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Abstract
The low rate of durable response against relapsed and/or refractory multiple myeloma 
(RRMM) in recent studies indicates that chimeric antigen receptor T-cell (CART) 
treatment is yet to be optimized. This study aims to investigate the safety and effi-
cacy of sequential infusion of CD19-CART and B-cell maturation antigen (BCMA)-
CARTs for RRMM with a similar 3 + 3 dose escalation combined with a toxicity 
sentinel design. We enrolled 10 patients, among whom 7 received autologous infu-
sion and 3 received allogeneic infusion. The median follow-up time was 20 months. 
The most common grade 3/4 treatment-emergent toxicities were hematological tox-
icities. Cytokine-release syndrome (CRS) adverse reactions were grade 1/2 in 9 out of 
10 subjects. No dose-limited toxicity (DLT) was observed for BCMA-CAR-positive 
T cells ≤5 × 107/kg), while two patients with dose-levels of 5–6.5 × 107/kg expe-
rienced DLTs. The overall response rate was 90% (five partial responses and four 
stringent complete responses). Three out of four patients with stringent complete re-
sponses to autologous CART had progression-free survival for over 2 years. The three 
patients with allogeneic CART experienced disease progression within 2  months. 
These results evidence the sequential infusion's preliminarily tolerability and efficacy 
in RRMM, and present a simple and safe design applicable for the establishment of 
multiple CART therapy.
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1 |  INTRODUCTION

Currently, patients with refractory and/or relapsed multiple 
myeloma (RRMM) have limited therapeutic options, and 
therefore, limited chances to reach the remission plateau. 
Thus, there is an urgent need for novel RRMM treatment strat-
egies. Recent clinical studies have demonstrated the potential 
of chimeric antigen receptor-transduced T cells (CART) that 
specifically recognize and eradicate tumor cells in a major 
histocompatibility complex-independent manner to treat 
B-cell malignancy.1-7 B-cell maturation antigen (BCMA)-
specific CARTs have been effective against RRMM in clin-
ical studies, demonstrating that BCMA is an ideal target of 
CART therapy for MM.1,2,4,6 Furthermore, B-lymphocyte an-
tigen CD19, which is expressed by B cells prior to terminal 
differentiation into plasma cells, is associated with the en-
hancement of myeloma's tumor-propagating and drug-resis-
tance properties. Therefore, CD19 is regarded as a potential 
biomarker of myeloma stem cells and a therapeutic target of 
MM.5,8,9 The sequential expression of CD19 and BCMA in 
MM tumor cell development suggests that targeting the two 
biomarkers simultaneously with CART could be a practical 
strategy to achieve a more efficient response against MM. 
A treatment utilizing sequential CD19 and BCMA-specific 
CART infusion has exhibited promising results in a proof-of-
concept trial involving RRMM patients.10 However, the un-
availability of well-accepted methods and paradigms in dose 
and regimen selection represents a current challenge in the 
development of combinatorial CART treatment.

This pilot clinical trial with a toxicity sentinel design and 
a dose escalation approach was, therefore, conducted to as-
sess the safety and feasibility of the sequential infusion of 
CD19 and BCMA-specific CARTs for RRMM treatment.

2 |  MATERIALS AND METHODS

2.1 | Trial design

This study was approved by the Ethics Committee of the 
First Affiliated Hospital of Soochow University, P.R. China 
in December 2016 and registered with ClinicalTrials.gov 
(NCT 03196414). Because of safety concerns for the first 
application of BCMA-CART in the hospital, the number 
of patients enrolled in this study was limited to 10. Ten pa-
tients with refractory/relapsed BCMA-positive myeloma 
were enrolled in the study after providing informed consent. 

Subjects were considered eligible if they met the following 
criteria: ≥18 years of age, documented evidence of drug re-
sistance and/or progression of disease (PD) as defined by the 
International Myeloma Working Group (IMWG) criteria11 
after completing at least one prior regimen, ≥4 weeks wash-
out period prior to CART infusion since their latest cytotoxic 
chemotherapy treatment, an ECOG performance status score 
of 0–2, and an expected survival time of ≥3  months. The 
exclusion criteria included: clinically significant cardiac 
disease, serum creatinine ≥2  mg/dl, active infection, sero-
positive HIV, and HBS-Ag, HCV-Ab, and/or HBV-DNA or 
HCV-RNA above the negative level. Patients with plasma 
cell leukemia were also excluded.

