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Abstract
Background and Objective  Ciltacabtagene autoleucel (cilta-cel) is a novel agent being investigated in the single-arm CARTI-
TUDE-1 trial (NCT03548207) for patients with relapsed or refractory multiple myeloma who are triple-class exposed to an 
immunomodulatory drug, proteasome inhibitor, and an anti-CD38 monoclonal antibody. The objective of this study was to 
evaluate the comparative efficacy of cilta-cel vs physician’s choice of treatment, as no head-to-head trials have been conducted.
Methods  An external control arm for CARTITUDE-1 was created from patients in the long-term follow-up for three clini-
cal trials of daratumumab (POLLUX, CASTOR, and EQUULEUS) who satisfied the eligibility criteria of CARTITUDE-1. 
These patients received physician’s choice of treatment following the discontinuation of study drugs. Inverse probability of 
treatment weighting was used to align the external control and CARTITUDE-1 populations on important baseline character-
istics. Overall response rate, complete response or better rate, progression-free survival, time to next treatment, and overall 
survival were assessed. Several sensitivity analyses were conducted.
Results  After propensity score weighting, baseline characteristics were comparable between cohorts. Patients showed improved 
results with cilta-cel vs physician’s choice of treatment: overall response rate (relative risk: 2.95 [95% confidence interval (CI) 
2.27, 3.84; p < 0.0001]), complete response or better (relative risk: 111.70 [95% CI 29.08, 429.06; p < 0.0001]), progression-free 
survival (hazard ratio [HR]: 0.24 [95% CI 0.15, 0.37; p < 0.0001]), time to next treatment (HR: 0.14 [95% CI 0.09, 0.22; p < 
0.0001]), and overall survival (HR: 0.21 [95% CI 0.13, 0.35; p < 0.0001]). Results were consistent across all sensitivity analyses.
Conclusions  Cilta-cel showed superior efficacy compared with physician’s choice of treatment, making it a promising new 
treatment option for patients with triple-class exposed relapsed or refractory multiple myeloma.
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Key Points 

Ciltacabtagene autoleucel (cilta-cel; CARTITUDE-1) 
and physician’s choice of treatment (post-trial data for 
three daratumumab clinical trials, POLLUX, CASTOR, 
and EQUULEUS) were indirectly compared given the 
absence of direct head-to-head trials.

Cilta-cel demonstrated statistically and clinically 
superior efficacy results compared to physician’s choice 
of treatment. Based on these findings, cilta-cel offers 
substantial clinical benefits for patients with triple-class 
exposed relapsed or refractory multiple myeloma.

1  Introduction

Multiple myeloma (MM) is an incurable hematological 
malignancy with a rapidly evolving treatment landscape [1]. 
The past decade has seen the introduction of new agents in 
the treatment classes of immunomodulatory drugs (IMiDs) 
and proteasome inhibitors (PIs), as well as a novel treat-
ment class, monoclonal antibodies (MoABs) [1]. Despite 
the improved outcomes provided by these treatments, most 
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patients with MM relapse, undergoing cycles of worsen-
ing disease and reduced rate and duration of response with 
each successive line of therapy (LOT) [2]. For patients with 
relapsed or refractory multiple myeloma (RRMM) who have 
been exposed to IMiDs, PIs, and anti-CD38 MoABs (i.e., 
triple-class exposed), there is no clear standard of care and 
treatment burden is often high [3]. Median progression-free 
survival (PFS) and overall survival (OS) remain poor, with 
values of 3–6 months and less than 12 months, respectively 
[4, 5].

Ciltacabtagene autoleucel (cilta-cel; JNJ-68284528) 
is a chimeric antigen receptor T-cell (CAR-T) therapy 
that targets the B-cell maturation antigen (BCMA), a key 
marker of myeloma cells. Cilta-cel is currently being inves-
tigated in the open-label, single-arm CARTITUDE-1 trial 
(NCT03548207) for patients with RRMM who are triple-
class exposed [6]. Based on favorable results from CAR-
TITUDE-1 [6, 7], cilta-cel was accepted for an accelerated 
assessment by the European Medicines Agency in February 
2021 and the US Food and Drug Administration has granted 
priority review [8, 9]. However, given the heterogeneity in 
currently used treatments and the observed poor outcomes 
in triple-class exposed patients, no randomized clinical tri-
als have compared cilta-cel directly with currently used 
treatments.

Given the absence of a comparator arm in CARTI-
TUDE-1, an external control arm may be used to establish 
comparative efficacy of cilta-cel vs currently used treat-
ments. One appropriate source for such an external control is 
the long-term follow-up data from three clinical trials of the 
anti-CD38 MoAB daratumumab: POLLUX (NCT02076009) 
[10], CASTOR (NCT02136134) [11], and EQUULEUS 
(NCT01998971) [12], wherein patients received physi-
cian’s choice of therapy after discontinuing the trial treat-
ments. Indirect treatment comparison methods that adjust 
for differences in patient populations can be used to conduct 
a hypothetical head-to-head comparison [13]. The objec-
tive of this study was to evaluate the comparative efficacy 
of cilta-cel from CARTITUDE-1 vs physician’s choice of 
treatment from the long-term follow-up of the POLLUX, 
CASTOR, and EQUULEUS global clinical trials for patients 
with triple-class exposed RRMM.

