining 
the T-cell stemness that is essential for the durability of 
T-cell function.

Here, we constructed a BCMA CAR-T-cell with 4-1BB as 
the costimulatory domain, integrating an independently 
expressed OX40 as an armored domain (named BCMA-
BBZ-OX40). An instant manufacturing platform (named 
InstanCART) was established, and CAR-T cells were 
produced within 3 days. CAR-T cells were manufactured 
using the InstanCART process, or traditional manufac-
turing process (TraditionCART). The antitumor potency, 
differentiation, exhaustion, and expansion levels were 
evaluated in vitro, and in tumor-bearing mouse models. 
Based on the promising preclinical data, an investigator-
initiated clinical trial was conducted to further evaluate 
the safety, response rate, and pharmacokinetics.

METHODS
Cell lines and viral vectors
The H929 and U266 cancer cell lines were purchased 
from the American Type Culture Collection. This H929 
cell line was engineered to express firefly luciferase and 
green fluorescent protein (H929-LAE). The engineered 
H929-LAE cells were maintained in a complete medium 
consisting of RPMI-1640 medium supplemented with 
10% fetal bovine serum (FBS, BI), 1% penicillin and 
streptomycin. U266 cells were maintained in a complete 
medium consisting of RPMI-1640 medium supplemented 
with 15% FBS, BI, 1% penicillin and streptomycin. All cell 

lines were authenticated by short tandem repeat analysis 
according to supplier information.

The polymerase chain reaction products of both 
BCMA-BBZ-OX40 and BCMA-BBZ CAR molecules were 
ligated to the third-generation EF1α promoter-based 
lentiviral transfer plasmid pLenti6.3/V5 (Thermo Fisher, 
Waltham, Massachusetts, USA). Lentivirus stock was 
prepared by transient transfection of transfer plasmid, 
packaging plasmids (pLP1 and pLP2, Thermo Fisher, 
Waltham, Massachusetts, USA) and envelope plasmid 
(pLP/VSVG, Thermo Fisher, Waltham, Massachusetts, 
USA) into HEK293T cells using polyethyleneimine, 
collection of the culture medium 48 hours and 72 hours 
after transfection, ultrafiltration of the culture medium, 
and subsequent purification of the lentiviral particles 
using Core 700 chromatography (GE Healthcare, USA).

Generation of TraditionCART
Autologous T cells from healthy donors or patients with 
R/R MM were collected by leukapheresis and activated 
using anti-CD3 and anti-CD28 agonistic antibody-coated 
Dynabeads (Thermo Fisher Scientific), followed by trans-
duction with the above lentiviral vectors for BCMA-BBZ 
and BCMA-BBZ-OX40 after 24 hours. Transduced T cells 
were expanded in cell culture using X-VIVO medium 
(Lonza Group, Basel, Switzerland) containing 100 U/mL 
interleukin-2 (IL-2). Cell counts and viability were eval-
uated during T-cell expansion using an automated cell 
counter (Thermo Fisher Scientific, USA). The transduc-
tion efficiency of CAR was assessed by flow cytometry.

Generation of InstanCART
Apheresis material from healthy donors or patients 
with R/R MM was passed through 30 µm nylon mesh to 
remove cell clumps before incubation with CD4 and CD8 
MicroBeads for 15 min at 4°C (Miltenyi Biotec). Cells 
were washed by adding 1–2 mL of buffer per 10⁷ cells and 
centrifuged at 300×g for 10 min. Cell pellets were resus-
pended and then separated by an LS Column (Miltenyi 
Biotec). CD8+ and CD4+ T cells were then incubated with 
a suitable amount of T Cell TransAct (Miltenyi Biotec). 
After 24 hours, T cells were transduced with BCMA-
BBZ-OX40 lentivirus and harvested 1 day later.

When generating InstanCART cells for patients, a total 
of 5×107 CD4/CD8 T cells were transduced with BCMA-
BBZ-OX40 lentivirus at a multiplicity of infection of two 
and harvested 1 day later at a dose of 2×107 total T cells.

Flow cytometry
The CAR-T-cell phenotype was assessed by flow cytom-
etry (Aurora, Cytek). Briefly, cell samples were collected, 
washed in phosphate-buffered saline (PBS), and stained 
in buffer (PBS+1% FBS) containing surface mouse-anti-
human antibodies against CD3 (#300439, BioLegend), 
CD4 (#344644, BioLegend), CD8 (46-0087-42, Thermo), 
PE-labeled antibody recognizing the single-chain frag-
ment variable (scFv) domain (from Beijing Imunopharm 
Technology), CD45RA (#304142, BioLegend), CD62L 
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(#304846, BioLegend), programmed cell death protein-1 
(PD-1) (#329950, BioLegend), LAG-3 (#369310, 
BioLegend) and OX40 (#350008, BioLegend). Data were 
analyzed using SpectroFlo software (Cytek).