To investigate whether unexpected adverse events 
would occur with the infusion of CART-BCMA, which had 
not been used before in the hospital, we included a senti-
nel subject (Patient 01) who first received a single dose of 
CART-BCMA and received a combinatorial treatment with 
CART-CD19 and CART-BCMA around 5 weeks later. Then, 
the trial entered the dose escalation phase. Qualified patients 
were sequentially assigned to three cohorts and administered 
a fixed dose of 1.0  ×  107/kg CD19-CAR-positive T cells 
combined with increased dose levels of approximately 3.0, 
5.0, and 6.5 × 107/kg BCMA-CAR-positive T cells, respec-
tively. Dose escalation conducted in the study was similar to a 
classic 3 + 3 design in order to explore the optimal dose level 
of BCMA-CARTs in the context of dual CART treatment. 
Decision-making criteria for dose-escalation were as follows:

• If none of the three patients in the preceding cohort expe-
riences a dose-limiting toxicity (DLT), another three pa-
tients will be assigned to the next cohort.

• If one of the three patients in the cohort experiences a DLT, 
another three patients will be assigned to the same cohort.

• The dose escalation stops if two or more patients within 
a cohort experience DLTs. The rest of the patients will be 
assigned to the preceding cohort.

• The trial is terminated once a total of 10 patients have been 
dosed with CAR T cells.

• DLT’s are defined as neurotoxicity and severe CRS requir-
ing any clinical intervention.

The primary end point was the incidence of treatment emer-
gent adverse events, including adverse events (AEs), serious ad-
verse events (SAEs), deaths, or laboratory abnormalities. AEs 
and SAEs occurring in the first 2 weeks and 2 weeks after the 
infusion are defined as acute and late, respectively, and reported 
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separately. Secondary end points were efficacy against MM, 
including response rate and duration. Exploratory end points 
included independent evaluation of response, overall survival 
(OS) and progression-free survival rate, measurement of sero-
logical biomarkers, and kinetics of CARTs in vivo.

2.2 | Treatment schedule and administration

All of the patients received daily doses of 300 mg/m2 cyclo-
phosphamide and 30 mg/m2 fludarabine for leukocyte deple-
tion on days 5, 4, and 3 prior to CART infusion. CD19-CART 
was infused at a fixed dose of 1.0 × 107/kg body weight on 
day 0. Patients including the sentinel also received a split-dose 
of BCMA-CART infusion, with 40% given on day 1 and 60% 
on day 2. Three dose-levels of BCMA-CART (Level 1 ap-
proximately 3.0 × 107/kg, Level 2 approximately 5 × 107/kg 
and Level 3 approximately 6.5 × 107/kg), were administered 
to patients. The treatment schedule protocol is schematically 
presented in Figure 1 and CART infusion is detailed in Table 1.

2.3 | Safety and response assessment

Peripheral blood (PB) samples were obtained to perform 
safety and response assessments at predetermined time 
points. The IMWG Response Criteria for Multiple Myeloma 
was used to assess the response to treatment.11 Minimal re-
sidual disease (MRD) was assessed by a 10-color multipa-
rameter flow cytometry assay with a minimum cutoff of 

2 × 10−6 nucleated cells (Beckman Coulter, Beckman Coulter 
NAVIOS). Cytokine release syndrome (CRS) and neurotoxic 
adverse effects were graded and managed according to the 
recommendations of Lee et al.12 Other toxicities were as-
sessed according to the National Cancer Institute's Common 
Terminology Criteria for Adverse Events, version 4.03.13 
Plasma levels of IL-2, IL-4, IL-6, IL-10, (Interleukin) TNF-
α, (Tumor necrosis factorα) IFN-γ, (Interferon-γ) and IL-
17A were determined using the BD Cytometric Bead Array 
Human Th1/Th2/Th17 kit (BD). The blood concentration of 
serum free BCMA was evaluated using the Cytometric Bead 
Array BCMA kit (QuantoBio).

