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ABSTRACT We conducted a phase I clinical trial of anti-BCMA chimeric antigen receptor T cells 
(CART-BCMA) with or without anti-CD19 CAR T cells (huCART19) in multiple mye-

loma (MM) patients responding to third- or later-line therapy (phase A, N =  10) or high-risk patients 
responding to first-line therapy (phase B, N = 20), followed by early lenalidomide or pomalidomide main-
tenance. We observed no high-grade cytokine release syndrome (CRS) and only one instance of low-
grade neurologic toxicity. Among 15 subjects with measurable disease, 10 exhibited partial response 
(PR) or better; among 26 subjects responding to prior therapy, 9 improved their response category 
and 4 converted to minimal residual disease (MRD)–negative complete response/stringent complete 
response. Early maintenance therapy was safe, feasible, and coincided in some patients with CAR T-cell 
reexpansion and late-onset, durable clinical response. Outcomes with CART-BCMA + huCART19 were 
similar to CART-BCMA alone. Collectively, our results demonstrate favorable safety, pharmacokinetics, 
and antimyeloma activity of dual-target CAR T-cell therapy in early lines of MM treatment.

SIGNIFICANCE: CAR T cells in early lines of MM therapy could be safer and more effective than in the 
advanced setting, where prior studies have focused. We evaluated the safety, pharmacokinetics, and 
efficacy of CAR T cells in patients with low disease burden, responding to current therapy, combined 
with standard maintenance therapy.    
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INTRODUCTION
Anti-BCMA chimeric antigen receptor (CAR) T cells in 

patients with relapsed/refractory multiple myeloma have yielded 
impressive clinical responses, leading to regulatory approval of 
idecabtagene vicleucel (ide-cel) and ciltacabtagene autoleucel 
(cilta-cel) in several jurisdictions after pivotal phase II studies 
demonstrated overall response rates of 73% and 98%, respec-
tively (1, 2). Despite these successes, there remains room for 
improvement in outcomes after CAR T-cell therapy for mul-
tiple myeloma. High-grade cytokine release syndrome (CRS) 
and immune effector cell-associated neurotoxicity syndrome 
(ICANS) were observed in all major studies of anti-BCMA CAR 
T cells with occasionally fatal outcomes. In addition, patients 
who respond to anti-BCMA CAR T cells remain at high risk of 
progression. Indeed, almost all patients who responded to ide-
cel in the pivotal trial, including most of those who achieved 
complete responses, progressed within the first 2 years of follow-
up (median progression-free survival 8.8 months). Recipients of 
cilta-cel or its precedent cell product LCAR-B38M also appear 
to be at ongoing risk of relapse through 2 years after treat-
ment, even those who achieve stringent complete response, with 
27-month progression-free survival (PFS) of 54.9% with cilta-cel 
and median PFS of 18.0 months with LCAR-B38M (3, 4).

In view of these challenges, it is attractive to consider 
administering CAR T cells to multiple myeloma patients early 
in the disease course and when the disease burden is low, fol-
lowing response to standard multiple myeloma therapy. This 
approach could improve safety because high disease burden 
has been linked to the risk of severe CAR T-cell toxicity (5). 
This approach could also improve efficacy by enabling CAR 
T-cell manufacturing from T cells that are healthier (by vir-
tue of less exposure to prior therapy and less disease burden 
with its attendant immunosuppressive effects; as reviewed in 
ref. 6) and by presenting a lower burden of disease to elimi-
nate in the initial wave of in vivo CAR T-cell activity.

We therefore undertook a phase I clinical trial in which anti-
BCMA CAR T cells were administered to multiple myeloma 
patients with low disease burden. We evaluated two patient popu-
lations: patients with >2 prior lines of therapy who were respond-
ing to third or later line of therapy (phase A) and patients with 
high-risk disease responding to first-line therapy (phase B). We 
also incorporated additional interventions with the potential to 
reduce the risk of posttreatment disease progression: mainte-
nance therapy with lenalidomide or pomalidomide, which stimu-
lates CAR T-cell activity in preclinical models (7, 8), was added 
early after CAR T-cell infusion, and combination therapy with 
anti-CD19 CAR T cells to target putative multiple myeloma stem-
like cells that may express CD19, building on our prior pilot study 
of monotherapy with anti-CD19 CAR T cells (9, 10). Our pri-
mary objectives were to evaluate safety, feasibility, and CAR T-cell 
pharmacokinetic profiles when CAR T cells are administered in 
settings of low disease burden, where the low burden of target 
antigen might preclude in vivo proliferation and persistence.

RESULTS
Study Design

The anti-BCMA CAR T-cell product used in this trial, 
referred to herein as CART-BCMA, was previously reported 

(11). Key features are a fully human anti-BCMA single-chain 
variable fragment (scFv) fused to the hinge and transmem-
brane domain of CD8 and the human 4-1BB and CD3-zeta 
intracellular signaling domains. The anti-CD19 CAR T-cell 
product, referred to herein as huCART19, uses a humanized 
anti-CD19 scFv and has also been previously reported (12).

Supplementary Fig. S1 presents the study schematic (Sup-
plementary Fig. S1A) and subject disposition (Supplementary 
Fig. S1B). Phase A (N = 10) was intended to initially evaluate 
the safety and feasibility of administering both CART-BCMA 
and huCART19 in patients with low disease burden and 
enrolled patients with multiple myeloma that had progressed 
after  ≥2 prior lines of therapy but were responding to the 
current line of therapy. Phase B (N  =  20) opened after ini-
tial safety was demonstrated in the phase A population 
and enrolled patients in the first line of multiple myeloma 
therapy who exhibited high-risk features, though allowance 
was made to include patients who had progressed early on 
first-line therapy but were responding to second-line therapy 
(see Methods). Patients in phase B were randomized to receive 
either CART-BCMA alone or CART-BCMA  +  huCART19. 
Phase B patients who were eligible for autologous stem-cell 
transplant (ASCT) elected to defer ASCT to a future line of 
therapy, a practice that previous phase III trials indicate is 
associated with similar overall survival (13, 14), but under-
went hematopoietic stem-cell collection prior to CAR T-cell 
infusion to preserve ASCT as a future treatment option. All 
subjects were required to be responding to their current ther-
apy, defined as at least a minimal response by international 
myeloma working group (IMWG) criteria, but have some 
persistent detectable disease by serologic markers, bone mar-
row biopsy, or imaging. See Methods for additional details 
regarding CAR T-cell dose, lymphodepleting chemotherapy, 
maintenance therapy, and study endpoints.

Patient Characteristics
Supplementary Table  S1 presents the characteristics of 

subjects who received CAR T cells. Black subjects comprised 
20% of enrollment, consistent with this group’s representa-
tion among US multiple myeloma patients (15). Most sub-
jects (73%) had high-risk cytogenetic features. The specific 
high-risk features that qualified phase B patients for enroll-
ment are listed in Supplementary Table  S2; these included 
R-ISS stage 3 (N = 10), complex metaphase karyotype (N = 5), 
early progression on first-line therapy (N = 3), less than par-
tial response (PR) to first-line therapy (N  =  3), and plasma 
cell leukemia (N = 1), with some subjects having >1 qualify-
ing high-risk feature. As intended, subjects in phase A had a 
longer prior treatment history than in phase B (median 3.5 
prior lines of therapy vs. 1, median 3.2 years since diagnosis 
vs. 0.68), and most patients had low disease burden at time 
of infusion (median bone marrow plasma cell infiltration 
5%); some patients, however, experienced disease progression 
during CAR T-cell manufacturing, leading to high disease 
burden at infusion. Prior treatment exposures and refractori-
ness are listed in Supplementary Table S3. Median follow-up 
(according to the reverse Kaplan–Meier method) was 2.9 years 
for phase A patients and 2.1 years for phase B patients.

In our prior phase I study of CART-BCMA, a higher 
CD4/CD8 ratio in the apheresis product used for manu-
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facturing was associated with greater in vivo CAR T-cell 
expansion and response to CART-BCMA in the heavily 
relapsed-refractory patients (median 7 prior lines of therapy, 
median 65% bone marrow plasma cells; clinicaltrials.gov iden-
tifier NCT02546167; ref. 11). In the present study, the apher-
esis product CD4/CD8 ratio was significantly higher in the 
phase B patients compared with phase A patients (Fig.  1A; 
median 4.5 vs. 1.29, Wilcoxon P  <  0.001). Variation in the 
CD4/CD8 ratio among phase B patients was not associated 
with age (Spearman rho = 0.29, P = 0.21), prior daratumumab 
exposure (median 5.4 with prior daratumumab exposure vs. 
4.1 without, Wilcoxon P = 0.91), or bone marrow plasma cell 
content (Spearman rho = 0.36, P = 0.11). Phase A patients had 
an apheresis CD4/CD8 ratio comparable with patients in our 
prior phase I study despite having fewer prior lines of therapy 
and lower disease burden.