Chronic antigen exposure model
InstanCART cells and TraditionCART cells were thawed 
and cultured at 1×106 cells/mL in T25 flasks with X-VIVO 
medium supplemented with 500 IU/mL IL-2 and 10% v/v 
FBS. After 24 hours, the CAR+ T cell number of Tradition-
CART cells was calculated using flow cytometry and 5×104 
CAR+ T cells were mixed with 5×104 H929-LAE cells/
well for an effector/target cell (E:T) ratio of 1:1. In the 
InstanCART group, the same number of total T cells as 
the TraditionCART cells was mixed with 5×104 H929-LAE 
cells regardless of CAR expression profile. Untransduced 
T cells were also mixed with the tumor cells. Co-cultures 
were maintained at a volume of 1 mL. After 2–3 days, 250 µl 
of the co-culture was mixed with an equal volume of fresh 
X-VIVO and then transferred to the new well with 5×104 
H929-LAE cells. This process was repeated for 15–18 days. 
At the end of the assay, co-cultures were collected and 
analyzed for CAR+ T cell and residual tumor cells.

In vitro killing assay
To compare the cytotoxicity of CAR-T cells, CAR-T cells 
were serially exposed (ie, on days 1, 2, 5, and 6 after 
recovery) to H929-LAE tumor cells at an E:T ratio of 
5:1 on day 1 and day 2 and then 10:1 on day 5 and day 
6. Cell viability and proliferation were analyzed after 
each stimulation. After four rounds of stimulation, the 
residual BCMA-BBZ-OX40 CAR-T cells were mixed with 
U266 tumor cells. Briefly, H929 or U266 tumor cells were 
collected, labeled with calcein-AM (5 µg per 107 cells; 
Thermo Fisher Scientific), suspended in X-VIVO 15 
medium (1×107 cells/mL), and added to a 48-well plate 
(1×105 cells/well). CAR-T cells and T cells were subse-
quently collected, suspended in X-VIVO 15 media, and 
added to the 48-well plate at different E:T ratios. After 
6 hours, the plate was centrifuged, and the superna-
tants from each well were transferred to an ELISA plate. 
The fluorescence intensity (FL) of released calcein-AM 
in each well was detected in triplicate using a micro-
plate reader (Varioskan LUX, Thermo Fisher Scientific; 
excitation, 495 nm; emission, 515 nm). For the positive 
control (PC), calcein-AM-labeled cell samples were lysed 
using 2% Triton X-100/saline. The FL of the superna-
tant from calcein-AM-labeled cells that were not treated 
with CAR-T or T cells was used as the negative control 
(NC). The tumor cell-killing efficiency was calculated as 
((FL-NC)/(PC-NC))×100%.

Xenograft tumor model
Animal experiments were performed with 6–8 weeks-old 
female NPG mice (Beijing Vitalstar Biotechnology) 
under an approved Institutional Animal Care and Use 
Committee protocol. On day 0, each mouse was subcu-
taneously implanted with 5×106 H929-LAE tumor cells. 

On day 10, when the average tumor signal reached 
1×104, as analyzed by live bioluminescence imaging 
(IVIS Spectrum, PerkinElmer, USA), the NPG mice 
received intravenous injection of two doses (2×106 or 
5×106 CAR-T cells) of freshly recovered BCMA-BBZ 
TraditionCART-cells, BCMA-BBZ-OX40 TraditionCART-
cells or BCMA-BBZ-OX40 InstanCART-cells. A single dose 
of untransduced T cells or cryopreservation medium 
(CM) was intravenously injected as a control. Tumor 
growth was monitored weekly using live bioluminescence 
imaging. Luciferase activity was analyzed using Living 
Image software V.4.5.2 (PerkinElmer). Peripheral blood 
was collected weekly for flow cytometric analysis of CAR-T 
cell levels.

Investigator-initiated clinical trial
Study design and participants
The clinical trial is a single-arm, open-label study using 
a non-randomized design, performed at Beijing Hospital 
in Beijing, China. This study was performed in accor-
dance with the Declaration of Helsinki. Eligible patients 
were 18 years of age or older; had received at least two 
previous regimens for MM, including an immunomodu-
latory agent, and a proteasome inhibitor; and had disease 
progression after their last line of therapy according 
to International Myeloma Working Group (IMWG) 
criteria.17 Patients who had received CAR-T or BCMA-
targeted treatment were excluded. Full eligibility criteria 
are provided in the supplemental trial protocol (see 
online supplemental additional file 1).