2.4 | CART production and detection

Chimeric antigen receptor T-cell production, blood sam-
ple processing, and laboratory analyses were performed by 
the Unicar-Therapy Bio-medicine Technology Company. 
In brief, T cells were purified from PB mononuclear cells 
using microbeads (Miltenyi Biotec) and were stimulated 
with an anti-CD3 monoclonal antibody. Stimulated T cells 
were transduced with a recombinant lentiviral vector en-
coding the BCMA or CD19-specific CAR, the construc-
tions of which are presented in Figure S1. The detailed 
manufacturing protocol and analyses of these samples are 
provided in the Supporting Information including Figure 
S2. For the 3 out of 10 subjects whose autologous T cells 
did not undergo successful CART engineering, CART 
products were generated from T cells from a related 

F I G U R E  1  CONSORT diagram and scheme of the clinical trial design. Following patient enrollment, autologous or allogeneic T cells 
were obtained via leukapheresis and transfected to generate CART-CD19 or CARTBCMA. After administering short-term chemotherapy for 
lymphodepletion (3 doses of cyclophosphamide and fludarabine), patients received one-dose infusion of CART-CD19 on day 0 and then a split-
dose infusion of CART-BCMA over 2 days (40% on day 1 and 60% on day 2). Patients were admitted for 2 weeks for management of potential 
adverse events, followed by long-term follow-up for response assessment. All patients reported here were infused with CAR T cells between July 
2017 and November 2017. The presented data cut-off date was July 31, 2019.
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allogeneic donor who was a 5/10 loci haploidentical match 
as determined by detection of HLA-A, B, Cw, DRB1, and 
DQB1 loci using high-resolution genotyping. To determine 
the in vivo expansion and persistence of CARTs in the PB, 
qPCR (quantitative Polymerase Chain Reaction) was per-
formed on DNA isolated from patients’ blood samples to 
detect the frequency of total CARTs.

3 |  RESULTS

3.1 | Patient characterization

Ten RRMM patients with advanced stage disease were en-
rolled in the study. All 10 patients showed BCMA expression 

in either clonal bone marrow (BM) or PB plasma cells with a 
positive rate of over 50%, and none of the patients expressed 
CD19, as determined by flow cytometry. The patients had 
received a median of four prior lines of therapy, and 60% had 
received an autologous stem cell transplant prior to CART 
therapy (Table 1). Furthermore, 90% of the patients were re-
fractory to proteasome inhibitors, immunomodulatory drugs, 
or both (Table S1). The median absolute lymphocyte count in 
the PB at the time of leukapheresis was 1120 cells/μl (range: 
250–1690) for seven patients (Patients 01–07) with autolo-
gous CART infusions. Three patients (Patients 08, 09, and 
10) received infusions of allogeneic CARTs derived from 
related haploidentical donors whose lymphocyte counts were 
within the normal range. Patient characterization is detailed 
in Table 1. Patient number was given in the order that they 

T A B L E  2  CRS, CRES, and AEs in different dose groups of CARTs-BCMA.

CARTs-BCMA ~3.0 × 107/kg (n = 3) ~5.0 × 107/kg (n = 4) ~6.5 × 107/kg (n = 2)

AEs Grade1-2 Grade3 Grade4 Grade1-2 Grade3 Grade4 Grade1-2 Grade3 Grade4

CRS 3 (100%) 0 0 4 (100%) 0 0 1 (50%) 1 (50%) 0

CRES 0 0 0 0 0 0 1 (50%) 0 0

Hematological AE

Neutropenia 3 (100%) 0 0 1 (25%) 1 (25%) 2 (50%) 0 1 (50%) 1 (50%)

Leukopenia 0 0 3 (100%) 0 0 4 (100%) 0 0 2 (100%)

Anemia 3 (100%) 0 0 2 (50%) 2 (50%) 0 1 (50%) 1 (50%) 0

Thrombocytopenia 2 (67%) 0 0 1 (25%) 3 (75%) 0 0 0 2 (100%)

Non-hematological AE

Fever 3 (100%) 0 0 3 (75%) 1 (25%) 0 0 1 (50%) 1 (50%)