Safety and Feasibility
Manufacturing of two cell products from a single leu-

kapheresis session was generally feasible. Supplementary 
Table S4 summarizes product characteristics between phase 
A and B subjects. There were no significant differences in 
transduction efficiency, fold expansion, or CD4/CD8 ratio in 
the manufactured product between phases A and B for either 
CART-BCMA or huCART19. The full target dose (5  ×  108 
cells) of at least one cell product was not met in 3 subjects 
in phase A and 1 subject in phase B among 31 total subjects 
for whom manufacturing was initiated (11 in phase A, 20 in 
phase B; Supplementary Table  S5). Subjects who failed to 
manufacture full doses had lower apheresis CD4/CD8 ratios 
compared with the remainder of subjects (Supplementary 
Fig. S2; median 1.3 vs. 4.1, Wilcoxon P = 0.038). The phase A 
subjects for whom full doses could not be manufactured were 
also distinguished by long duration from multiple myeloma 
diagnosis (median 8.3 years, range, 6.6–9.7) and, in subjects 5 
and 7, extensive prior myeloma therapy (9 and 8 prior lines of 
therapy, respectively).

Supplementary Table  S6 lists grade 3 to 4 adverse events 
that occurred during primary follow-up (until disease pro-
gression or 1 year after infusion, whichever occurred first). 
The most common grade 3 to 4 adverse events were cyto-
penias. Three grade 3 to 4 infections occurred, all of which 
were in phase A subjects. In addition, 1 phase A subject died 
during long-term follow-up prior to disease progression due 
to sepsis, and 1 phase B subject died <1 year after CAR T cell 
infusion, prior to disease progression, due to complications 
of COVID19.

CRS occurred in 27 (90%) subjects but was low grade in all 
cases according to the ASTCT consensus grading scale (Sup-
plementary Table  S7). Tocilizumab or corticosteroids were 
required only in one subject each. There were no differences 
in the frequency or severity of CRS between phase A and B 
patients or between patients receiving CART-BCMA alone or 
the combination with huCART19. However, subjects receiving 
the combination were more likely to have the third dose with-
held (60% of total dose) due to the development of early fevers 
after the second dose (8/20 vs. 0/10, Fisher exact P  =  0.03). 
ICANS developed in 1 subject (3%; phase B, combination arm) 
and was low grade. To assess the potential effects of disease 
burden and treatment setting (early-line vs. late-line of therapy) 
on the severity of CAR T cell toxicity, we compared the pre-
sent study with our prior phase I study in relapsed/refractory 
patients (11). This prior study utilized CRS grading criteria 
that were superseded by the ASTCT consensus criteria used 
in the present study, so we performed a post hoc analysis of 
CRS events on the prior study according to the ASTCT grad-
ing scale. In the prior study, 4 of 25 subjects (16%) had grade 
3 to 4 CRS by the ASTCT scale, a significantly higher propor-
tion than experienced grade 3 to 4 CRS in the current study 
(Fisher exact P = 0.04). In addition, the proportion of patients 
who exhibited ICANS on the prior study was also signifi-
cantly higher than the current study (32% vs. 3%, Fisher exact 
P = 0.008). These differences were observed despite an overall 
higher dose intensity of CAR T cells on the current study, in 
which most subjects received two CAR T cell products at full 
dose, compared with the prior dose-escalation study of CART-
BCMA monotherapy, on which many subjects received a one-
tenth dose of CAR T cells or did not receive lymphodepleting 
chemotherapy. These results suggest that CAR T cell therapy at 
low disease burden and/or earlier in the disease course reduces 
the risk of severe toxicity.

Hematologic recovery after lymphodepleting chemo-
therapy and CAR T cell infusion was more favorable in 
phase B patients in both arms (Supplementary Fig. S3). Two 
months after infusion, median absolute neutrophil count 
(2,300/μL vs. 850/μL, Wilcoxon P = 0.007) and platelet count 
(260,000/μL vs. 77,000/μL, Wilcoxon P = 0.0003) were higher 
in phase B patients. At 3 months after infusion, 5 subjects 
exhibited grade 3 neutropenia (3 in phase A, 2 in phase B), 
but none exhibited grade 4 neutropenia; only 1 subject, who 
was in phase A, exhibited grade 3 thrombocytopenia.

Initiation of maintenance lenalidomide or pomalidomide 
early after CAR T cell infusion was generally safe and feasi-
ble (Supplementary Table  S8). Except for one subject (#36, 

Figure 1.  CAR T-cell pharmacokinetic and pharmacodynamics. A, CD4/CD8 ratio in the leukapheresis product used for CAR T-cell manufacturing in 
phase A and B subjects. Groups were compared using the Wilcoxon rank-sum test. B, Peripheral blood levels of CART-BCMA and huCART19 in the first 
28 days after infusion determined by qPCR for vector sequences. C, Median levels of huCART19 (blue) and CART-BCMA (red) in phase A (solid line) and 
B (dashed line) subjects in the first 28 days after infusion. D, CART-BCMA area under the curve through day 28 (left) and CART-BCMA levels at months 2 
and 3 after infusion (right) as determined by qPCR for vector sequences compared between subjects on the previously reported phase I study of CART-
BCMA in relapsed/refractory MM (Prior Ph1) and the present study. Groups were compared using the Wilcoxon rank-sum test. E, CART-BCMA levels by 
qPCR for vector sequences in peripheral blood (PB) and bone marrow (BM) at postinfusion time points when paired samples were available. Lines connect 
paired measurements from the same subject. Paired PB and BM measurements were compared using the Wilcoxon sign-rank test. F, CART-BCMA and 
huCART19 levels by qPCR for vector sequences at 1, 2, and 3 months after infusion. Red lines highlight subjects with an increase in CAR T-cell levels 
between 2 and 3 months after infusion. G, Comparison of CD4/CD8 ratio in the leukapheresis product used for CAR T cell manufacturing in subjects who 
did (yes) and did not (no) exhibit an increase in CART-BCMA levels between months 2 and 3 after infusion. Groups were compared using the Wilcoxon 
rank-sum test. H, Soluble BCMA levels measured by ELISA at pre- and postinfusion time points. Shaded box indicates normal range for soluble BCMA 
in this assay based on mean ± 2*SEM from a sample of 19 normal donors. I, Peripheral blood frequency of CD19+ cells at pre- and posttreatment time 
points as determined by flow cytometry.
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phase B) who had not previously received lenalidomide or 
pomalidomide, subjects received a maintenance agent with 
which they had previously been treated. Most phase A sub-
jects received maintenance with pomalidomide at 2 mg daily, 
and most phase B subjects received lenalidomide 10 mg daily 
(Supplementary Table S8). Maintenance was started in 7 of 
10 phase A subjects (median start day  =  67) and all phase 
B subjects (median start day = 39). Reasons for not starting 
maintenance included prolonged cytopenias (N  =  2) and 
gastrointestinal symptoms (N =  1). Subjects who discontin-
ued maintenance therapy prior to disease progression did 
so for the expected side effects of these agents; none experi-
enced new-onset or recurrent CRS or ICANS on maintenance 
therapy.

Pharmacokinetics and Pharmacodynamics
Initial in vivo CAR T-cell expansion and trafficking

Both CART-BCMA and huCART19 expanded in vivo as 
assessed by qPCR for vector sequences (Fig. 1B). There was 
a similar peak in circulating CAR T cells in the day 7-to-
14 range for both products and in both the phase A and 
B populations. CART-BCMA expanded similarly in phase 
A and B patients, but huCART19 expanded more robustly 
in phase B subjects (Fig.  1C). CART-BCMA expansion was 
generally balanced between CD4 and CD8 cells (Supplemen-
tary Fig. S4A), and most CAR T cells exhibited an activated 
phenotype at peak expansion as assessed by HLA-DR expres-
sion (Supplementary Fig.  S4B). There was no correlation 
between bone marrow plasma cell content and CART-BCMA 
area under the curve through day 28 (AUC28; Supplemen-
tary Fig.  S5A). We also compared CART-BCMA periph-
eral blood pharmacokinetic profiles between our current 
study and patients in our prior phase I study who received 
5  ×  108 CART-BCMA cells after cyclophosphamide 1.5 g/
m2 lymphodepleting chemotherapy (n  =  11); there were no 
significant differences in AUC28 or circulating CART-BCMA 
quantities at months 2 and 3 (Fig.  1D). These results sug-
gest that high disease burden is not necessary for robust in 
vivo CAR T-cell expansion. AUC28 for both CART-BCMA 
and huCART19 were similar in the subset in whom the 
third dose was held for early CRS (Supplementary Fig. S5B); 
AUC28 was lower for both products if full doses could not 
be manufactured (Supplementary Fig. S2), though these dif-
ferences were not statistically significant (Wilcoxon P = 0.07 
for CART-BCMA and 0.18 for huCART19). In subjects with 
paired peripheral blood and bone marrow samples available, 
CART-BCMA abundance in peripheral blood and marrow 
was highly correlated (Spearman Rho = 0.91, P < 0.0001) but 
was consistently higher in peripheral blood at multiple post-

treatment time points (Fig. 1E; paired Wilcoxon P < 0.01 at 
each timepoint), potentially indicating a barrier to traffick-
ing of CAR T cells to the bone marrow.