Procedures
Bridging therapy was allowed during manufacture. 
Lymphodepletion with 25 mg/m2 fludarabine, and 250 
mg/m2 cyclophosphamide both for 3 days was given, 
followed by 2 days of rest. A single infusion of BCMA-
BBZ-OX40 TraditionCART cells at a dose of 1×106/kg 
CAR+ cells, or BCMA-BBZ-OX40 InstanCART cells at 
a dose of 2×107 total T cells was given to each patient. 
Follow-up was performed from the date of CAR-T-cell 
infusion until the cut-off date or until the patient died. 
CAR-T cells and cytokines in the peripheral blood were 
assessed using flow cytometry analysis on days 4, 7, 14, 21, 
and 28 and every 12 weeks afterward.

Objectives
The primary objectives were the incidence and severity of 
adverse events within 1 month after CAR-T-cell infusion. 
Adverse events were graded using the National Cancer 
Institute Common Terminology Criteria for Adverse 
Events V.5.0. Cytokine release syndrome (CRS) and 
neurological toxic effects were graded using the Amer-
ican Society for Transplantation and Cellular Therapy 
consensus criteria.18 The secondary objective was the best 
overall response rate (ie, the percentage of patients who 
had a complete or partial response using IMWG criteria). 
Exploratory analysis included time to best response, 

https://dx.doi.org/10.1136/jitc-2024-009476
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Table 1  Baseline characteristics

Total (n=22)
InstanCART 
group (n=7)

TraditionCART 
group (n=15) P value

Age, median (range) 62.5 (45.0–78.0) 62.0 (45.0–78.0) 63.0 (54.0–73.0) 0.68

Male sex, no. (%) 8 (36) 2 (29) 6 (40) 0.97

Immunoglobulin subtype, no. (%) 0.44

 � IgA 11 (50) 2 (29) 9 (60)

 � IgG 6 (27) 3 (43) 3 (20)

 � IgD 1 (5) 1 (14) 0

 � Light chain only 4 (18) 1 (14) 3 (20)

Years since diagnosis, median (range) 2.9 (0.8–14.7) 3.4 (0.8–13.0) 2.5 (1.2–14.7) 0.96

Prior lines of therapy, median (range) 3 (2–7) 3 (2–7) 3 (2–7) 0.79

Triple-class refractory, no. (%) 15 (68) 5 (71) 10 (67) 1.00

Previous autologous stem-cell transplantation, no. (%) 9 (41) 4 (57) 5 (33) 0.55

Soft tissue plasmacytoma, no. (%) 13 (59) 4 (57) 9 (60) 1.00

Extramedullary disease 8 (36) 3 (43) 5 (33) 0.96

Cytogenetic risk category, no. (%)

 � High risk cytogenetic profile 11 (50) 4 (57) 7 (47) 1.00

 � Deletion 17p 7 (32) 1 (14) 6 (40)

 � t(4;14) 6 (27) 3 (43) 3 (20)

 � amp(1q) 13 (59) 4 (57) 9 (60)

 � t(11;14) 4 (18) 1 (14) 3 (20)

Absolute neutrophil count, no. (%) 1.00

 � ≥1.0×109/L 19 (86) 6 (86) 13 (87)

 � <1.0×109/L 3 (14) 1 (14) 2 (13)

Hemoglobin, no. (%) 0.30

 � ≥100 g/L 8 (36) 1 (14) 7 (47)

 � 80–<100 g/L 9 (41) 4 (57) 5 (33)

 � <80 g/L 5 (23) 2 (29) 3 (20)

Platelets, no. (%) 0.80

 � ≥100×109/L 11 (50) 4 (57) 7 (47)

 � 50–<100×109/L 5 (23) 1 (14) 4 (27)

 � <50×109/L 6 (27) 2 (29) 4 (27)

Creatinine clearance in mL/min, median (range) 74.2 (23.7–151.1) 84.5 (23.7–151.1) 60.1 (33.5–124.1) 0.18

Bone marrow plasma cells burden, % (range) 18.0 (0–95.5) 37.0 (0–95.5) 16.0 (1.2–14.7) 0.21

ECOG performance-status score, no. (%) 0.21

 � 0 6 (27) 3 (43) 3 (20)

 � 1 7 (32) 3 (43) 4 (27)

 � 2 3 (14) 1.0 (14) 2 (13)

 � 3 4 (18) 0 4.0 (27)

 � 4 2 (9) 0 2 (13)

Bridging therapy, no. (%) 10.0 (45.5) 4.0 (57.1) 6.0 (40.0) 0.77

ECOG, Eastern Cooperative Oncology Group; InstanCART, instant manufacturing platform; TraditionCART, traditional manufacturing 
process.
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progression-free survival (PFS), overall survival, pharma-
cokinetic profile, and cytokine kinetics.