Fatigue 3 (100%) 0 0 4 (100%) 0 0 0 1 (50%) 1 (50%)

Nausea 1 (33%) 0 0 2 (50%) 0 0 2 (100%) 0 0

Vomiting 0 0 0 2 (50%) 0 0 2 (100%) 0 0

Diarrhea 1 (33%) 0 0 2 (50%) 0 0 2 (100%) 0 0

Myalgias 1 (33%) 0 0 3 (75%) 0 0 2 (100%) 0 0

Redness flush 2 (67%) 0 0 1 (25%) 0 0 2 (100%) 0 0

Bilirubin elevated 0 0 0 2 (100%) 0 0

Transaminase 
increased

1 (33%) 0 0 3 (75%) 0 0 2 (100%) 0 0

Creatinine increase 1 (33%) 0 0 1 (25%) 0 0 1 (50%) 0 0

Prolonged APTT 0 0 0 2 (50%) 0 0 0 2 (100%) 0

TLS 0 0 0 0 1 (25%) 0 0 0 0

NT-proBNP elevated 2 (67%) 0 0 1 (25%) 2 (50%) 0 0 2 (100%) 0

Sepsis 0 0 0 1 (25%) 0 0 0 0 0

Hypotension 0 0 0 1 (25%) 0 0 2 (100%) 0 0

Hypoxia 0 0 0 2 (50%) 0 0 2 (100%) 0 0

Note: All patients in this trial also received a fixed dose of 1 × 107/kg CART-CD19 cells before different dose of CART-BCMA infusion. Data are listed for events 
from Patient 02–10. CRS was graded according to recommendations by Lee et al and CRES was graded according to recommendations of the CAR-T cell-therapy-
associated toxicity (CARTOX) Working Group. Other toxicities were assessed according to the National Cancer Institute Common Terminology Criteria for Adverse 
Events, version 4.03.
Abbreviations: AE, adverse event; APTT, activated partial thromboplastin time; CRES, CAR-T-cell-related encephalopathy syndrome; CRS, cytokine release 
syndrome; NT-proBNP, N terminal pro B type natriuretic peptide;TLS, tumor lysis syndrome.
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were enrolled in the trial (signed Informed Consent Form). 
Patient is listed sequentially in the order that they received 
CART infusion. As it took different time for CAR T-cell 
preparation between patients. CAR T-cells administration 
was not conducted in the order of number.

3.2 | CART toxicity

Adverse events after CART infusion were categorized as 
follows: early acute stage reactions (≤2  weeks) and late 
stage reactions (>2  weeks). Toxic reactions involved he-
matological and non-hematological aspects, including CRS 
and CAR-T-cell-related encephalopathy syndrome (CRES) 
toxicities. Comparing the safety profiles of the sentinel sub-
ject after the first and second infusions, there were no un-
expected AEs with sequential infusion of CART-CD19 and 
CART-BCMA.

Although CRS was observed in 100% of patients, grade 3 
(severe) toxicity was only noted in Patient 06. There were no 
cases of CRS of grade 4 or higher (Table 2). Furthermore, pa-
tient 08 experienced grade 2 CRS and grade 1 CRES, which 
was limited to confusion (Table 2). Patients 01 and 09 (20%) 
suffered from grade 3 tumor lysis syndrome, which resolved 
following intravenous fluid treatment. A higher maximal 
value of CAR T-cell expansion was also noted in patients 
with severe CRS. No patients received corticosteroids, and 
none required mechanical ventilation. However, patients with 
persistent fever and a high level of IL-6 (Patients 01 and 06) 
were treated with the systemic anti-IL-6 receptor monoclo-
nal antibody tocilizumab, which resulted in a rapid resolution 
of symptoms. Additionally, Patient 09 was also the only one 
who suffered a systemic infection of Staphylococcal septi-
caemia during the treatment process. Given that two patients 
at dose level 3 both experienced prespecified DLTs, the dose 
of BCMA-CART for Patient 10 was reverted to the preceding 
dose level according to the 3 + 3 rule.