CAR T-cell dynamics in response to maintenance therapy

Circulating CART-BCMA and huCART19 generally declined 
steadily after peak expansion. We examined changes in cir-
culating CAR T-cell quantities between months 2 and 3 after 
infusion since this timeframe might reflect effects of mainte-
nance lenalidomide or pomalidomide. CART-BCMA increased 
in 5 patients between months 2 and 3, 4 of whom were in phase 
B (Fig. 1F). Among these subjects, 4 also received huCART19 
and exhibited a rise in circulating huCART19 at month 3; in 
addition, one subject, 37, exhibited rise only in huCART19 
(Fig. 1F). These subjects started maintenance therapy approxi-
mately 2 months after CAR T cell infusion (median day 58; 
range, 30–62); thus, these CAR T cell reexpansions were linked 
temporally to the initiation of maintenance therapy. Median 
fold change in CART-BCMA between months 2 and 3 in these 
subjects was 1.60 (range, 1.003–3.6) and median absolute dif-
ference in copies/μg DNA was 961 (range, 0.97–24033). For 
subject 34, who had the highest circulating CART-BCMA 
quantities among these subjects, an increase in CART-BCMA 
cells was also apparent by flow cytometry, which showed the 
expansion to be preferentially among CD8+ T cells and associ-
ated with a marked increase in the activation marker HLA-DR 
(Supplementary Fig. S6A). Among the 5 subjects with increase 
in both CART-BCMA and huCART19 between months 2 and 
3, there was no difference in AUC28 or maximum CART-
BCMA compared with the remainder of subjects (Supple-
mentary Fig. S6B). The median apheresis CD4/CD8 ratio was 
higher in the subjects exhibiting this late expansion, though 
this difference was not statistically significant (Wilcoxon 
P = 0.064; Fig. 1G). On our prior CART-BCMA phase I study, 
only 2 of 25 subjects exhibited expansion between months 2 
and 3 after infusion, one of whom exhibited expansion only 
during salvage therapy after disease progression with poma-
lidomide, elotuzumab, and pembrolizumab (16); thus, spon-
taneous reexpansion in this window among heavily relapsed/
refractory subjects is rare. Our findings suggest a potentially 
favorable effect of enhanced baseline T-cell fitness in the early-
line phase B population and/or maintenance lenalidomide/
pomalidomide on the propensity for late reactivation of CAR 
T cells in vivo, which appears independent of the degree of early 
postinfusion expansion.

CAR T-cell pharmacodynamics

Soluble BCMA (sBCMA) is a marker of disease burden in 
multiple myeloma (17) and a readout of in vivo anti-BCMA 

Figure 2.  Clinical responses. A, Categorization of subjects based on whether there were any detectable abnormalities in serum or urine protein 
electrophoresis or serum-free light-chain analysis (left), whether subjects had abnormalities that met criteria for measurable disease by IMWG criteria 
(center; i.e., serum M-spike ≥1 g/dL, urine M-spike ≥200 mg/24 h, or serum-free kappa or lambda light chain >100 mg/L), and response by IMWG criteria 
(right). B, Relative change in serum M-spike or serum-free light-chain value from pretreatment baseline as measured in standard clinical assays. C, Rela-
tive change in soluble BCMA levels from pretreatment baseline. D, Swimmer plot depicting each subject’s response category over time, results of MRD 
testing by flow cytometry on bone marrow aspirate, and status at last follow-up. “Response to prior therapy” refers to the subjects IMWG response to 
the most recent line of therapy for subjects who maintained this response prior to CAR T-cell infusion; subjects who had progressed after enrollment 
but before CAR T-cell infusion are denoted as the progression of disease (PD, black box). IMWG response categories are minimal response (MR), partial 
response (PR), very good partial response (VGPR), complete response (CR), and stringent complete response (sCR). E, Overall survival in the phase A 
(blue) and phase B (pink) populations. F, CART-BCMA area under the curve through day 28 (left) and CART-BCMA levels at months 2 and 3 after infusion 
(right) as determined by qPCR for vector sequences compared between subjects who either upgraded their IMWG response category or responded (PR or 
better) compared with their preinfusion baseline (yes) and those who did not (no).
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immune surveillance against both myeloma cells and 
physiologic plasma cells. Median sBCMA was below-normal 
preinfusion (median 21.8 ng/mL), reflecting low disease bur-
den and prior therapies, though some subjects with higher 
disease burden had higher baseline sBCMA. Postinfusion, 
sBCMA declined significantly and reached a nadir at day 
60 after infusion (median 5.7 ng/mL, median decline 11.8 
ng/mL, paired Wilcoxon P < 0.0001), though some subjects 
exhibited rise in sBCMA as early as day 28, reflecting either 
reconstitution of normal plasma cells or multiple myeloma 
growth (Fig.  1H; Supplementary Fig.  S7). CART-BCMA 
monotherapy subjects exhibited only a transient decline in 
circulating CD19+ B cells, likely due to lymphodepleting 
chemotherapy (Fig. 1I, blue). Subjects receiving combination 
anti-CD19/BCMA CAR T cells exhibited more durable B-cell 
aplasia, but, surprisingly, phase A and B subjects behaved 
differently in this regard. By 3 months, phase B subjects 
receiving combination therapy had CD19+ B-cell counts that 
were similar to monotherapy patients (Fig. 1I, green) despite 
molecularly detectable huCART19 cells in nearly all subjects 
at this time point, and only 1 of 10 subjects in this group 
maintained B-cell aplasia at ≥4 months. In contrast, phase A 
subjects exhibited more durable B-cell aplasia (Fig.  1I, red), 
with 7 of 10 at 3 months and 3 of 4 evaluable at 6 months 
maintaining B-cell aplasia.

Clinical Responses
Initial response

Figure 2A categorizes whether subjects had any track-
able abnormalities on serum/urine protein electrophoresis 
or serum-free light-chain analysis prior to CAR T-cell infu-
sion (left column), whether subjects had requisite measur-
able disease to assess all response categories according to 
IMWG criteria (i.e., serum M-spike  >1 g/dL or serum-free 
light chain >100 mg/L; middle column), and IMWG response 
(ref. 18; right column). Patients with detectable abnormalities 
but not IMWG-measurable disease were evaluable only for 
complete response (CR) or stringent complete response (sCR) 
versus not-CR as these response categories are independent of 
pretreatment measurements. Among 28 subjects with detect-
able abnormalities in these tests, 24 had sufficient starting 
quantities that could be tracked over time (albeit often below 
IMWG measurability thresholds), 21 of whom (5/6 in phase 
A, 13/15 in phase B) exhibited at least 25% decline in dis-
ease marker during the first 60 days after infusion (Fig. 2B). 
Soluble BCMA declined by at least 25% in 27 of 30 subjects 
(Fig. 2C; Supplementary Fig. S7; 10/10 in phase A, 17/20 in 
phase B). By IMWG criteria, 26 of 30 subjects were respond-
ing to their prior therapy at the time of CAR T-cell infusion; 
response category improved in 9 of 26 (3/8 in phase A, 6/18 in 
phase B; Fig. 2D). In the 4 subjects with disease progression at 
the time of CAR T cell infusion, 3 of 4 achieved PR or better. 
Among 15 subjects with sufficient measurable disease prior 
to CAR T-cell infusion to grade response by IMWG criteria, 
10 exhibited PR or better (4/4 in phase A, 6/11 in phase B; 
Fig. 2A). Among 28 subjects not already in sCR prior to CAR 
T cell infusion, 13 (46%) exhibited a PR or better by IMWG 
criteria compared with preinfusion baseline, an upgrade in 
IMWG response to prior therapy, or both. MRD was assessed 

by flow cytometry on bone marrow aspirate. Among 22 sub-
jects with disease detectable by flow cytometry at baseline and 
with postinfusion samples available for analysis, 11 converted 
to MRD-negative status on at least 1 postinfusion assessment 
(3/7 in phase A, 8/15 in phase B; Fig. 2D); MRD assay sensitiv-
ity of 10−5 was achieved in all MRD-negative cases except one, 
which had sensitivity of 10−4. Conversion to MRD-negative 
CR or sCR was achieved in 4 of 28 subjects (3 in phase A, 1 
in phase B) who were not in CR or sCR at the time of CAR T 
cell infusion (Fig. 2D). There were no significant differences 
in response rate or depth-of-response between phases A and 
B, nor between subjects receiving CART-BCMA alone or with 
huCART19. In summary, there was antimyeloma activity in 
most patients, including patients with low disease burden. 
Among 15 patients with IMWG-measurable disease, the over-
all response rate (PR or better) was 67%, similar to the 64% 
rate in the previously reported CART-BCMA phase I study. 
Despite robust in vivo CAR T-cell expansion, the low level of 
disease in these patients was resistant to CAR T cells as indi-
cated by a relatively low rate of CR or sCR.