2 � Participants and Methods

2.1 � Data Sources

2.1.1 � CARTITUDE‑1

CARTITUDE-1 is a multi-center, phase Ib/II, open-label, 
single-arm study that recruited patients into its US cohort 
between July 2018 and October 2019. T cells from enrolled 

patients were obtained through leukapheresis and used to 
produce cilta-cel, which was administered via an infusion. 
Full details for CARTITUDE-1 have been previously pub-
lished [6]. The present analysis was based on an updated 
data cut-off of February 2021, corresponding to a median 
follow-up of 18 months [7].

2.1.2 � Daratumumab Clinical Trials

This study used long-term follow-up data from three dara-
tumumab RRMM clinical trials: POLLUX, CASTOR, and 
EQUULEUS, which provided information for a large cohort 
of predominantly ex-US and triple-class exposed patients 
treated with physician’s choice of therapy after discontinuing 
the trial treatments [3]. POLLUX and CASTOR were open-
label, randomized, phase III trials evaluating the efficacy of 
daratumumab in combination with lenalidomide-dexameth-
asone and bortezomib-dexamethasone, respectively [14, 15]. 
EQUULEUS was an open-label, non-randomized, phase Ib 
trial evaluating the safety, tolerability, and dose regimen of 
daratumumab and various combination therapies [16]. Full 
study details for POLLUX, CASTOR, and EQUULEUS 
have been previously published [14–16]. Data cut-off for 
patients included in the present analysis was September 2019 
for POLLUX and CASTOR and ranged from 2017 to 2019 
for EQUULEUS (depending on study arm), corresponding 
to an overall median follow-up of 16.9 months across all 
eligible LOTs received since patients became triple-class 
exposed.

2.2 � Study Population and Design

Individual patient-level data were available from all data 
sources. The main analysis included the treated population 
of CARTITUDE-1, which consisted of patients who were 
infused with cilta-cel (median of 47 days after apheresis). 
Patients from the daratumumab clinical trials were included 
in the external control arm (referred to as the physician’s 
choice cohort) if they met the key inclusion criteria of 
CARTITUDE-1 (i.e., triple-class exposed, at least three 
prior LOTs,1 Eastern Cooperative Oncology Group score 
less than two, creatinine less than or equal to 2 mg/dL,2 and 
disease progression within 12 months of the most recent 
LOT). Patients in the physician’s choice cohort also must 
have received the physician’s choice treatment after triple 
class exposure. Patients in the physician’s choice cohort 

1  CARTITUDE-1 inclusion criteria required three or more prior 
LOTs or double refractoriness to an IMiD and a PI; however, all 
enrolled patients received three or more prior LOTs.
2  CARTITUDE-1 inclusion criterion was creatinine clearance of ≥40 
mL/min/1.73 m2; however, all enrolled patients had creatinine levels 
≤2 mg/dL.
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were reweighted to make their baseline characteristics simi-
lar to those of patients in CARTITUDE-1, using average 
treatment effect in the treated weights derived from pro-
pensity scores. This emulated a hypothetical comparative 
trial in which patients were randomized to receive cilta-cel 
(represented by CARTITUDE-1) or physician’s choice of 
treatment (represented by the physician’s choice cohort).

Because patients from the long-term follow-up data from 
the daratumumab clinical trials were retrospectively enrolled 
into this comparison, the first LOT initiated by a patient after 
they met the key eligibility criteria for CARTITUDE-1 could 
be identified. This differed from CARTITUDE-1, in which 
cilta-cel is the treatment of interest and patients may have 
received additional LOTs between first meeting all eligibil-
ity criteria and entering the clinical trial. To account for 
this difference, if a patient in the physician’s choice cohort 
received multiple LOTs after becoming eligible, that patient 
contributed multiple observations (corresponding to all eli-
gible LOTs) to the present analysis, provided that the patient 
was eligible at the start of each LOT. Prior studies have 
shown this approach to be associated with improved statisti-
cal efficiency compared with restricting inclusion to only a 
single eligible LOT (e.g., first or last) [17, 18]. An explora-
tory analysis using only the first eligible LOT received by 
patients in the physician’s choice cohort was conducted to 
assess potential differences in the two approaches.

To avoid survivorship bias in favor of cilta-cel, treatment 
lines were excluded from the physician’s choice cohort if a 
patient experienced progressive disease or death within 47 
days of initiating the corresponding LOT, thereby mimick-
ing the median period of 47 days between apheresis and 
infusion in CARTITUDE-1 [17]. Index dates were defined 
for treated patients in CARTITUDE-1 as the time of the 
cilta-cel infusion, and as 47 days after starting the relevant 
LOT for observations in the physician’s choice cohort.