Severe cytopenia developed in 80% of the patients after 
infusion and chemotherapy, and anticipatory lymphocyte de-
pletion was observed in all of the patients, which all resolved 
within 1 week. Patient 08 required a platelet transfusion for 

thrombocytopenia. None of the patients were treated with 
colony-stimulating factor, erythropoietin, or thrombopoietin 
agents. APTT elongation occurred in 50% of the patients and 
was resolved with repeated plasma infusion. Only 20% (2/10) 
patients developed mild bleeding of the skin and bulbar con-
junctiva. The hematological and non-hematological toxicities 
in three different dose groups are shown in Table 2.

No fatal or SAEs emerged after 2 weeks following the in-
fusion. Notably, Patient 02 had grade 1 chronic diarrhea and 
Patient 04 had a grade 2 soft tissue infection following local 
trauma. Furthermore, 50% of the patients experienced grade 
≤2 bilirubin and/or transaminase elevation, and 40% of the 
patients experienced a minor transient upper respiratory in-
fection. Gamma globulin infusions were administered to 40% 
of the patients to boost their immunity against potential in-
fections. All of the acute and late AEs are shown in Table S2.

3.3 | Clinical response

The overall response rate (ORR) (defined as at least a par-
tial response, PR) was 90% (9/10), with 100% of the patients 
experiencing a clinical benefit (ORR  +  minimal response, 
MR). Furthermore, 57% of the patients (4/7) who received 
autologous CART infusion demonstrated stringent complete 
response (sCR). Three out of these four patients with sCR 
showed an absence of clonal plasma cells in BM by multipar-
ametric flow cytometry (with 10 colors). This response was 
maintained until the follow-up cut-off date (July 31, 2019). In 
contrast, the three patients who received allogeneic CART in-
fusion demonstrated PR or MR at best, and two patients died 
of PD at approximately 1 year after the infusion. The swim-
mer's plot shows the depth of response against MM and the 
duration of progression-free survival (PFS) for each patient 
(Figure 2A). Responses better than PR were associated with 
persistent PFS. Notably, the PFS and OS rates of the patients 
who received autologous CARTs were higher than the rates 
of those who received allogeneic CARTs (Figure 2B,C). The 
difference in the effect between autologous and allogeneic 
CART infusion was also indicated by the maximum change 
in serum myeloma protein concentrations (Figure 2D). Of 

F I G U R E  2  Sequential CD19- and BCMA-CART treatment induced an anti-tumor response in MM patients. A, The swimmer's plot shows 
the treatment response and response duration for patients administered the autologous or allogeneic infusions. The depth of anti-myeloma response 
is indicated by different colors. × indicates the time point when progression of disease occurred. → indicates clinical response persisted at the last 
follow-up. B, Kaplan–Meier curve of progression-free survival (PFS) in patients with autologous or allogeneic CART treatment. Three patients 
who received autologous CART treatment remained in ongoing response at the last follow-up. C, Kaplan–Meier curve of overall survival (OS) 
in patients receiving autologous or allogeneic CART treatment. One patient who received allogeneic CART and all seven patients who received 
autologous treatment were still alive at the last follow-up. D, The waterfall plot represents the maximum percentage change in the myeloma marker 
serum immunoglobulin M protein post infusion. E, Diffusion weighted magnetic resonance imaging (DW-MRI) of patient 02's right iliac fossa a 
month prior to and 4 months after CART infusion. F, Immunohistochemistry staining of Patient 01's BM biopsy with CD138 indicated that BM 
myeloma dramatically decreased 1 month after CART infusion and remained at low levels 2 month after the infusion.
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note, Patient 02 developed a myeloma extramedullary mass 
located in the right iliac fossa 4 months after infusion (Figure 
2E). The effect of CART infusion on plasma cell eradication 
in the BM was demonstrated by a combination of flow cy-
tometry and immunohistochemistry staining of biopsies for 
CD138. Notably, the BM biopsy of Patient 01 demonstrated 
a gradual depletion of plasma cells within 2 months postinfu-
sion (Figure 2F).