Time-to-progression and overall survival

Across all 30 subjects, 21 have progressed (for this analysis, 
subject 16, who progressed in early weeks after infusion but 
subsequently responded, is categorized as not progressed; 
Fig.  2D). Median time-to-progression (TTP) was 298 days 
[90% confidence interval (CI), 163–561]. In phase A, 8/10 
subjects have progressed; 13/20 subjects in phase B have pro-
gressed. TTP was longer in phase B (median 421 days, 90% 
CI, 217–unbound) than in phase A (median 159 days, 90% CI, 
123–unbound), but this difference was not significant at the 
data cutoff (log-rank P = 0.4). Among phase B subjects, TTP 
between subjects receiving CART-BCMA alone (median 478 
days, 90% CI, 151–unbound) and CART-BCMA + huCART19 
(median 312 days, 90% CI, 112–unbound) was similar (log-
rank P  =  0.4). Median overall survival was 903 days (90% 
CI 879–unbound) in the entire cohort, 483 days (90% CI 
378–unbound) in phase A, and not reached (90% CI 895–
unbound) in phase B (Fig. 2E).

Pharmacokinetic correlates of response

Among 28 subjects not in sCR prior to treatment, those 
who exhibited response or upgrade in response had higher 
CART-BCMA AUC through day 28 (Fig. 2F, P = 0.019) but no 
significant differences in circulating CART-BCMA at months 
2 or 3 after infusion.

Late response with initiation of maintenance therapy

Although measures of multiple myeloma disease burden 
generally declined early, within the first 2 months after infu-
sion (Fig. 2B), some subjects exhibited stable disease or even 
progression in the first 1 to 2 months after infusion before 
responding following initiation of maintenance therapy. This 
was most notable in subjects 16 and 34, who were also 
the subjects that exhibited the most pronounced increase 
in circulating CART-BCMA following maintenance initia-
tion (Fig.  1F). Both subjects exhibited a marked decline in 
serum M-spike after maintenance was initiated despite hav-
ing reached a response plateau on the same agent as part 
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of multiagent regimens prior to CAR T cells (Fig.  3A and 
B). This late response was associated with sustained high 
numbers of circulating CART-BCMA cells compared with 
other subjects at preprogression time points (Fig. 3C). Similar 
response patterns after the initiation of maintenance therapy 
were seen in other subjects though without an associated rise 
in circulating CART-BCMA (Supplementary Fig. S8). All sub-
jects exhibiting this late response pattern were in phase B and 
had ongoing responses at last follow-up ranging from 248 to 
966 days, though one, subject 38, died early without progres-
sion due to COVID19 complications. On landmark analysis 
beginning 4 months after treatment, at which point these 
subjects’ late response pattern was apparent and maintenance 
therapy established, these late responders exhibited superior 
TTP compared with other phase B patients who were progres-
sion free at the landmark (Fig. 3D, log-rank P = 0.029). These 
results suggest the potential for lenalidomide or pomalido-
mide to modulate CAR T-cell activity after initial peak expan-
sion with clinical benefit, and this potential may be enhanced 

in the phase B population, whose CAR T cells were manufac-
tured early in the course of multiple myeloma therapy.

BCMA Expression
In our previously reported phase I study of CART-BCMA 

in patients with a high burden of relapsed/refractory disease, 
we observed reduced cell-surface BCMA expression 28 days 
after treatment on residual disease persisting after response 
(11). We used the same flow cytometry protocol to evalu-
ate BCMA expression on fresh bone marrow aspirate in the 
present study, in which patients were responding to prior 
therapy at study entry. In patients with detectable myeloma 
cells at pretreatment time points, we noticed unexpectedly 
low BCMA expression compared with the generally high 
pretreatment BCMA expression we observed in our prior 
phase I study (Fig.  4A and B). This was surprising since no 
patients on our current study had previously received BCMA-
directed therapy. Comparing the mean fluorescence intensity 
(MFI) of BCMA staining with the prior phase I study at the 

Figure 3.  Late clinical response after maintenance initiation. Prestudy and on-study disease markers (pink) in subjects 16 (A) and 34 (B) who exhibited 
disease progression or stability in the first 1 to 2 months after infusion before responding upon initiation of maintenance therapy coincident with a 
rise in peripheral blood CART-BCMA levels (blue). C, Preprogression CART-BCMA levels in subjects 16 and 34 (pink) in comparison with other subjects 
with sufficient baseline detectable disease markers to track over time. D, Landmark analysis of TTP from 120 days after treatment in subjects with late 
response to maintenance therapy vs. other phase B subjects.
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Figure 4.  Cell-surface BCMA. A, MFI of multiple myeloma cells from bone marrow aspirate stained with phycoerythrin (PE)-conjugated anti-BCMA 
antibody in a multicolor flow cytometry panel to characterize multiple myeloma cells (see Methods), comparing patients at the pretreatment time point 
with relapsed/refractory multiple myeloma on our prior phase I study of CART-BCMA (left) and the current study (right); subjects without detectable 
multiple myeloma cells or nonevaluable bone marrow aspirates by flow cytometry are not depicted (N = 8 on prior phase I, N = 6 on the current study), and 
some subjects from the current study are depicted twice because bone marrow samples were analyzed both at enrollment (scr) and preinfusion (pre) time 
points in some subjects (N = 10). B, Example of lower pretreatment BCMA levels on the current study (top panels) compared with the prior study (bot-
tom); multiple myeloma cells are identified by CD138 and CD38 expression (left) and confirmed by expression of other cell-surface markers cytoplasmic 
kappa or lambda light-chain restriction (see Methods). C, Subject-level comparisons of pretreatment BCMA MFI on multiple myeloma plasma cells from 
the prior phase I study and the current study from the negative control panel without the anti-BCMA antibody and the full panel; pink horizontal line indi-
cates the median. D, Subject-level BCMA MFI on multiple myeloma cells divided by T cells as an internal negative control to adjust for batch effects; pink 
horizontal line indicates the median. E, BCMA intensity by IHC on pretreatment bone marrow core biopsies. F, Comparisons of pre- and posttreatment 
BCMA MFI on multiple myeloma cells in example patients with high pretreatment BCMA.
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pretreatment time points, intensity was significantly lower 
in the present study (Fig.  4C, P  <  0.0001). Using T cells as 
an internal negative control for BCMA expression to cor-
rect for potential batch effects (Supplementary Fig. S9A), we 
normalized BCMA MFI on myeloma cells to T cells; after this 
correction, we still found significantly diminished BCMA 
expression on myeloma cells on the current study compared 
with the prior phase I (Fig. 4D, P < 0.0001). To further address 
potential batch effects from fresh aspirates analyzed over the 
several years during which both the prior and current studies 
were conducted, we repeated this flow cytometry analysis on 
cryopreserved pretreatment marrows from a subset of sub-
jects (based on specimen availability) from each study (N = 6 
from prior phase I and N = 19 from the current study) and 
quantitated BCMA intensity using beads with standardized 
antibody-binding capacity (BCMA ABC). BCMA MFI from 
the original analysis on fresh specimens correlated strongly 
with BCMA ABC on the thawed samples (Supplementary 
Fig. S9B, Spearman Rho = 0.79, P < 0.0001), supporting valid-
ity of our sequential measurements on the freshly acquired 
samples, and BCMA ABC was significantly lower on the 
pretreatment myeloma cells in the current study (Supple-
mentary Fig. S9C, P = 0.043). Pretreatment BCMA expression 
assessed by IHC on bone marrow core biopsies was also sig-
nificantly lower in the current study (Fig. 4E). BCMA mRNA 
was quantitated by in situ hybridization (ISH) and strongly 
correlated with BCMA protein abundance by IHC (Supple-
mentary Fig. S9D, Spearman Rho = 0.7, P < 0.0001), suggest-
ing that the lower cell-surface BCMA was due to lower BCMA 
transcription rather than posttranslational mechanisms such 
as BCMA shedding. In several subjects with clearly BCMA+ 
multiple myeloma cells at baseline, we observed reductions 
in BCMA expression on marrow aspirate obtained just 7 to 
10 days after treatment (Fig. 4F), consistent with the observa-
tions in our prior phase I study at day 28 after treatment. In 
patients who progressed, soluble BCMA rose at the time of 
progression, suggesting transient changes in BCMA expres-
sion rather than selection for BCMA-negative subclones as 
has been reported (19, 20). We did not observe an increase in 
cell-surface CD19 on posttreatment residual myeloma cells in 
patients receiving CART-BCMA alone.