2.3 � Baseline Characteristics for Population 
Alignment

Comparative efficacy estimates can be biased when base-
line characteristics that are prognostic of the outcomes dif-
fer across non-randomized study cohorts and are left unad-
justed [19]. In this study, a clinician-driven process was 
used to select the most important baseline characteristics 
for adjustment. First, a list of potential factors for adjustment 
was identified a priori based on studies from a literature 
review of the clinical evidence associated with triple-class 
exposed RRMM. This list was presented to a panel of five 
independent clinical hematology experts who lead clinical 
and research initiatives related to MM at major centers in 
the UK, Germany, and the USA, and modified according to 
their input. Next, clinicians were asked to rank the variables 
in order of importance for adjustment. To aid in the process, 

clinicians were provided with results from univariate regres-
sion analyses evaluating the prognostic strength of each fac-
tor in terms of PFS and OS in CARTITUDE-1. Clinicians 
were also provided with the standardized mean differences 
(SMDs) between each factor in CARTITUDE-1 and the phy-
sician’s choice cohort (small, moderate, and substantial dif-
ferences were represented by SMDs ≤ 0.1, > 0.1 and ≤ 0.2, 
and > 0.2, respectively [20]). Rankings were revised itera-
tively until a consensus was reached. The panel determined 
that refractory status, cytogenetic profile, International Stag-
ing System (ISS) stage, extramedullary plasmacytomas, time 
to progression on last regimen, number of prior LOTs, years 
since MM diagnosis, and age represented the minimum set 
of variables that should be adjusted for in all analyses to 
ensure clinical validity. Hence, these variables comprised 
the “base case”. Remaining variables were ranked in order 
of importance (Table S1 in the Electronic Supplementary 
Material [ESM]).

2.4 � Outcomes

Overall response rate (ORR), complete response (CR) or 
better rate (≥ CR rate), PFS, time to next treatment (TTNT), 
and OS were assessed. Response and progression were 
evaluated by an independent review committee in CARTI-
TUDE-1 and by an investigator assessment in the physician’s 
choice cohort. Overall response rate was calculated as the 
proportion of patients who achieved a partial response or 
better according to International Myeloma Working Group 
(IMWG) criteria [21]. The ≥ CR rate was defined as the 
percentage of patients who achieved a CR or stringent CR 
according to IMWG criteria [21]. Progression-free survival 
was defined as the duration from the index date to the date of 
progression or death, whichever occurred first. For patients 
who had not progressed and were alive at the data cut-off, 
data were censored at the last disease evaluation before the 
start of any subsequent antimyeloma therapy or the retreat-
ment of cilta-cel (CARTITUDE-1) and at the last follow-up 
date (physician’s choice cohort). Time to next treatment was 
defined as the time from the index date to the initiation of 
the next LOT or death, whichever occurred first, with the 
last known date alive used in censoring. Overall survival 
was derived as the duration from the index date to the date 
of death. Patients who remained alive at the data cut-off 
or had an unknown vital status were censored at the last 
known date alive. Efficacy outcomes were evaluated monthly 
in CARTITUDE-1, every 12 weeks for post-trial treatments 
received in POLLUX and EQUULEUS (every 6 months as 
of May 2018), and every 16 weeks for post-trial treatments 
received in CASTOR.
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2.5 � Statistical Analysis

Inverse probability of treatment weighting (IPTW) was 
conducted to adjust for baseline differences between patient 
cohorts [13]. Propensity scores were calculated using a 
logistic regression model that predicted assignment in the 
CARTITUDE-1 cohort as a function of baseline covari-
ates. Average treatment effect in the treated weighting was 
used, wherein patients from CARTITUDE-1 were kept as 
observed (i.e., assigned a weight of one), whereas patients 
in the physician’s choice cohort were assigned a weight of p/
(1 − p), where p is the propensity score predicting inclusion 
in the CARTITUDE-1 cohort [13]. Consequently, patients 
in the physician’s choice cohort who had similar character-
istics to CARTITUDE-1 were given a larger weight, mak-
ing the physician’s choice cohort similar to CARTITUDE-1. 
The effective sample size (ESS) was calculated to reflect 
the impact of weighting on the available information in the 
individual patient-level data [22]. The ESS is equivalent to 
the number of non-weighted observations needed to produce 
an effect estimate with the same precision as the indirect 
treatment comparison, had they been treated in a head-to-
head trial [23].

For all outcomes, comparative efficacy was assessed for 
the unadjusted comparison (i.e., cilta-cel vs physician’s 
choice of treatment prior to IPTW) and for the adjusted 
comparison (i.e., with IPTW). For response outcomes (ORR 
and ≥CR rate), odds ratios and 95% confidence intervals 
(CIs) were estimated using logistic regression (with weights 
applied for the adjusted comparison). The corresponding 
relative risk (RR) of response and 95% CIs were derived 
from a Cox regression model with a constant in the time 
variable (with weights applied for the adjusted compari-
son) [24]. For time to event outcomes (PFS, TTNT, and 
OS), hazard ratios (HRs) and 95% CIs were derived from 
a Cox proportional hazards model (with weights applied 
for the adjusted comparison). Irrespective of outcome, in 
the adjusted comparisons, the models also adjusted for the 
selected covariates, producing doubly robust results [25]. 
The cluster-robust sandwich variance estimator was used to 
account for within-person clustering of observations arising 
from the inclusion of all eligible LOTs in the physician’s 
choice cohort. The proportional hazards assumption for time 
to event outcomes was confirmed by a visual inspection of 
the log-cumulative hazard plot.

For the physician’s choice cohort, variables with missing 
values (applicable to ISS stage only) were imputed using the 
most commonly reported category. Imputation was not nec-
essary for the CARTITUDE-1 data, as there were no missing 
values. Statistical analyses and graphical interpretation were 
conducted using R version 4.0.3 (R Foundation for Statisti-
cal Computing, Vienna, Austria).