3.4 | High expansion of CAR T-cells in vivo 
was associated with clinical activity

The patients who received autologous and high-dose infu-
sions exhibited a higher magnitude of in vivo expansion and 
complete antimyeloma response (Patients 01 and 06; Figure 
3A). In contrast, the administration of allogeneic CART was 
associated with low peak CAR transgene copies and poor 
persistence (approximately 8  days) (Figure 3B). In most 
cases, the PB levels of CAR transgene copies returned to 
baseline by 1 month postinfusion, except in Patient 06. The 
rapid loss of persistent CARTs in the PB may have contrib-
uted to Patient 06’s MM relapse. Intensive total CAR T-cell 
expansion, defined as a maximum value of 100-fold higher 
than that on day 1, was detected in blood samples from the 
two patients with CR (Patients 01 and 06), suggesting that 
CAR T-cell early expansion postinfusion may be predictive 
of clinical outcome.

3.5 | BCMA-CART dose escalation was 
associated with more intense toxicity

The toxic signals captured from the sentinel subject showed 
that BCMA-CART did not result in any unexpected AEs in 
the presence or absence of CD19-CART. However, we ob-
served exacerbated CART-relevant AEs in subjects who re-
ceived a high dose of BCMA-CART, especially in those who 
received level 3 of dose-escalation. Severe CRS, fever, and 
increase in NT-proBNP (grade 3) were observed in Patient 
06 with 6.2  ×  107/kg BCMA-CART, while severe fever 
(grade 4), increase in NT-proBNP (grade 3), CRS (grade 2), 
and CRES (grade 1) emerged in Patient 08 with 6.8 × 107/kg 
BCMA-CART (Table S2).

3.6 | Serum BCMA expression kinetics were 
associated with MM status postinfusion

A previous study indicated that serum BCMA level was an 
effective indicator of disease status and therapeutic response 
in patients with MM.14 Accordingly, in patients who re-
ceived autologous CARTs, the decline in serum-free BCMA 

simultaneously occurred with therapeutic response against 
myeloma (Figure 3C). Persistent serum BCMA at a low level 
was observed in those who had durable clinical responses 
(Patients 02, 05, and 06). However, the infusion of alloge-
neic CART failed to suppress serum BCMA. Of note, Patient 
03’s serum BCMA level decreased following CART infusion 
and rebounded to baseline level or higher by 3 months, con-
comitant with the increasing serum M protein level (Figure 
3D). Additionally, surface BCMA antigen expression on BM 
plasma cells, as determined by flow cytometry, initially de-
clined following CART infusions, then, ascended to a level 
even higher than baseline at relapse (Figure 3E).

3.7 | CD19-CART/BCMA-CART infusion 
induces a rapid immune response to MM

The kinetics of cytokine production in PB were measured 
during the first week postinfusion. The three patients who 
received high-dose BCMA-CART (levels 3 and sentinel) 
exhibited higher serum cytokine peak values (Figure 4A), 
suggesting a correlation between CAR T-cell input and cy-
tokine production. Throughout this period, the concentra-
tion of the seven cytokines initially increased; however, 
all cytokine concentrations returned to the baseline within 
1 week (Figure 4B). Patients with CRS experienced fluc-
tuations in temperature and serum CRP concentration with 
a pattern similar to that of IL-6 concentrations (Figure 4C). 
Furthermore, when monocyte counts were not yet recov-
ered from conditioning chemotherapy, we observed that 
an increase in T cell activation indicator IFNγ and CRS 
indicator IL-6 occurred (Figure 4D,E), which may contrib-
ute to CRS of mild intensity and a short duration in these 
patients (range: 1–9 days) in the trial.

4 |  DISCUSSION

New immunotherapeutic options are critical for patients with 
drug-resistant RRMM. BCMA-specific CART treatment is a 
promising option for these patients, demonstrating superior 
response rates, but recent studies show that most responsive 
patients eventually relapse.1-4,6,15 Bruno et al. demonstrated 
that BCMA expression varied greatly among the myeloma 
cells of different patients, and that nonresponsive patients 
had tumor cells with lower levels of BCMA expression.3 
The loss or downregulation of BCMA from myeloma cells of 
some patients after infusion of BCMA-CARTs, which cor-
responded with the onset of myeloma progression, has also 
been demonstrated.3,4 These data suggest that BCMA escape 
is likely in MM patients and that CART therapy targeting a 
single antigen may be inadequate for these patients. CD19 
plays major roles in human B-cell lineage differentiation, 
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and its expression generally decreases in terminal plasma 
cells or myeloma cells.16-18 Several studies have shown that 
a small population of less-terminally differentiated CD19+ 
plasma cells may make up a drug-resistant, clonogenic dis-
ease reservoir that is maintained by components of the BM 
microenvironment.19-21 These findings suggest that CD19 is 
also a promising target when combined with BCMA-CART 
treatment.