SOX2-Specific T-cell Responses
Our rationale for cotargeting BCMA and CD19 was the 

hypothesis that a subset of stemlike myeloma cells expresses 
CD19. In a pilot study of CART19 + salvage ASCT, we observed 
robust humoral and T-cell responses against the stem-cell 
transcription factor SOX2 in an extraordinary responder with 
previously aggressive multiple myeloma that converted to an 
indolent clinical phenotype after CART19  +  salvage ASCT 
(10). As immune responses against SOX2 may reduce risk of 
MGUS progression to multiple myeloma and are generally 
not observed in patients with active myeloma (21, 22), we 
reasoned that CART19 may have targeted stemlike myeloma 
cells and precipitated secondary, protective responses against 
SOX2-expressing stemlike multiple myeloma cells. A pre-
specified analysis in this study was therefore to compare 
SOX2-specific immune responses between patents receiv-
ing CART-BCMA  +  huCART19 and CART-BCMA mono-
therapy in the randomized phase B portion. We assessed 

SOX2-specific T-cell responses at pretreatment and multiple 
posttreatment time points beginning 2 to 3 months posttreat-
ment using PBMCs stimulated with pooled SOX2 peptides in 
interferon-γ ELISpot assays. We observed three patterns of 
response: (i) No SOX2-specific responses (subjects 14, 15, 20, 
21, 30, 33, 34, 36, and 40); (ii) SOX2-specific response present 
prior to CAR T cell infusion and diminished posttreatment 
(subjects 9, 26, 37, and 38); and (iii) SOX2-specific response 
absent pretreatment and present posttreatment (subjects 11, 
16, 19, 24, 25, 27, and 29; Supplementary Figs. S10 and S11). 
Four of the 7 subjects with new posttreatment SOX2-specific 
T-cell responses exhibited responses at >1 postinfusion time-
point (subjects 11, 16, 25, and 27; Supplementary Fig. S12A), 
indicating a sustained response over several months; several 
of these responses were low in magnitude, however, near the 
estimated limit of detection for the ELISpot technique (23).

There were no significant differences in the patterns of 
SOX2-specific T-cell responses between the CART-BCMA  + 
huCART19 and CART-BCMA monotherapy groups. The 
group of 8 subjects with posttreatment SOX2-specific T-cell 
responses, and the subset of 4 with sustained responses, 
were evenly split between the combination and monotherapy 
groups. The subjects with sustained SOX2-specific T-cell 
responses, however, exhibited similar posttreatment clini-
cal courses distinguished by long-term stability of persis-
tent, measurable disease. Though one progressed 2 months 
after CAR T-cell infusion (subject 11), the other 3 remain 
progression-free after 15.6, 24.8, and 30.8 months of follow-
up despite not having achieved deep initial cytoreductive 
response. Patients with a similarly shallow initial cytore-
ductive response but no posttreatment emergence of sus-
tained anti-SOX2 responses have all progressed, whereas the 
three other subjects with long-term progression-free sur-
vival achieved deeper initial cytoreductive responses than 
these subjects (Supplementary Fig. S12B). Though these are 
preliminary, hypothesis-generating observations based on 
a small number of patients, these findings are consistent 
with a model in which CAR T-cell therapy can occasionally 
induce secondary immune responses through immunogenic 
cell death and such responses, if targeted against antigens 
important in clonogenic multiple myeloma growth such as 
SOX2, can contribute to long-term disease stability. Though 
our initial observation of new, sustained SOX2-specific T-cell 
responses after CAR T cell therapy was in a single patient 
post-CART19, here we show evidence of such responses in 
multiple patients after anti-BCMA CAR T cells.

DISCUSSION
Trials of CAR T-cell therapy for multiple myeloma have 

thus far focused on patients with relapsed/refractory disease 
and typically with high disease burden. Occasional high-
grade toxicity and high relapse rates on these studies have 
fostered interest in evaluating CAR T cells in earlier lines 
of therapy, when improved T-cell fitness and lower disease 
burden might improve both safety and efficacy. We sought to 
evaluate the safety/feasibility and pharmacokinetics of CAR T 
cells in settings of low disease burden, after multiple lines of 
therapy (phase A) or after response to initial therapy (phase 
B). We further sought to evaluate whether the combination of 
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CART-BCMA and huCART-19 and early initiation of main-
tenance therapy was safe and feasible and make preliminary 
assessments of potential benefits from these interventions by 
analysis of clinical and correlative endpoints.

An encouraging observation was that CRS, although com-
mon, was not high-grade, and there was only one instance 
of ICANS, which was low-grade, despite delivery of two 
separate CAR T cell products at full dose to many patients; 
overall, CRS and ICANS were milder than in the prior phase 
I study in patients with a high burden of relapsed/refrac-
tory myeloma. Cytopenias were generally mild and transient, 
particularly in the phase B population with ≤2 prior lines of 
therapy and <1.5 years from myeloma diagnosis.

CAR T cells exhibited initial in vivo expansion that was 
comparable to that observed on the prior phase I study. Thus, 
paucity of target antigen in this population did not preclude 
in vivo expansion. However, we expected that the addition of 
fludarabine to the lymphodepletion regimen and selection of 
patients with low disease burden and less prior therapy would 
lead to more uniformly high in vivo expansion. Instead, we 
saw heterogeneity of in vivo expansion that was similar to the 
prior phase I trial, and the magnitude correlated with clinical 
response. We further expected that conversion to CR or sCR 
would be common considering the low pretreatment disease 
burden in most patients, but conversion to CR or sCR was 
disappointingly rare in this study. Though this low CR rate 
may reflect lower potency of CART-BCMA compared with 
other products such as cilta-cel, which has a higher CR rate 
in relapsed/refractory myeloma, we would still have expected 
better activity against such low levels of multiple myeloma. 
Our results suggest that patient-specific factors affecting 
CAR T cell efficacy in multiple myeloma emerge early in the 
disease course and are not fully remedied by lowering dis-
ease burden, at least in the high-risk patient population we 
studied. Though we expect that more potent CAR T cells will 
achieve higher CR rates than we observed if tested in a similar 
setting, we suspect that a subset of myeloma cells (possibly 
with a BCMAlow/neg phenotype) will resist even these more 
potent products. Thus, contrary to our expectations when we 
initiated this study, our results predict that the use of CAR T 
cells in early lines of myeloma therapy might yield only incre-
mental rather than transformative improvements compared 
with their use in later lines of therapy.

Early initiation of lenalidomide or pomalidomide main-
tenance was safe and feasible, and we observed a potentially 
favorable interplay between baseline T-cell fitness (as indi-
cated by CD4/CD8 ratio) and late modulation of CAR T-cell 
activity coinciding with initiation of maintenance therapy. 
This was manifested as CAR T cells transiently reexpanding 
in 5 subjects with higher apheresis CD4/CD8 ratios than 
the cohort overall. A subset of 5 patients, including two of 
the subjects with late in vivo reexpansion, developed late 
MM response to maintenance despite exhibiting earlier pla-
teau or progression on the maintenance drug prior to CAR 
T-cell therapy; these cases occurred preferentially in phase 
B. These results support the hypothesis that manufacturing 
from T cells obtained during response to first-line therapy 
will enable more sustained in vivo CAR T-cell activity, which 
might be further enhanced with immunomodulatory drugs. 
Even with maintenance therapy, however, we observed an early 

recovery of soluble BCMA and, in many patients who received 
huCART19, early recovery of CD19+ B cells, suggesting short 
duration of in vivo CAR T cell activity. Similar findings with 
early recovery of soluble BCMA have been observed in ide-
cel patients (1), and most cilta-cel patients are reported to 
have lost detectable CAR T cells by 6 months after infusion 
(2). More direct methods to maintain in vivo activity, such as 
orthogonal cytokine systems (24, 25), might therefore be par-
ticularly useful in multiple myeloma where short periods of 
intense CAR T-cell activity are not reliably curative.