Statistical analysis
Descriptive statistics are presented as the mean±SD, or 
medians with minimum and maximum for continuous 
variables, and counts and percentages for categorical vari-
ables. The baseline characteristics and adverse events of 
the InstanCART or TraditionCART group were compared 
using the independent samples t-test, Wilcoxon signed-
rank test (for continuous variables), or χ2 test (for 
nominal variables) as appropriate. The PFS and overall 
survival were estimated using the Kaplan-Meier method. 
P values less than 0.05 were considered statistically signif-
icant. Statistical analyses were performed using Stata 
V.17.0 (StataCorp, College Station, Texas, USA), and 
SPSS V.25.0 (SPSS, Chicago, Illinois, USA).

RESULTS
Patient characteristics
Between October 2019 and August 2023, 22 patients were 
enrolled and underwent apheresis. The manufacturing 
was successful for 100% of the patients, and all patients 
finished CAR-T therapy. The characteristics of the 
patients are shown in table 1, and online supplemental 
tables 1 and 2. The median age was 62.5 years (range, 
45.0–78.0). Patients had received a median of three lines 
of previous therapies (range, 2–7), and 15 (68%) were 
triple-class refractory (refractory to immunomodulatory 
drugs, proteasome inhibitors, and anti-CD38 monoclonal 
antibodies). Up to 50% of patients had a high-risk cyto-
genetic profile, defined as the presence of del(17p), 
t(4;14), or t(14;16), and 36% had extramedullary disease, 
defined as the presence of soft-tissue plasmacytomas that 
result from hematogenous spread19 (detailed extramed-
ullary disease and paraskeletal plasmacytoma is shown in 
online supplemental table 1). All treated patients still had 
measurable disease before lymphodepletion.

Seven (32%) patients received InstanCART infusion, 
and 15 (68%) patients received TraditionCART infu-
sion (figure  1A). There were no statistically significant 
differences in baseline characteristics between the Instan-
CART group and the TraditionCART group (table  1). 
The median time from manufacturing initiation to the 
final product was 10 days (range 8–13), and the median 
time from manufacturing initiation to cell infusion was 
17 days (range 13–42) in the TraditionCART group. In 
contrast, the time from manufacturing initiation to the 
final product was 3 days (p<0.001), and the median time 
from manufacturing initiation to cell infusion was 11 days 
(range 7–18, p=0.01) in the InstanCART group.

Safety
All 22 patients had adverse events during the first month 
(table  2). Hematologic toxic events were the most 
common, ≥grade 3 hematologic adverse events including 
neutropenia (20 (91%) of 22 patients), anemia (12 

(55%)), and thrombocytopenia (15 (68%)). Transient 
increases in creatinine were observed in 4 (18%) of 22 
patients, 1 of whom (5%) exhibited a grade 3 increase. 
Transient hepatic enzyme elevation occurred in 12 
(55%) patients, 5 of whom (23%) exhibited grade 3–4 
elevation. Infections occurred in nine (41%) patients, 
including diarrhea, upper respiratory tract infection, 
and sepsis. One (5%) of 22 patients experienced grade 3 
sepsis. CRS occurred in 19 (86%) of 22 patients, and no 
grade 3–4 CRS was observed. A total of 18 (82%) patients 
received tocilizumab, and 9 (41%) received dexameth-
asone. Neurological toxic effects were observed in two 
(9%) patients, and both were grade 1. All symptoms of 
CRS and neurotoxicity were reversible. TraditionCART 
therapy caused grade 1–2 CRS in 12 (80%) patients, and 
neurotoxicity in 1 (7%) patient. Meanwhile, InstanCART 
therapy induced grade 1–2 CRS in seven (100%) patients, 
and neurotoxicity in one (14%) patient. Adverse events, 
including CRS and neurological toxicity, were compa-
rable between the InstanCART group and the Tradition-
CART group (table 2).

The median duration of follow-up after CAR-T infusion 
was 12.2 months (range, 5.0–21.6), and 11 (50%) patients 
acquired COVID-19 infection, including three patients 
with recurrent infection. COVID-19 severity was mild in 
eight (73%) of the patients, moderate in two (18%), and 
severe/critical in one (9%). Three patients developed 
hypoxia, and one needed mechanical ventilation. The 
median time to clear COVID-19 infection was 10 (range 
7–50) days. One patient died of pneumothorax and respi-
ratory failure due to COVID-19 infection.

Response and survival
The best overall response rate was 100%, and 14 (64%) 
of 22 patients had a complete response (2 (9%)) or strin-
gent complete response (12 (55%)) (table 3). The best 
overall response rate of patients with high-risk cytoge-
netic and extramedullary disease was also 100%; 6 (55%) 
of 11 patients with high-risk cytogenetic, and 3 (38%) of 
8 with extramedullary disease reached complete response 
or stringent complete response. Five of seven available 
patients reached minimal residual disease (MRD) nega-
tivity (at a sensitivity of at least one in 104 nucleated cells; 
limit of detection of at least 1×10-4) as assessed by eight-
color flow cytometry done at the first pull of each aspirate 
by single tube.