This study was designed to observe the safety and efficacy 
of a combined infusion of CD19 and BCMA-specific CARTs 
for RRMM. First, we demonstrated that the combined CART 
infusion was well tolerated in patients with RRMM. Due to 
the conditioning chemotherapy, hematologic toxicities were 
common in the study, and they were similar to those ob-
served in other CART clinical treatment studies.1-4,6 Of note, 

CRS was generally mild in this study, despite the fact that 
this study used higher doses of CARTs than were used in 
previous studies. Only one patient experienced grade 3 CRS, 
but the patient fully recovered within 1  week after receiv-
ing one low dose of tocilizumab. Due to the occurrence of 
DLTs in patients 06 and 08, BCMA-CART dose escalation 
was stopped at level 3, and the last subject (patient 10) was 
reassigned to Cohort 2. This indicates that high-dose BCMA-
CART treatment is correlated with the critical safety signals 
of CAR therapy (CRS and CRES). Indeed, the safety issue 
in this study is mild. Intensive care combined with clinical 
inventions post-CART infusion may allow patients to tolerate 
higher CART dose. However, the trial hardly evidences that 
BCMA-CART dose escalation improves the clinical response 
in RRMM patients. Further studies with larger sample sizes 

F I G U R E  3  Response against myeloma by sequential CD19- and BCMA-CART treatment was associated with a high dose of autologous 
CART infusion and decreased BCMA expression. A and B, The copies of total CAR transgene in genomic DNA extracted from peripheral blood 
mononuclear cells were determined by quantitative polymerase chain reaction and used to describe in vivo CART cell expansion in patients who 
received autologous (A) CARTs or allogeneic (B) CARTs. C, Dynamics of free BCMA in patients' serum was determined by enzyme-linked 
immunosorbent assay. Serum BCMA concentration remained under normal limit in patients with durable remissions. D, The curve of free BCMA 
concentration in peripheral blood (PB) was similar to the change in M protein post CART cell infusion for patient 03. E, BCMA antigen expression 
on bone marrow (BM) plasma cells from patient 03 evaluated with multiple-color flow cytometry. BCMA expression initially decreases with 
response following CART therapy, then increases at progression
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are required to clearly determine whether a dose-response re-
lationship exists, as well as to establish an optimal strategy 
balancing safety, efficiency, and clinical expense.

In three of the seven patients treated with auto-CARTs, 
sustained negative MRD was noted for more than 20 months. 
This was consistent with the findings of a recent study on the 
use of anti-CD19 and anti-BCMA CARs in vitro for primary 
tumor cells from myeloma patients, which showed a consis-
tent, significant reduction in myeloma-propagating capabil-
ity.22 The favorable responses reported herein support the 
synergy of a combined infusion of CD19-CART and BCMA-
CART against RRMM.

High-quality T cells are the basis for preparing CARTs. In 
this study, three patients were given allogeneic CARTs due 
to T-cell aging and nonproliferation in vitro. Graft-vs.-host 
(GVH) reactions were the priority concern for treatments 
with CARTs derived from allogeneic T cells. There were no 
GVH reactions in this study, but a short duration of allogeneic 
CART persistence and poor clinical response was observed. 
There are several potential mechanisms underlying the poor 

efficacy of these allogeneic CART infusions. It has been 
demonstrated preclinically that co-activation of CAR and 
endogenous T cell receptor (TCR) leads to rapid CART ex-
haustion, and thus, may compromise CART persistence and 
expansion.23 The clinical application of allogeneic CARTs 
derived from healthy donors may require novel approaches 
(e.g., gene editing to remove endogenous TCR molecules) 
to increase their persistency in treatment by preventing cell 
apoptosis upon overactivation.24 In addition, the lymphode-
pletion regimen used for preconditioning may have been in-
sufficient to prevent host-mediated immune rejection of the 
haploidentical donor CARTs, leading to limited cell expan-
sion and anti-MM efficacy.