An unexpected finding was low BCMA expression on pre-
treatment multiple myeloma cells. We previously reported (11) 
that residual disease in patients responding to CART-BCMA 
exhibited a BCMAlow phenotype, which we presumed was due 
to anti-BCMA selective pressure. Our results here suggest 
that low cell-surface BCMA may be a general feature of post-
treatment residual disease even without prior BCMA-targeting 
therapies, a feature that may not have previously been appre-
ciated because prior characterizations of BCMA expression 
focused on either newly diagnosed or relapsed/refractory dis-
ease (as reviewed in ref. 26). Considering that these BCMAlow 
cells were resistant to a host of conventional myeloma thera-
pies, they may harbor features beyond low BCMA that enable 
resistance to CAR T cells. Consistent with this hypothesis, 
we previously reported multimodal single-cell phenotyping of 
bone marrow aspirates from short- and long-term responders 
to CART-BCMA from our prior phase I study (27) and found 
that myeloma cells persisting after response to CART-BCMA 
were distinguished not only by low BCMA expression but also 
by reductions in other plasma-cell–specific genes (e.g., CD138 
and XBP1) and increases in genes implicated in epithelial-
to-mesenchymal transition (EMT). If the BCMAlow cells we 
observed pretreatment on the current study have a similar 
transcriptional profile, there may be a common BCMAlow phe-
notype that resists CAR T cells and standard myeloma thera-
pies characterized by the suppression of plasma cell–specific 
pathways and cell-surface targets. This phenotype may persist 
at lower levels even after therapy with more potent anti-BCMA 
CAR T cells such as cilta-cel, which may explain why recipients 
of even very potent CAR T cell therapies remain at high risk for 
relapse with long-term follow-up despite remarkably deep ini-
tial cytoreductive responses (3, 4). More study of this residual 
disease phenotype is needed to understand its therapeutic 
vulnerabilities and how they differ from the vulnerabilities of 
relapsed or newly diagnosed myeloma.

We combined CART-BCMA with huCART19 based on 
the hypothesis that minor subsets of the myeloma clone 
with a cancer stem–cell phenotype express CD19, which was 
supported by prior in vitro findings that anti-CD19 CAR T 
cells deplete colony formation capability in primary multi-
ple myeloma samples and clinical results from a pilot study 
of anti-CD19 CAR T cells (CART19) alone after ASCT in 
which clinical benefit was observed in 2 of 10 patients (9, 10). 
Among these patients was an extraordinary responder who 
remains without clinically detectable myeloma 7.5 years after 
treatment despite previously progressing through 10 lines 
of therapy over the prior 4 years prior to ASCT +  CART19. 
As we previously reported, this patient was not cured by 
ASCT + CART19 but rather converted to an indolent clinical 
phenotype that was unexpectedly responsive to subsequent 
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therapy and less prone to relapse, allowing cessation of 
all therapy  >3 years ago without disease progression. This 
patient was also distinguished by robust posttreatment 
humoral and T-cell responses against SOX2, implicating 
secondary immune responses against stemlike myeloma cells 
in the maintenance of this indolent phenotype, which is con-
sistent with prior studies demonstrating that SOX2-specific 
immunity may prevent MGUS progression (21, 22). In our 
current study, SOX2-specific T-cell responses were not more 
common in patients who received CART19. Though our 
current study was not powered for efficacy comparisons, we 
also observed no sign of clinical benefit from the addition of 
huCART19 to CART-BCMA in the randomized phase B por-
tion of our study. This may be because CD19 is not a relevant 
target in most patients. Alternatively, the unexpectedly short 
duration of B-cell aplasia in phase B subjects may also have 
limited potential antimyeloma efficacy from targeting CD19. 
This short durability was surprising because huCART19 has 
exhibited durable clinical efficacy in CD19-expressing malig-
nancies (12, 28), and phase A patients did achieve durable 
B-cell aplasia. The short durability of B-cell aplasia in phase B 
patients may have been due to less prior immunosuppressive 
therapy in this group, which might make anti-CAR immune 
responses more likely. This result highlights another poten-
tial barrier to efficacy of CAR T-cell therapy in early lines 
of multiple myeloma therapy as the emergence of anti-CAR 
immunity has been linked in some cases to myeloma progres-
sion (29). Though other clinical trials have evaluated com-
bined anti-BCMA/CD19 targeting in multiple myeloma (30, 
31), these nonrandomized or single-arm studies could not 
directly compare anti-BCMA monotherapy to the combina-
tion approach. Though occasional patients may benefit from 
cotargeting CD19, our results do not support this as a general 
approach to improve response durability.

Our finding of sustained, treatment-emergent SOX2-spe-
cific T-cell responses in a subset of high-risk patients with the 
long-term stability of measurable disease is supportive of the 
potential clinical relevance of immune surveillance against 
stemlike myeloma cells and the potential for CAR T cells to 
stimulate secondary immune responses with clinical effects 
that endure beyond contraction of the CAR T-cell popula-
tion. The finding discussed above that residual disease after 
CART-BCMA exhibits a higher expression of genes implicated 
in EMT (27) increases the salience of our observations regard-
ing SOX2-specific T-cell responses because SOX2 has been 
found to promote EMT in numerous cancers (as reviewed in 
ref. 32). Though we focused on SOX2 based on our specific 
hypothesis and prior observations, further studies could seek 
to identify other targets of secondary immune responses 
associated with durable response. Such studies could identify 
new immunotherapy targets and provide a rationale for new 
approaches such as engineering dendritic cell engagement by 
CAR T cells (33) to promote the development of protective 
secondary immune responses after CAR T-cell therapy.

In conclusion, our results support the use of CAR T-cell 
therapy in earlier lines of multiple myeloma therapy and in 
settings of low disease burden. Based on our results, such 
approaches are likely to be safer than use in the heavily 
relapsed/refractory setting, and a low CAR T-cell target bur-
den is unlikely to preclude in vivo expansion of CAR T cells. 

Our results also demonstrate the safety and feasibility of 
administering two CAR T-cell products against separate tar-
gets, as well as the safety of standard maintenance therapies 
early after CAR T-cell therapy and provide preliminary evi-
dence that such approaches might augment in vivo CAR T-cell 
clinical activity, particularly if applied in early lines of therapy. 
Our clinical outcomes, however, highlight the need for further 
study of resistance mechanisms among posttreatment resid-
ual disease, including the mechanism and significance of the 
unexpectedly low BCMA expression we observed in patients 
responding to first-line therapy before exposure to any anti-
BCMA agents. Our results suggest that new approaches to 
modulate postinfusion in vivo activity of CAR T cells and 
to enhance secondary antimyeloma immune responses are 
promising future directions to improve response duration 
after CAR T-cell therapy for multiple myeloma.