2.6 � Sensitivity and Subgroup Analyses

Four separate sensitivity analyses and one subgroup analy-
sis were conducted to assess the impact of modifying the 
patient population, statistical methods, covariates, and out-
come definitions. For each analysis, one of these criteria was 
modified, while all other specifications remained consistent 
with those outlined in the preceding sections. A compre-
hensive overview of each analysis is provided in Table S2 
in the ESM.

For the first sensitivity analysis, the patient popula-
tion was expanded to all 113 enrolled patients in CARTI-
TUDE-1, including patients who underwent apheresis but 
withdrew prior to the cilta-cel infusion. To make the physi-
cian’s choice cohort comparable to the enrolled population 
of CARTITUDE-1, all events from the initiation of phy-
sician’s choice of treatment were included. In the second 
analysis, a multivariable regression model that included 
the base-case covariates was conducted without the use of 
weights. The third analysis adjusted for the following vari-
ables: hemoglobin level, prior stem cell transplant, Eastern 
Cooperative Oncology Group status, race, sex, and type 
of MM, in addition to the base-case variables. The fourth 
analysis used a modified definition of PFS in the physician’s 
choice cohort, defined as the time from the index date to 
disease progression, switch to subsequent treatment, or death 
due to any cause, whichever occurred first. Last, a subgroup 
analysis was conducted considering only patients from the 
treated population of CARTITUDE-1 and the physician’s 
choice cohort who were penta-refractory (to at least two 
IMiDs, two PIs, and an anti-CD38 MoAB).

2.7 � Research Ethics Statement

The CARTITUDE-1 trial protocol was reviewed and 
approved by an independent ethics committee/institutional 
review board at all participating sites. All patients participat-
ing in the trial provided written informed consent. Similarly, 
the protocols of the clinical trials of daratumumab (POL-
LUX [10], CASTOR [11], and EQUULEUS [12]) were 
approved by local or independent institutional review boards 
or ethics committees at participating sites and all patients 
provided written informed consent. The current analyses 
were conducted in accordance with a protocol and statisti-
cal analysis plan developed prior to the start of data analysis.

3 � Results

3.1 � Adjustment for Imbalances Between Cohorts

The main analysis consisted of the treated popula-
tion of CARTITUDE-1 (N = 97) and patients from the 
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daratumumab clinical trials who were eligible for inclusion 
in the physician’s choice cohort (N = 267). Patients in the 
physician’s choice cohort contributed a total of 378 unique 
observations, corresponding to all eligible LOTs (Fig. 1). 
After adjustment with IPTW, the ESS of all observations 
included in the physician’s choice cohort was 110.

Baseline characteristics before and after adjustment with 
IPTW are shown in Table 1. Before adjustment, the CAR-
TITUDE-1 population had a higher proportion of patients 
with ISS stage I, high-risk cytogenetics (at least one of 
del17p, t[4;14], or t[14;16]), progression within 4 months 
on their last treatment regimen, extramedullary plasmacy-
tomas, more than four prior LOTs, and a higher proportion 
of patients who were penta-refractory (to at least two IMiDs, 
two PIs, and an anti-CD38 MoAB) and younger than 65 
years of age. After adjustment, the overall balance in base-
line characteristics between populations was improved, with 
the mean SMD reduced from 0.33 to 0.16. A plot showing 
the SMDs before and after adjustment is provided in Fig. 
S1 in the ESM.

Patients in the physician’s choice cohort received 151 
unique treatment combinations after becoming triple-class 
exposed. Treatments received alone or in combination 
included IMiDs (pomalidomide, thalidomide, and lena-
lidomide), PIs (carfilzomib, bortezomib, and ixazomib), 
and MoABs (daratumumab, elotuzumab, and isatuximab). 

A full list of treatments is provided in Table 2. Patients in 
the physician’s choice cohort were predominantly from 
the European Union (70.0%), although patients were also 
included from North America (14.2%), Asia/Pacific (12.7%), 
and other regions (3.0%).

3.2 � Comparative Efficacy Results

Comparative efficacy results for response (ORR and ≥CR 
rate) and survival (PFS, TTNT, and OS) outcomes before 
and after adjustment are shown in Tables 3 and 4, respec-
tively. Results were statistically significant in favor of cilta-
cel after adjustment, with cilta-cel substantially out-perform-
ing physician’s choice of treatment. Patients treated with 
cilta-cel were 2.95-fold more likely to achieve an overall 
response and 111.70-fold more likely to achieve ≥CR than 
patients treated with physician’s choice of treatment (with 
≥CR rates of 80.4% observed in CARTITUDE-1 and 0.7% 
after adjustment in the physician’s choice cohort). Cilta-cel 
reduced the risk of disease progression or death by approxi-
mately 76%, the risk of initiating a subsequent treatment by 
approximately 86%, and the risk of death by approximately 
79%.