At a median follow-up of 12.2 months (range, 5.0–21.6), 
a total of 10 (45%) patients had disease progression, 
and 11 patients had ongoing responses (figure  1B). 
The median PFS was 12.0 months (95% CI, 7.7 to 16.3) 
(figure 1C). The median overall survival was 16.6 months 
(95% CI, 12.6 to 20.6) (figure 1D). Nine deaths occurred 
during the study after CAR-T infusion. Eight deaths were 
due to disease progression, and one death resulted from 
severe COVID-19 infection and pneumothorax. There 
were no statistically significant differences in PFS and 
overall survival between InstanCART group and Tradi-
tionCART group (table 3).

https://dx.doi.org/10.1136/jitc-2024-009476
https://dx.doi.org/10.1136/jitc-2024-009476
https://dx.doi.org/10.1136/jitc-2024-009476
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CAR-T cell expansion and cytokine analysis
The TraditionCART and InstanCART treatments given 
to patients were based on a BCMA-BBZ-CAR with inde-
pendently expressed OX40 using different manufacturing 
processes (figure 2A). The median time to peak expansion 
was 14 days in both the InstanCART group and the Tradi-
tionCART group. The expansion and duration of Instan-
CART cells (Cmax=314×107/L; AUC0–28d=2149×107/L) 
were dramatically higher than those of TraditionCART 
cells (Cmax=54×107/L, p=0.005; AUC0–28d=495×107/L, 
p=0.01) (figure 2B). The post-infusion kinetics of periph-
eral CAR-T-cell expansion and persistence are displayed in 
figure 2C. The kinetics of serum cytokines and CRS grade 
of each patient are displayed in figure 2D. Higher-grade 

CRS was associated with a greater fold change in the levels 
of these analytes from baseline level to peak level after 
CAR-T treatments (figure 2E).

Independently expressed OX40 enhanced BCMA CAR-T-cell 
function in vitro and in vivo
Using the second-generation BCMA-BBZ CAR as a refer-
ence, we first addressed the impact of independently 
expressed OX40 by generating BCMA-BBZ-OX40 CAR 
(figure  2A). Comparable surface CAR expression was 
observed on both CAR-T cells, while BCMA-BBZ-OX40 
CAR-T cells showed more than 90% OX40 expression on 
CAR+ T cells (online supplemental figure 1A). Notably, 
BCMA-BBZ-OX40 CAR-T cells eradicated H929 and 

Figure 1  Trial profile, patient response and survival to CAR-T-cell infusion. (A) Trial profile; (B) patient response after CAR-T 
infusion; (C) Kaplan-Meier plot of progression-free survival; (D) Kaplan-Meier plot of overall survival. CAR-T-cell, chimeric 
antigen receptor T cell; InstanCART, instant manufacturing platform; TraditionCART, traditional manufacturing process.

https://dx.doi.org/10.1136/jitc-2024-009476
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U266 tumor cells more potently than BCMA-BBZ CAR-T 
cells (online supplemental figure 1B). Furthermore, we 
thus examined the abundance of exhaustion-related cell 
surface markers PD-1 and LAG-3 in antigen-stimulated 
CAR-T cells. After stimulation by U266 cells for 4 days, the 
proportion of cells positive for PD-1 and LAG-3 was lower 
for both CD4+ and CD8+ BCMA-BBZ-OX40 CAR-T cells 
than for BCMA-BBZ CAR-T cells (online supplemental 
figure 1C). Furthermore, BCMA-BBZ-OX40 CAR-T cells 
comprised higher CD45RA+ CD62L+ T-cell subsets than 
BCMA-BBZ CAR-T cells after U266 stimulation (online 
supplemental figure 1D). The reduction in these immune 
checkpoint inhibitors and the low differentiation status of 
CAR-T cells due to OX40 expression could contribute to 
a higher ratio of functional T cells when stimulated with 
BCMA+ target cells.

To further evaluate the efficacy of the two BCMA-CAR-T 
cells in vivo, H929-LAE were transplanted into NPG mice, 
followed by a single intravenous infusion of CM, untrans-
duced T cells, BCMA-BBZ, or BCMA-BBZ-OX40 CAR-T 
cells (online supplemental figure 2A). On day 89 after 
CAR-T-cell injection, both BCMA-CAR-T cells eliminated 
the H929 tumors (online supplemental figure 2B, C). We 
observed comparable persistence of BCMA-BBZ CAR-T 
cells and BCMA-BBZ-OX40 CAR-T cells in the peripheral 
blood of tumor-bearing mice (online supplemental figure 
2D). Though not statistically significant, BCMA-BBZ-OX40 
CAR-T cells prolonged the overall survival of H929 tumor-
bearing mice compared with BCMA-BBZ CAR-T cells 
(online supplemental figure 2E). Altogether, these findings 
demonstrate that independently expressed OX40 confer 
BCMA CAR-T cells with more favorable antitumor function.