METHODS
Study Design and Oversight

All subjects were required to have a diagnosis of multiple myeloma 
according to IMWG criteria (34). Subjects in phase A were required 
to have progressed after ≥2 prior lines of therapy. Subjects in phase 
B were required to be in their first line of therapy or, if progression 
occurred within 6 months of initiating first-line therapy, in their 
second line of therapy. All subjects were required to be responding 
(at least minimal response by IMWG criteria) to their current therapy 
at the time of enrollment. Patients in phase B were required to have 
one of the following high-risk features: (i) revised ISS stage 3 disease, 
(ii) complex metaphase karyotype (≥3 structural abnormalities), (iii) 
plasma cell leukemia at diagnosis, and (iv) less than a partial response 
to or early progression on first-line therapy with lenalidomide in 
combination with a proteasome inhibitor. Both CART-BCMA and 
huCART19 were administered with a planned dose of 5 × 108 CAR T 
cells each, split over 3 days (10% on day 1, 30% on day 2, and 60% on 
day 3), to permit dose reduction in patients who develop CRS within 
24 hours of doses 1 or 2 (35). Subjects assigned to receive both CAR 
T cell products received both products on the same day (e.g., 10% of 
each product on day 1, 30% of each product on day 2, and 60% of each 
product on day 3) with CART-BCMA infused first and huCART19 
infused after at least 1 hour of observation. Cyclophosphamide 300 
mg/m2 and fludarabine 30 mg/m2 daily for 3 days were adminis-
tered as lymphodepleting chemotherapy. Patients were eligible to 
begin maintenance therapy with lenalidomide or pomalidomide, 
to be chosen by the investigator based on prior treatment history, 
28 days after CAR T-cell infusion or once adverse events related 
to CAR T cells or lymphodepleting chemotherapy had recovered 
to baseline or grade  ≤2. Maintenance therapy was continued until 
disease progression or intolerance with dose adjustments as needed 
for toxicity management. The primary endpoint was the occurrence 
of adverse events related to CAR T cells within the first 90 days after 
infusion. Secondary endpoints included CAR T-cell pharmacokinet-
ics and pharmacodynamics, antimyeloma efficacy, and phenotype of 
residual disease. The randomization ± combination with huCART19 
was not powered for efficacy comparisons but rather exploratory 
correlative analyses pertaining to multiple myeloma stemlike cells. 
Data cutoff for AE tabulations was June 28, 2021. Data cutoff for 
clinical response assessments was April 1, 2022. Responses were 
graded according to IMWG 2016 criteria (18) except that very good 
partial response (VGPR) criteria were modified to include subjects 
who achieved >90% reduction in serum-free light-chain differential 
in subjects for whom serum-free light chains were the only measurable 
disease and extramedullary lesions on PET/CT were considered 
resolved for purposes of assessing CR if FDG uptake was improved 
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to the uptake of blood pool or below even if the residual tumor 
was still apparent on CT. Adverse events were graded according to 
CTCAE version 5 or the ASTCT consensus grading scheme for CRS 
and ICANS (36). The study was designed and led by the authors and 
was conducted according to the principles of Good Clinical Practice, 
the Declaration of Helsinki, and the US Common Rule. All subjects 
provided written informed consent. An independent data and safety 
monitoring board provided oversight. The study was reviewed and 
approved by the University of Pennsylvania Institutional Review 
Board. The regulatory sponsor was the University of Pennsylvania.

Vector and CAR T-cell Manufacturing
Two lentiviral vectors encoding humanized anti-CD19 and human 

anti-BCMA were manufactured by the Center for Advanced Retinal 
and Ocular Therapeutics at the University of Pennsylvania. The two 
lentiviral vectors encoding the CARs have a similar design: either 
humanized anti-CD19 or human anti-BCMA single-chain variable 
fragment fused to the hinge and transmembrane domain of CD8 
and the human 4-1BB and CD3ζ intracellular signaling domains. 
Engineered CAR T cells were manufactured at the Cell and Vaccine 
Production Facility at the University of Pennsylvania (Philadelphia, 
PA). The leukapheresis product collected at the UPENN Apheresis 
center was processed at CVPF to obtain the T cells starting popu-
lation. T cells from the leukapheresis product were activated and 
expanded using anti-CD3/28–conjugated paramagnetic microbeads 
(Life Technologies) as previously described (37). T cells were split and 
transduced with the specific lentiviral vector, carrying either the anti-
CD19 or the anti-BCMA transgene, in separate cultures. The manu-
facturing cultures were maintained for approximately 9 days and 
harvested by washing and removal of the magnetic beads. The target 
dose was formulated for the split-dose regimen (10%, 30%, and 60%) 
and cryopreserved. The clinical doses were released for infusion upon 
passing all release testing for sterility, purity, identity, and potency.

qPCR Measurement of CAR T-cell Pharmacokinetics
Genomic DNA was isolated directly from whole blood and qPCR 

analysis was performed using ABI TaqMan technology and vali-
dated assays to detect the integrated HUCAR19_ScFv (CTL119) and/
or BCMA_ScFv transgene sequences. The primer/probe sequences 
to amplify HUCAR19_ScFv (CTL119) were: Forward 5′  CCGACAC 
CGCCGTGTACT 3′, Reverse 5′ GCGTAGCTCCCGCCATAA 3′, Probe 
5′(6FAM) TTGCGCTAAGCATTAC MGBNFQ 3′. The primer/probe 
sequences to amplify BCMA_ScFv were: Forward 5′  TCGAATGGGT 
GTCGGGTATT 3′, Reverse 5′ TTCACGGATGCGGCATAGT 3′, Probe 
5′(6FAM) TGTACAGCGGTAGCACC MGBNFQ 3′. Each amplification 
reaction contained 200 ng genomic DNA per time point for peripheral 
blood and marrow samples. To determine copy number per unit DNA, 
an 8-point standard curve was generated consisting of 5 to 106 cop-
ies of lentivirus plasmid constructs encoding either HUCAR19_ScFv 
(CTL119) or BCMA_ScFv and spiked into 200 ng nontransduced 
control genomic DNA. The number of copies of plasmid present in the 
standard curve was verified using digital PCR with the same primer/
probe sets and performed on a QuantStudioTM 3D digital PCR instru-
ment (Life Technologies). Each data point (sample, standard curve) 
was evaluated in triplicate with a positive Ct value in 3 of 3 replicates 
with % CV less than 0.95% for all quantifiable values. To control for 
the quantity of interrogated DNA, a parallel amplification reaction 
was performed using 10 ng genomic DNA, and human genomic refer-
ence primer/probe combination, specific for a nontranscribed genomic 
sequence upstream of the CDKN1A (p21) gene as described (38). These 
amplification reactions generated a correction factor to adjust for cal-
culated versus actual DNA input. Copies of transgene per microgram 
DNA were calculated according to the formula: Copies/microgram 
genomic DNA = copies calculated from the standard curve × correction 
factor/amount DNA evaluated (ng) × 1,000 ng.

Flow Cytometry Assessment of CAR T-cell 
Pharmacokinetics and Phenotype

Marker expression was evaluated by multicolor flow cytometry. 
CART-BCMA expression was assessed by using as the primary detec-
tion reagent bis-biotinylated huBCMA-Fc recombinant protein 
(iPROT ID 100536) and as the secondary staining reagent streptavi-
din–PE from BD Biosciences (cat. #554061). Staining for huCART19 
was performed using MDA CAR19 APC (an APC-conjugated murine 
antibody specific for the idiotype of CTL019 that was a generous gift 
of Drs. Bipulendu Jena and Laurence Cooper, MD Anderson Cancer 
Center; ref.  39). FMO (fluorescence minus one) controls for both 
CART-BCMA and huCART19 detections were performed.

For the samples from patients treated with CART-BCMA alone 
(Cohort 1), frozen PBMC, BMMC, and/or CSF were thawed and 
counted, dead cells were determined by staining with LIVE/DEAD 
Fixable Aqua Dead Cell kit (Life Technologies) 20 minutes at RT. 
Blocking was performed using 10% human albumin (GEMINI Bio-
products) for 15 minutes at RT before incubation with 1 μg/mL of 
CART-BCMA primary antibody for 20 minutes at RT.

The cells were then stained for 20 minutes at RT with the following 
specific antibodies: the secondary staining reagent streptavidin–PE 
(BD Biosciences) for CART-BCMA expression, anti-CD45 V450 (clone 
HI30), anti-CD14 V500 (clone M5E2), anti-CD56 Ax488 (clone B159), 
anti-CD4 PerCP-Cy5.5 (clone RPA-T4), anti-CD8 APC-H7 (clone SK1; 
all from BD Biosciences), and anti-CD3 BV605 (clone OKT3), anti-
HLA-DR BV711 (clone L243), anti-CD19 PE-Cy7 (clone H1B19; all 
from BioLegend). In the case of samples from patients treated with 
both CART-BCMA and huCART19, antibody MDA CAR19 APC was 
added to the mixture of antibodies. Cells were then washed with flow 
cytometry buffer (PBS with 1% fetal bovine serum, 0.02% sodium 
azide), fixed in 0.5% PFA, and acquired using an LSRFortessa flow 
cytometer (BD Biosciences) equipped with a violet (405 nm), blue (488 
nm), a green (532 nm), and a red (628 nm) laser. Data were analyzed 
using FCS Express 7 (De Novo Software). Compensation values were 
established using eBioscience UltraComp eBeads (eBioscience; cat. 
#01-222-42) and BD FACSDiva software (BD Biosciences).