Kaplan–Meier plots for PFS, TTNT, and OS are provided 
in Fig. 2. Patients treated with cilta-cel had a median PFS 
of 22.8 months (95% CI 22.8, not reached); however, this 

Fig. 1   Flow chart of patient 
selection. aCARTITUDE-1 
inclusion criteria required at 
least three prior line of therapies 
(LOTs) or double refractoriness 
to an immunomodulatory drug 
and a proteasome inhibitor; 
however, all enrolled patients 
received at least three prior 
LOTs. bCARTITUDE-1 inclu-
sion criterion was creatinine 
clearance of  ≥40 mL/min/1.73 
m2; however, all enrolled 
patients had creatinine levels ≤ 
2 mg/dL. ECOG Eastern Coop-
erative Oncology Group, NOBS 
number of observations

Patients in the physician’s choice cohort  
(N = 1,278 patients) 

Patients who were triple-class exposed 
(N = 900 patients) 

Patients who received ≥ 1 treatment after triple 
class exposure 

(N = 470 patients) 

Patients with ≥ 3 prior LOTs, ECOG score < 2, 
creatinine ≤ 2 mg/dL, and who progressed on most 

recent LOT 
(N = 329 patients,  

corresponding to NOBS = 555 eligible LOTs) 

LOTs on which disease progression or death did 
not occur within 47 days after initiating the 

respective LOT 
(NOBS = 378 eligible LOTs,  

corresponding to N = 267 patients)

PHYSICIAN’S CHOICE COHORT 

Patients from CARTITUDE-1 who met the 
following criteria: 

• Triple-class exposure 
• Receipt of ≥ 3 prior LOTsa

• ECOG score < 2 
• Creatinine levels ≤ 2 mg/dLb

• Progression within 12 months of most 
recent LOT 

(N = 113 patients)

Patients who had received an infusion of cilta-cel 
(median of 47 days after apheresis)

(N = 97 patients)

CARTITUDE-1 COHORT

Patients who received apheresis 
(N = 113 patients)
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Table 1   Overview of baseline characteristics before and after adjustment with IPTW for the base case

ECOG Eastern Cooperative Oncology Group, ESS effective sample size, IMiD immunomodulatory drug, IPTW inverse probability of treatment 
weighting, ISS International Staging System, LDH lactate dehydrogenase, LOTs lines of therapy, MM multiple myeloma, MoAB monoclonal 
antibody, NOBS number of observations, NR not reported, PI proteasome inhibitor
*Variables used in adjustment with IPTW for the base case
a ESS was rounded to whole numbers
b Refractoriness was defined as from the case report form as progressive disease/relapsed per investigator assessment (physician’s choice cohort) 
and by International Myeloma Working Group consensus criteria (CARTITUDE-1) [6]
c Refractory to at least two IMiDs, two PIs, and an anti-CD38 MoAB
d Refractory to two IMiDs and one PI; or two PIs and one IMiD; or two IMiDs and two PIs
e ISS imputed for 56 observations in the physician’s choice cohort
f At least one of del17p, t(14;16), or t(4;14)
g Refers to soft-tissue mass that is not in contact with bone; does not include bone-based plasmacytomas[35]

Characteristic Categories Unadjusted Adjusted

CARTITUDE-1 Physician’s choice 
cohort

Physician’s 
choice cohort

N (%) NOBS (%) ESSa (%)

Total – 97 (100) 378 (100) 110 (100)
Refractory statusb * Pentac 41 (42.3) 69 (18.3) 47 (42.8)

Triple or quadd 44 (45.4) 292 (77.2) 50 (45.9)
Others 12 (12.4) 17 (4.5) 12 (11.3)

ISS stage* I 61 (62.9) 208 (55.0)e 68 (61.9)
II 22 (22.7) 128 (33.9)e 26 (23.6)
III 14 (14.4) 42 (11.1)e 16 (14.4)

Cytogenetic profile* High riskf 23 (23.7) 55 (14.6) 22 (19.7)
Standard risk 68 (70.1) 219 (57.9) 81 (73.7)
Unknown 6 (6.2) 104 (27.5) 7 (6.5)

Time to progression on last regimen* ≤ 4 months 48 (49.5) 128 (33.9) 62 (56.4)
> 4 months 49 (50.5) 250 (66.1) 48 (43.6)

Extramedullary plasmacytomag* No 84 (86.6) 358 (94.7) 89 (80.9)
Yes 13 (13.4) 20 (5.3) 21 (19.1)

Number of prior LOTs* ≤ 4 33 (34.0) 220 (58.2) 38 (34.6)
> 4 64 (66.0) 158 (41.8) 72 (65.4)

Years since MM diagnosis* < 6 45 (46.4) 160 (42.3) 56 (50.9)
≥ 6 52 (53.6) 218 (57.7) 54 (49.1)

Age* < 65 62 (63.9) 153 (40.5) 69 (62.3)
≥ 65 35 (36.1) 225 (59.5) 41 (37.7)

Hemoglobin (g/dL) < 12 90 (92.8) 212 (56.1) 52 (47.2)
≥ 12 7 (7.2) 166 (43.9) 58 (52.8)

LDH levels (units/L) < 280 85 (87.6) NR NR
≥ 280 12 (12.4) NR NR

Prior stem cell transplant No 10 (10.3) 88 (23.3) 18 (16.2)
Yes 87 (89.7) 290 (76.7) 92 (83.8)

ECOG status 0 39 (40.2) 166 (43.9) 52 (47.7)
1 58 (59.8) 212 (56.1) 58 (52.3)

Race White 69 (71.1) 299 (79.1) 92 (83.7)
Black/African American 17 (17.5) 19 (5.0) 6 (5.2)
Not reported/other 11 (11.3) 60 (15.9) 12 (11.1)