Table 2  Adverse events, cytokine release syndrome, and neurological toxic effects

Total (n=22) no. (%)
InstanCART group (n=7) 
no. (%)

TraditionCART group 
(n=15) no. (%)

Any grade Grade 3–4 Any grade Grade 3–4 Any grade Grade 3–4

Any adverse event* 22 (100) 21 (95) 7 (100) 7 (100) 15 (100) 14 (93)

Cytokine release syndrome 19 (86) 0 7 (100) 0 12 (80) 0

Neurological toxic effect 2 (9) 0 1 (14) 0 1 (7) 0

Neutropenia 22 (100) 20 (91) 7 (100) 6 (86) 15 (100) 14 (93)

Anemia 22 (100) 12 (55) 7 (100) 2 (29) 15 (100) 10 (67)

Thrombocytopenia 22 (100) 15 (68) 7 (100) 6 (86) 12 (80) 9 (60)

Creatinine increased 4 (18) 1 (5) 0 0 4 (27) 1 (7)

Hepatic enzymes increased 12 (55) 5 (23) 4 (57) 3 (43) 8 (53) 2 (13)

Diarrhea 6 (27) 0 3 (43) 0 3 (20) 0

Upper respiratory tract infection 2 (9) 0 1 (14) 0 3 (20) 0

Sepsis 1 (5) 1 (5) 0 0 1 (7) 1 (7)

*Shown are adverse events that occurred during the first 1 month after CAR-T infusion.
CAR-T, chimeric antigen receptor T cell; InstanCART, instant manufacturing platform; TraditionCART, traditional manufacturing process.

Table 3  Tumor response

Total (n=22)
InstanCART 
group (n=7)

TraditionCART 
group (n=15) P value

Objective response, no. (%) 22 (100) 7 (100) 15 (100) 1.00

Months to best response, median (range) 2.0 (1.0–15.0) 2.0 (1.0–3.0) 2.0 (1.0–15.0) 0.58

Best overall response, no. (%) 0.32

 � Stringent complete response 12 (55) 3 (43) 9 (60)

 � Complete response 2 (9) 0 2 (13)

 � Very good partial response 3 (14) 1 (14) 2 (13)

 � Partial response 5 (23) 3 (43) 2 (13)

Progression-free survival, months, median (95% CI) 12.0 (7.7 to 16.3) 9.8 (9.0 to 10.6) 15.1 (9.5 to 20.8) 0.10

Overall survival, months, median (95% CI) 16.6 (12.6 to 20.6) Not reached 16.6 (12.0 to 21.2) 0.62

Follow-up time, months, median (95% CI) 12.2 (5.0 to 21.6) 13.5 (5.0 to 17.5) 12.2 (7.2 to 21.6) 0.81

InstanCART, instant manufacturing platform; TraditionCART, traditional manufacturing process.
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Figure 2  CAR-T-cell expansion, persistence, and cytokine analysis in patients. (A) Schematic of BCMA-BBZ-OX40 and BCMA-
BBZ CAR constructs; (B) comparison of the AUC0–28d between InstanCART and TraditionCART group. AUC0–28d, area under the 
curve of CAR-T cell expansion from d0 to d28; bars indicate mean of AUC0–28d of different patients, *p<0.05; (C) CAR-T-cell 
pharmacokinetics; (D) heatmaps indicating peak values of cytokines grouped by individual patients; (E) boxplots depicting fold 
changes in proinflammatory cytokine production from pre-infusion to the peak of CAR-T-cell expansion; boxplots indicate the 
range of the central 50% of the data, with the central line marking the median value; whiskers extend from each box to show 
the range of the remaining data. *p<0.05 by unpaired t-test. AUC, area under the curve; BCMA, B-cell maturation antigen; CAR-
T-cell, chimeric antigen receptor T cell; CRS, cytokine release syndrome; IL, interleukin; InstanCART, instant manufacturing 
platform; scFv, single-chain fragment variable; TNF, tumor necrosis factor; TraditionCART, traditional manufacturing process.
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Reduction of the manufacturing time improved CAR-T-cell 
function in vitro and in vivo
Currently, the median manufacturing time of CAR T cells 
is approximately 7–12 days from apheresis to final formu-
lation. We developed a novel manufacturing process that 
shortens the manufacturing period to 3 days (figure 3A). 
The BCMA-BBZ-OX40 CAR-T cells were harvested and 
cryopreserved at various time points using the Tradition-
CART or InstanCART process. While InstanCART cells 
showed a relatively low viability compared with Tradition-
CART cells after recovery, their viability surpassed that of 
TraditionCART cells after a 7-day culture period (online 
supplemental figure 3A). Furthermore, InstanCART 
exhibited enhanced proliferation compared with Tradi-
tionCART (online supplemental figure 3B). InstanCART-
derived cells retained more naïve and stem cell memory 
immunophenotypes and fewer effector immunopheno-
types on day 7 after recovery (online supplemental figure 
3C).