Regulatory B cells (Bregs) identified by the 
CD19+CD24+CD38+ phenotype are an important immu-
nosuppressive components for myeloma, as they prevent 
immune effector cells from homing and interacting with 
targeted tumor cells.25 Bregs have been demonstrated to in-
hibit the cytotoxicity of T cells by producing lL-10 and also 
to maintain the immunosuppressive microenvironment.25-27 

F I G U R E  4  Autologus and Allologous CD19-CART/BCMA-CART cells infusion induced a rapid immune response in MM patients. A, Serum 
concentrations of a panel of seven cytokines were determined within the first week after CART-BCMA infusion using a multiplexed particle-based 
flow cytometric assay. The peak serum concentrations of each of the seven cytokines in the autologous and allogeneic groups are presented (left 
panel). The maximum concentration of four cytokines (IL-2, IL-6, IL-10, and IFNγ) increased more in patients receiving a high dose of CART-
BCMA vs. those with low dose (right panel). B and C, The time course changes in cytokine levels in the blood, temperature and serum C-reaction 
protein level of Patient 01. D and E, The kinetics of mean (+SEM) monocyte count is presented compared with mean (+SEM) IFNγ(D) or IL-6 (E) 
level.
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We hypothesized that combined infusion of CD19-CARTs 
could also help eradicate CD19+ B cells, including Bregs, 
from BM cells, and thereby contribute to reshaping the BM 
microenvironment. This would indicate their favorability to 
CART synergism in MM therapy. To address this question, 
we analyzed the frequency of Bregs within CD19+ B cell 
population in Patient 05 by flow cytometry due to the lack of 
samples from other patients. Patient 05’s Bregs accumulated 
in BM (50.15%), instead of PB (2.4%), prior to the combined 
CART infusion. However, 1  month post-infusion, Bregs, 
along with the total CD19+ B cell population, were elimi-
nated from BM, which is consistent with the patient's disease 
remission. Furthermore, 6 months post-infusion, Bregs were 
still suppressed at a lower proportion (2.5%) even though 
CD19+B cells in the BM had recovered from clearance by 
CD19-CARTs infusion (Figure S3). These results suggest 
that the elimination of Bregs from the BM is the mechanism 
underlying the dual CART treatment, and that the detection 
of BM Bregs may be used to identify eligible subjects for this 
therapy from the overall RRMM population. However, this 
relationship between the eradication of Bregs in BM and a 
lasting clinical response still need to be verified by improved 
animal models and stronger clinical evidence from large-
scale studies.

It is unclear if the early phase designs of CART drug de-
velopment that have been proposed for small molecular or 
biological agents can be readily applied to CARTs whose via-
bility distinguishes them from conventional agents. However, 
few studies focus on development methods or models spe-
cific for CART drugs. Due to the unavailability of animal 
models applicable for dual CARTs therapy, the starting dose 
and dose increment designs are drawn from empirical evi-
dence, rather than extrapolation from animal toxicological 
data. Another limitation of the study is that we did not in-
vestigate the immunogenicity of CD19-CARTs or BCMA-
CARTs, which has a potential impact on efficacy and safety, 
especially in repeated dosing treatment.

In summary, this study describes the administration of 
a novel treatment strategy against RRMM using the com-
bination of BCMA-specific CARTs and CD19-specific 
CARTs. RRMM patients in China are minimally treated by 
global standards due to lack of exposure to the proteasome 
inhibitor carfilzomib, the immunomodulatory molecules 
lenalidomide and pomalidomide, and the monoclonal an-
tibody daratumumab. However, this does not detract from 
our study's results on the feasibility and safety of adminis-
tering two different CART types sequentially. The sequen-
tial infusion was well tolerated and was associated with 
impressive efficacy against myeloma in RRMM patients. 
Future prospective and randomized controlled studies are 
needed to investigate the benefits and risks of co-infusion 
compared to those of single-target CAR T-cell infusion for 
MM treatment.
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