Sex Female 40 (41.2) 179 (47.4) 49 (44.9)
Male 57 (58.8) 199 (52.6) 61 (55.1)

Type of MM IgG 57 (58.8) 200 (52.9) 56 (50.9)
Light chain 24 (24.7) 80 (21.2) 29 (26.5)
Other 16 (16.5) 98 (25.9) 25 (22.7)
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was reached when few patients remained at risk and was 
expected to be underestimated. Still, this duration is more 
than four times as long as the median PFS in the adjusted 

physician’s choice cohort (5.6 months). Neither the median 
TTNT nor OS was reached for patients treated in CARTI-
TUDE-1. In contrast, the adjusted physician’s choice cohort 
displayed a median TTNT and OS of 4.8 months and 10.9 
months, respectively (Table 4).

The exploratory analysis that included only patients’ 
first eligible LOT received in the physician’s choice cohort 
demonstrated consistent results with those from the main 
analysis (Table 5; Fig. S2 in the ESM).

3.3 � Sensitivity and Subgroup Analyses

In the sensitivity analysis that included all enrolled patients 
of CARTITUDE-1, findings were consistent with the main 
analysis, with statistically significant treatment effects in 
favor of cilta-cel observed for ORR (RR: 3.17 [95% CI 
2.48, 4.06; p < 0.0001]), ≥CR rate (RR: 76.05 [95% CI 
31.42, 184.07; p < 0.0001]), PFS (HR: 0.27 [95% CI 0.18, 
0.39; p < 0.0001]), TTNT (HR: 0.16 [95% CI 0.11, 0.23; 
p < 0.0001]), and OS (HR: 0.26 [95% CI 0.17, 0.40; p < 
0.0001]) (Table 5). Findings from all other sensitivity analy-
ses were also aligned with the main analysis, consistently 
showing a statistically significant benefit for cilta-cel over 
physician’s choice of treatment. Similarly, in the subgroup 
analysis that considered penta-refractory patients, results 
were consistent with those from the main analysis (Tables 
S3–S4 and Fig. S3 in the ESM); however, the adjusted phy-
sician’s choice subgroup had a low ESS of 28, limiting the 
validity of the adjusted indirect comparisons.

4 � Discussion

As patients with RRMM advance through IMiDs, PIs, and 
anti-CD38 MoABs, it becomes difficult to select an appro-
priate next treatment regimen. There is no clear standard 

Table 2   Physician’s choice of treatment received across all eligible 
lines of therapy in the physician’s choice cohort

a For each treatment, the  number and percent  represent  the patients 
who received that treatment as a single-agent therapy or in combina-
tion with any of the other treatments listed in the subsequent rows
b Received alone or in combination; therefore, the total adds to 
more than 100% as treatments from the same line of therapy can be 
counted more than once
c Any one received alone or in combination with either one of the 
three or other drugs
d “Others” were received in combination and included bendamustine 
hydrochloride, peginterferon alfa-2a, corticosteroids, cisplatin, cyta-
rabine, etoposide, cobimetinib, venetoclax, doxorubicin, and investi-
gational agents

Treatment Hierarchya Received in any 
eligible line of 
therapyb

N = 378 % N = 378 %

Carfilzomib 66 17.5 66 17.5
Pomalidomide 89 23.5 98 25.9
Daratumumab 13 3.4 29 7.7
Ixazomib 17 4.5 21 5.6
Elotuzumab 4 1.1 4 1.1
Bortezomib 63 16.7 67 17.7
Lenalidomide 36 9.5 68 18.0
Panobinostat 0 0.0 15 4.0
Selinexor 3 0.8 6 1.6
Isatuximab 2 0.5 2 0.5
Thalidomide, or melphalan, 

or cyclophosphamidec
51 13.5 128 33.9

Dexamethasone 6 1.6 289 76.5
Othersd 28 7.4 99 26.2

Table 3   Rates and comparative efficacy of response outcomes for cilta-cel vs physician’s choice of treatment

CI confidence interval, ≥ CR complete response or better, OR odds ratio, ORR overall response rate, RR relative risk
a Adjusted for refractory status, International Staging System stage, cytogenetic profile, time to progression on last regimen, extramedullary plas-
macytoma, number of prior lines of therapy, years since multiple myeloma diagnosis, and age
b ORs and RRs >1 indicate a favorable treatment effect for cilta-cel

CARTITUDE-1 Physician’s choice cohort Unadjusted comparison Adjusted comparisona

Observed response 
(%)

Observed 
response 
(%)

Adjusteda 
response 
(%)

ORb (95% CI),
p-value

RRb (95% CI), 
p-value

ORb (95% CI),
p-value

RRb (95% CI), 
p-value

ORR 97.9 37.8 33.6 78.06 (24.20, 
478.16), < 0.0001

2.59 (2.26, 2.96), 
< 0.0001

133.01 (35.71, 
887.29), < 0.0001

2.95 (2.27, 3.84), 
< 0.0001

≥CR rate 80.4 1.6 0.7 254.53 (105.87, 
724.78), < 0.0001

50.66 (22.69, 
113.09), < 0.0001

754.27 (114.19, 
35258.00), < 0.0001

111.70 (29.08, 
429.06), < 0.0001
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Table 4   Estimated medians and comparative efficacy of survival outcomes for cilta-cel vs physician’s choice of treatment