To test whether the instant manufacturing process 
enhances the cytotoxicity of CAR-T cells, we analyzed 

the cytotoxic effect of TraditionCART or Instan-
CART cell after serially stimulated with H929-LAE cells 
(online supplemental figure 3D). After four stimula-
tions with H929-LAE, both the viability and expansion 
of InstanCART-derived cells outperformed those of 
TraditionCART-derived cells (online supplemental figure 
3E). Moreover, InstanCART cells comprised more cells 
belonging to the naïve and stem cell memory phenotype 
(online supplemental figure 3F). After four serial tumor 
cell stimulations, InstanCART cells killed more U266 cells 
than TraditionCART cells (online supplemental figure 
3G). To determine whether shortening manufacturing 
time could delay CAR-T dysfunction, we deployed the 
chronic antigen exposure model.20 In this assay, CAR-T 
cells were repeatedly stimulated with H929-LAE cells 
(online supplemental figure 3H). Importantly, Instan-
CART cells show decreased tumor cells and increased 
CAR+ T cells, compared with TraditionCART cells (online 
supplemental figure 3I). The above results indicate that 
InstanCART cells killed BCMA+ tumor cells more effec-
tively in vitro than TraditionCART cells.

Figure 3  Reduction of the manufacturing time improved CAR-T-cell function in vitro and in vivo. (A) The general procedure for 
manufacturing InstanCART and TraditionCART; (B) Flux (p/s) values of tumor burden assessed by IVIS imaging; (C) CAR+ T-cell 
counts of CAR-T cells in the PB of mice at different time points after CAR-T treatment. LD indicated 2×106 CAR+ T cells in the 
TraditionCART group and 2×106 total T cells in the InstanCART group. HD indicated 5×106 CAR+ T cells in the TraditionCART 
group and 5×106 total T cells in the InstanCART group. *p<0.05, **p<0.01, not significant by unpaired Mann-Whitney test. 
CAR-T-cell, Chimeric antigen receptor T cell; CM, cryopreservation medium; InstanCART, instant manufacturing platform; PB, 
peripheral blood; TraditionCART, traditional manufacturing process.
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In the NPG mouse model, mice were treated with Tradi-
tionCART cells at levels of either 2×106 (LD) or 5×106 
(HD) CAR+ T cells, while they were treated with Instan-
CART cells at levels of either 2×106 (LD) or 5×106 (HD) 
total T cells. Thus, the CAR+ T-cell dose level of Instan-
CART cells was lower than that of TraditionCART cells. 
CM-treated mice exhibited a rapid increase in biolumi-
nescent signal, necessitating euthanasia approximately 
40 days after tumor inoculation. The tumor burden of 
the LD-InstanCART group were significantly lower than 
those of the TraditionCART group on day 28 and day 41 
after CAR-T treatments (figure 3B). Furthermore, at both 
doses, InstanCART cells exhibited enhanced peripheral 
blood CAR-T-cell proliferative capacity compared with 
TraditionCART cells (figure  3C). Taken together, these 
experiments demonstrated that the InstanCART process 
was beneficial for CAR-T-cell proliferation, maintenance 
of stemness, and antitumor function compared with the 
TraditionCART process.

DISCUSSION
In this study, we generated OX40-containing BCMA 
CAR-T cells, and developed a novel manufacturing process 
that shortened the manufacturing period to 3 days, with 
enhanced in vivo and in vitro antitumor capacity. These 
BCMA-BBZ-OX40 CAR-T cells were successfully adminis-
tered to 22 patients with heavily pretreated R/R MM. The 
expansion and duration of InstanCART cells were higher 
than those of TraditionCART cells. All patients had a clin-
ical response, and 64% of the patients had a complete 
response or better. No grade 3 or worse CRS or neurolog-
ical toxic effects were reported.