Measurement of Soluble BCMA
The antibody set for human BCMA (DY193) was from R&D Sys-

tems. ELISA 8-bead strip and 4-column reservoir (SOW A16735) were 
from The Assay Depot Inc. ELISA substrate ADHP (10010469) was 
from Cayman Chemical. Assay plates (OX1263) were from E&K Sci-
entific. Substrate plates (sc-204456) were from Santa Cruz Biotechnol-
ogy. The reference sample for sBCMA ELISA was pooled human sera 
(S7023-50ML) from Sigma-Aldrich. All ELISA reagents were prepared 
according to the protocols for R&D Systems DuoSet ELISA except for 
Color Reagent B, which was supplemented with ADHP at 100 μmol/L. 
Capture antibody (cAB) was coated on the surfaces of macrospheres 
of the 8-bead strips. Assays were set up by using strips in assay plates 
based on an assay map following the protocol for human BCMA 
DuoSet ELISA. At the end of the assay, one substrate plate per 12 
strips was prepared by adding 100 μL/well of substrate solution (1:1 of 
Color Reagent A and ADHP). Each strip was placed in one column of 
the substrate plate according to the assay map. After 10 to 30 minutes 
of color development, strips were removed from the substrate plate to 
stop further color development. Each plate containing the developed 
substrate was read on a FLUO STAR OMEGA instrument using filters 
530 nm (excitation) and 590 nm (emission). To pass assay technical 
quality control, the result for the reference sample needed to be within 
the 95% of CI generated from TCSL accumulated tests. The same rule 
as for 31-plex was used to determine if samples needed to be retested.

Flow Cytometry Analysis of Multiple Myeloma Cells
Flow cytometry assessment of bone marrow aspirate material was 

performed directly on aspirate following a brief ammonium chloride 
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red blood cell lysis step. The procedure was adapted from the Euro-
Flow protocol (40). Briefly, up to 2 mL of bone marrow aspirate was 
diluted with 48 mL of BD Pharm Lyse lysing buffer (BD Biosciences; 
cat. # 555899) and incubated for 15 minutes at RT on a shaking 
device. The cells were then collected by centrifugation for 10 minutes 
at 800 × g, washed twice with 50 mL of PBS, and stained with LIVE/
DEAD Fixable Aqua Dead Cell kit (Life Technologies) for 20 minutes 
at RT. Surface staining was done with a mixture of antibodies to 
CD45 AF700 (clone HI30), CD19 APC-Cy7 (clone SJ25C1), CD138 
PerCp-Cy5.5 (clone MI15), CD38 BV421 (clone HIT2), CD14 V500 
(clone M5E2), CD56 BV605 (clone NCAM16.2), CD20 BV650 (clone 
2H7), CD3 BV711 (clone OKT3), CD269 (BCMA) PE (clone 19F2), 
and CD274 (PD-L1) PE-Cy7 (clone MIH1). FMO (fluorescence minus 
one) controls were used for BCMA and CD19 evaluations. Aliquots 
of normal donor PBMC cells were stained in parallel as controls. The 
cells were then fixed with fixation and permeabilization solution (BD 
Cytofix/Cytoperm, BD Biosciences, cat. # 51-2090KZ) for 20 minutes 
at room temperature, washed with BD Perm/Wash buffer (BD Bio-
sciences; cat. # 51-2091KZ), and stained with a mixture of antibodies 
to Kappa APC (clone G20-193) and Lambda AF488 (clone MHL-38; 
immunoglobulin light chains). The samples were then washed with 
Perm/Wash buffer before resuspension in PBS and acquisition on a 
18-color LSRFortessa flow cytometer (BD Biosciences) equipped with 
a violet, blue, green, and red laser. A minimum of 5 × 10e6 cells were 
acquired per sample. Data were analyzed using FCS Express 7 (De 
Novo Software) and FlowJo Version 10.7.2 (Becton Dickinson). For 
comparisons of BCMA fluorescence intensities from flow cytometry, 
cell-level compensated fluorescence data were exported as “channel 
values” from FlowJo after gating on multiple myeloma cells and T 
cells. Downstream calculations and visualizations were created in 
R using ggplot. For quantitation of standardized antibody-binding 
capacity (BCMA ABC), BD QuantBrite PE-conjugated beads were 
stained with the PE-conjugated anti-BCMA antibody used in the 
above panel to create a standard curve, which was used to calculate 
BCMA ABC for each cell. Per-sample BCMA ABC is reported as the 
geometric mean of the individual cell-level BCMA ABCs.

BCMA Quantitation by IHC and In Situ Hybridization
IHC staining for BCMA including the deparaffinization and anti-

gen retrieval steps was performed on a Ventana Discovery XT auto-
stainer using standard Ventana Discovery XT reagents (Ventana) 
using an anti-human BCMA rabbit monoclonal antibody from Cell 
Signaling Technology (cat. #88183) at a final concentration of 2.4 μg/
mL. Slides were deparaffinized and then submitted to heat-induced 
antigen retrieval by covering them with Cell Conditioning 1 (CC1/
pH8) solution according to the standard Ventana retrieval protocol. 
Slides were incubated with the primary antibodies or a nonimmune 
isotype-matched negative control. Visualization was obtained by incu-
bation with the appropriate Ventana Discovery OmniMap HRP rea-
gent as indicated below followed by Ventana Discovery ChromoMap 
3,3′-Diaminobenzidine (DAB). Counterstaining was performed using 
Ventana Hematoxylin and Ventana Bluing reagent for 4 minutes each. 
Slides were dehydrated, cleared, and coverslipped with a synthetic 
mounting medium. Histologic scores based on the plasma membrane 
and golgi immunoreactivity were assigned to BCMA immunostained 
slides: negative (0), minimal (1), mild (2), moderate (3), or marked 
(4). In situ hybridization to detect TNFRSF17 (BCMA; cat. #585799) 
mRNA transcript as well as Hs-PPIB (positive control and tissue qual-
ity control; cat. #313909) and DAPB (negative control; cat. #312039) 
genes was performed on blocks processed at using reagents and equip-
ment supplied by Advanced Cell Diagnostics (ACDBio) and Ventana 
Medical Systems (Roche). The in situ hybridization RNAscope probes 
were designed by ACDBio. Positive PPIB and negative DAPB control 
probe sets were included to ensure mRNA quality and specificity, 
respectively. The hybridization method followed protocols established 
by ACDBio and Ventana systems using a 3,3′-Diaminobenzidine 

(DAB) chromogen. Briefly, 5-μm sections were baked at 60°C for 
60 minutes and used for hybridization. The deparaffinization and 
rehydration protocol was performed using a Sakura Tissue-Tek DR5 
stainer with the following steps: 3 times xylene for 3 minutes each; 2 
times 100% alcohol for 3 minutes; air dried for 5 minutes. Off-line 
manual pretreatment in 1×  retrieval buffer at 98°C to 104°C for 15 
minutes. Optimization was performed by first evaluating PPIB and 
DAPB hybridization signal and subsequently using the same condi-
tions for all slides. Following pretreatment, the slides were transferred 
to a Ventana Ultra autostainer to complete the procedure including 
protease pretreatment; hybridization at 43°C for 2 hours followed by 
amplification; and detection with HRP and hematoxylin counterstain. 
Histologic TNFRSF17 mRNA signal scores were assigned relative to 
PPIB signal to stained slides: negative (0), minimal (1), mild (2), mod-
erate (3), or marked (4).

Analysis of SOX2-Specific T-cell Responses
SOX2-specific T-cell responses were detected using IFNγ ELISpot 

assays of long-term culture PBMCs. SOX2 peptide pools (15 mers 
overlapping by either 10 or 11 amino acids) with ≥80% purity were 
custom synthesized and ordered from JPT Peptide Technologies. 
Frozen PBMCs were pulsed for 12 days with a SOX2 peptide pool at 
a concentration of 0.5 μg/mL in the presence of IL2. Unstimulated 
(media) cultures served as negative controls. PBMCs stimulated with 
phorbol myristate acetate at 1 ng/mL and ionomycin at 1 μmol/L 
were used as positive controls, respectively. The spot number was 
determined in an independent blinded fashion (ZellNet Consult-
ing). SOX2-specific T-cell responses were identified by comparing 
mean spot counts of triplicate media and peptide-pulsed cultures; 
one-sided Wilcoxon rank-sum test was utilized to identify cultures 
with significantly increased spot counts in peptide-pulsed over media 
controls with a significance threshold of P ≤ 0.05 (23).

Data Analysis
Statistical tests used in each analysis are described in the relevant 

portions of the Results and Methods sections or figure legends. Sta-
tistical analyses were conducted using R version 4.0.4 except for AUC 
calculations, which were performed using Stata (StataCorp) version 
17 (pkexamine function). The R packages “survival” and “survminer” 
were used for survival analysis and creation of survival curves. The R 
packages “ggplot2” and “swimplot” and GraphPad Prism (GraphPad 
Software) version 9.3.1 were used to create figures.

Data Availability
The data generated in this study are available upon request from 

the corresponding author.
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