CI confidence interval, HR hazard ratio, NR not reached, OS overall survival, PFS progression-free survival, TTNT time to next treatment
a HR <1 indicates a favorable treatment effect for cilta-cel
b Adjusted for refractory status, International Staging System stage, cytogenetic profile, time to progression on last regimen, extramedullary plas-
macytoma, number of prior lines of therapy, years since multiple myeloma diagnosis, and age
c Median should be interpreted with caution, as reached when few patients were still at risk and may be an underestimate

Median, months (95% CI) HRa (95% CI), p-value
for cilta-cel vs physician’s choice of treatment

CARTITUDE-1 Physician’s choice cohort

Unadjusted Unadjusted Adjustedb Unadjusted Adjustedb

PFS 22.8 (22.8, NR)c 8.1 (6.1, 9.5) 5.6 (2.8, 9.5) 0.28 (0.20, 0.41), < 0.0001 0.24 (0.15, 0.37), < 0.0001
TTNT NR (NR, NR) 6.2 (5.0, 7.2) 4.8 (3.1, 6.7) 0.17 (0.12, 0.25), < 0.0001 0.14 (0.09, 0.22), < 0.0001
OS NR (23.6, NR) 16.2 (13.1, 19.5) 10.9 (8.2, 17.3) 0.29 (0.19, 0.47), < 0.0001 0.21 (0.13, 0.35), < 0.0001

Fig. 2   Kaplan–Meier estimated A progression-free survival, B 
time to next treatment, and C overall survival for CARTITUDE-1 
(observed) and the physician’s choice cohort (observed and adjusted). 
Note: Number at risk for the adjusted physician’s choice cohort repre-
sents the sum of the propensity score weights, not the effective sam-
ple size. Adjusted results correspond to the base-case scenario that 

adjusted for refractory status, cytogenetic profile, International Stag-
ing System stage, extramedullary plasmacytoma, time to progression 
on last regimen, number of prior lines of therapy, years since multiple 
myeloma diagnosis, and age. The adjusted curves reflect inverse prob-
ability of treatment weighting with average treatment effect in the 
treated weights (not doubly robust). Phys physician’s
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of care for patients with triple-class exposed RRMM, with 
at least 378 different treatment regimens comprising 48 
different compounds currently being used to treat patients 
with this indication [3]. Given the vastness of the treatment 
landscape, emerging treatments such as cilta-cel, which has 
shown promise but has not been directly compared with cur-
rently available treatments, can further complicate the deci-
sions faced by patients, clinicians, and payers. To address 
this knowledge gap, the present study conducted indirect 
treatment comparisons to estimate the comparative efficacy 
of cilta-cel vs physician’s choice of treatment.

Indirect treatment comparison methods have been previ-
ously used to compare treatments for hematological malig-
nancies, with recent publications related to RRMM, acute 
myeloid leukemia, and B-cell lymphoma [26–28]. The cur-
rent analysis contributed to this growing body of evidence, 
but this time assessing the comparative efficacy of a novel 
BCMA-targeted CAR-T therapy in the setting of triple-class 
exposed RRMM. Cilta-cel demonstrated a statistically sig-
nificant improvement over physician’s choice of treatment 
for all outcomes of interest, with a large magnitude of effect 
observed in each instance. Additionally, main findings were 
consistent with those from sensitivity analyses conducted to 

Table 5   Comparative efficacy for ORR, ≥CR rate, PFS, TTNT, and OS across additional analyses

CI confidence interval, ≥CR complete response or better, ESS effective sample size, HR hazard ratio, LOT line of therapy, NA not applicable, 
NOBS number of observations, OR odds ratio, ORR overall response rate, OS overall survival, PFS progression-free survival, RR relative risk, 
TTNT time to next treatment
The main analysis included the following specifications: treated population of CARTITUDE-1, inverse probability of treatment weighting, all 
eligible LOTs for patients in the physician’s choice cohort, and adjustment for base-case variables (refractory status, cytogenetic profile, Inter-
national Staging System stage, time to progression on last regimen, extramedullary plasmacytoma, number of prior lines of therapy, years since 
multiple myeloma diagnosis, and age). For each additional analysis, one of these specifications was modified, as outlined in Table S2 in the ESM
a ORs and RRs >1 indicate a favorable treatment effect for cilta-cel
b HR <1 indicates a favorable treatment effect for cilta-cel

Main analysis Exploratory 
analysis

Sensitivity analyses

First eligible 
LOT only for 
patients in the 
physician’s 
choice cohort

1. Enrolled 
population of 
CARTITUDE-1

2. Multivariable 
regression

3. Adjustment for 
all variables

4. Modified PFS 
definition (physi-
cian’s choice 
cohort only)

CARTITUDE-1 N 97 97 113 97 97 97
Physician’s 

choice cohort
NOBS (ESS) 378 (110) 267 (60) 555 (203) 378 378 (48) 378 (110)

ORR ORa (95% CI) 133.01 (35.71, 
887.29)

107.60 (28.90, 
721.58)

23.91 (11.29, 
55.71)

104.96 (30.87, 
659.94)

294.57 (67.96, 
2262.46)

NA

P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 NA
RRa (95% CI) 2.95 (2.27, 