The OX40L-OX40 signaling axis has favorable effects 
on T-cell activation, proliferation, low differentiation, and 
survival.4–7 The inclusion of OX40 in the design of CAR-T 
cells is thought to improve cytotoxicity and antigen-
dependent memory formation.12 In this study, we inde-
pendently expressed the OX40 molecule in BCMA CAR-T 
cells. Consistent with previous reports, we found that the 
tumor-killing efficiency was significantly improved, and 
exhaustion and effector differentiation were reduced. 
Since the low differentiation status indicated the mainte-
nance of T-cell stemness, and durable function of T cells, 
our data support the idea that the constitutive expression 
of OX40 is beneficial for BCMA CAR-T-cell function.

The establishment of a faster-manufactured platform 
offers the potential to shorten the time needed before 
administration of the product. CAR-T cells are manufac-
tured ex vivo, and the process can take as little as 7 days to 
as long as 6 weeks.1 21 22 Heavily pretreated patients often 
deteriorate rapidly, and some patients even regretfully lose 
eligibility.23 In the CARTITUDE-1 study, 14% of enrolled 
patients did not receive CAR-T infusion due to disease 
progression, death, or study withdrawal after apheresis.24 
Thus, the potentially long time between apheresis and 
product manufacturing is considered one of the major 
obstacles in autologous anti-BCMA CAR-T-cell therapy.25 

Thus, shortening the duration between apheresis and 
CAR-T infusion is critical for patients. Recently, novel 
CAR-T manufacturing processes were developed with 
significantly shortened ex vivo culture time and compa-
rable potency in the clinic.26–28 In the present study, the 
time from manufacturing initiation to the final product 
by InstanCART process was as short as 3 days. InstanCAR-T 
cells have superior antitumor activity and proliferation 
capacity, even at a relatively low dose, which may offer a 
fast and effective solution to enhance the persistence and 
functionality of CAR-T cells in MM treatment.

The outcome after a single CAR-T infusion was 
encouraging in this study with a 100% best overall 
response rate, PFS of 12.0 months, and 12-month PFS 
of 49%. The median PFS with ide-cel was 12.1 months 
at the 4.50×108 dose,29 and PFS was 66% at 18 months of 
cilta-cel.24 A total of 13–39% of patients had extramed-
ullary disease, and 24–35% of patients had a high-risk 
cytogenetic profile in the CARTITUDE-1 and KarMMa 
studies.24 29 Notably, the proportion of high-risk patients 
was higher in the present trial, as 36% of the enrolled 
patients had extramedullary disease and 50% of the 
patients had a high-risk cytogenetic profile. The pres-
ence of soft tissue plasmacytoma represents an aggressive 
form of MM, the Mayo Clinic reported that patients with 
secondary extramedullary disease treated with CAR-T 
therapy (n=20) achieved a median PFS of 4.9 months 
(3.1 months-not reached).30 The long-term efficacy of 
anti-BCMA CAR-T-cell therapy was worse in patients with 
extramedullary disease than in patients without soft tissue 
plasmacytoma, and with paraskeletal plasmacytoma.31–33 
In our study, the median PFS of patients with extramed-
ullary disease was 5.8 months, while the median PFS of 
patients without extramedullary disease was 15.1 months. 
Although the expansion and duration of InstanCART 
cells were higher than those of TraditionCART cells, 
treatment with the InstanCART cells did not show a supe-
rior survival outcome. The possible reason is that one 
patient in remission with InstanCART therapy died from 
COVID-19 infection. Due to the small sample size, defi-
nite conclusions about the clinical efficacy of InstanCART 
could not be drawn thus far.

The observed toxic effects were consistent with previous 
studies.24 29 34 CRS and neurotoxic effects of grade 3 
or higher were not recorded. Adverse events, CRS and 
neurotoxic effects were comparable between patients who 
received InstanCART therapy and those who received 
TraditionCART therapy. Patients with hematological 
malignancies experience high mortality from COVID-
19, with a longer duration of time to the first negative 
test.35 Half of the patients acquired COVID-19 infection, 
and one patient died of pneumothorax and respiratory 
failure due to COVID-19 infection in our study. Early anti-
viral treatment should be considered in this immunosup-
pressive population.

The present study has several limitations. First, the data 
were collected from a single academic center with a small 
sample size. In addition, a large portion of the patients 
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could not be evaluated for MRD. Further investigations, 
including escalation studies, are warranted to identify the 
maximum tolerated dose. The clinical study is ongoing, 
and long-term follow-up will further inform the clinical 
efficacy, safety, and persistence of CAR-T cells.

CONCLUSIONS
In summary, BCMA-BBZ-OX40 CAR-T cells were more 
persistent in vitro and in vivo, and were well tolerated in 
heavily pretreated patients with R/R MM. InstanCART 
therapy had a shortened waiting time, and a comparable 
response rate compared with TraditionCART therapy. 
BCMA-BBZ-OX40 CAR-T cells are a potential treatment 
option for patients with R/R MM, and the InstanCART 
provides a treatment opportunity for rapidly progressive 
patients.
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