3.84)
2.61 (1.97, 3.46) 3.17 (2.48, 4.06) 2.78 (2.35, 3.28) 3.89 (2.89, 5.23) NA

P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 NA
≥ CR rate ORa (95% CI) 754.27 (114.19, 

35258.00)
592.01 (102.71, 

14933.36)
476.98 (91.48, 

8371.22)
385.04 (127.87, 

1485.01)
7990.47 (353.07, 

154347657.71)
NA

P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0001 NA
RRa (95% CI) 111.70 (29.08, 

429.06)
88.68 (24.62, 

319.49)
76.05 (31.42, 

184.07)
52.08 (24.46, 

110.87)
339.92 (107.58, 

1074.04)
NA

P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 NA
PFS HRb (95% CI) 0.24 (0.15, 

0.37)
0.26 (0.16, 0.43) 0.27 (0.18, 0.39) 0.22 (0.14, 0.33) 0.26 (0.16, 0.43) 0.18 (0.12, 0.27)

P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
TTNT HRb (95% CI) 0.14 (0.09, 

0.22)
0.15 (0.09, 0.25) 0.16 (0.11, 0.23) 0.13 (0.09, 0.20) 0.13 (0.08, 0.21) NA

p-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 NA
OS HRb (95% CI) 0.21 (0.13, 

0.35)
0.24 (0.14, 0.41) 0.26 (0.17, 0.40) 0.21 (0.13, 0.34) 0.15 (0.08, 0.29) NA

P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 NA
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assess the effect of varying the population, statistical meth-
ods, covariates, and outcome definitions used. Last, although 
the main analysis was unable to account for the sequence 
in which treatments were received by patients in the physi-
cian’s choice cohort, consistent results were obtained in the 
exploratory analysis that considered only the first eligible 
LOT received by patients in the physician’s choice cohort, 
providing confidence in the main findings.

The beneficial treatment effect demonstrated by cilta-cel 
in both CARTITUDE-1 and the present comparative analysis 
is an important finding, and compares favorably with recent 
reports of the outcomes of newer agents in patients with tri-
ple-class exposed disease. Two such agents are belantamab 
mafodotin, an anti-BCMA antibody-drug conjugate, and 
selinexor, a selective inhibitor of nuclear export, which were 
assessed in DREAMM-2 and STORM, respectively [29–31]. 
In both studies, less than 35% of patients achieved an overall 
response and median PFS did not exceed 5 months [29–31]. 
A third novel agent, idecabtagene vicleucel, an anti-BCMA 
CAR-T therapy, has shown more promise, with an ORR of 
73% and median PFS of 8.8 months [32]. In contrast, cilta-
cel demonstrated an ORR of 97.9% and a median PFS of 
22.8 months (which may be underestimated as it was reached 
when few patients remained at risk) in CARTITUDE-1 [7].

The choice of external comparator for CARTITUDE-1 
offered several strengths. The use of long-term follow-up 
data from several clinical trials provided a breadth of infor-
mation on baseline patient characteristics and efficacy out-
comes, including both response and disease progression, 
which are not available in some real-world datasets [33]. 
Moreover, the external comparator was restricted to patients 
from the daratumumab long-term follow-up clinical trials 
who satisfied key eligibility criteria of CARTITUDE-1, 
ensuring similarities between the cohorts. However, not 
all eligibility criteria for CARTITUDE-1 (i.e., blood count 
parameters and the level of measurable disease) were avail-
able in the daratumumab long-term clinical trials, which is 
acknowledged as a limitation of this analysis. Nonetheless, 
all key criteria that were available were applied, producing 
the most similar cohorts possible. Next, the daratumumab 
clinical trials represented a predominantly European popu-
lation, whereas most available data on currently used treat-
ments for patients with triple-class exposed RRMM are 
in the US setting [4, 5]. Last, the response rates observed 
in the physician’s choice cohort (ORR: 37.8%; ≥CR rate 
1.6%) were consistent with those reported in the prospective 
LocoMMotion study (ORR: 20.1%; ≥CR rate: 0.5%) and the 
retrospective MAMMOTH study (ORR: 31.3%; ≥CR rate: 
2.0%) [4, 34], two key real-world studies in patients with 
triple-class exposed RRMM.

As in any non-randomized trial, the potential for residual 
confounding must be acknowledged. However, an evidence-
informed process was used to select the most important 

clinical factors that should be aligned between the two popu-
lations. Of the 15 factors identified a priori as important for 
population alignment, all factors aside from lactate dehy-
drogenase were available from both populations. Notably, 
lactate dehydrogenase was not among the eight top ranked 
factors, and therefore its unavailability did not impact the 
base-case analysis. Another potential limitation was that the 
method of PFS assessment differed between CARTITUDE-1 
(independent review committee) and the physician’s choice 
cohort (physician assessment). Consequently, the frequency 
of testing differed, and it is possible that progression events 
identified in the physician’s choice cohort may not have sat-
isfied IMWG criteria. However, the median PFS in the phy-
sician’s choice cohort (8.1 months) was slightly longer than 
that reported for a similar patient population in the retro-
spective real-world MAMMOTH study (3.4 months), which 
used IMWG criteria [4]. Furthermore, a sensitivity analysis 
was conducted using a modified definition of PFS, which 
considered the earliest of disease progression or start of next 
treatment as an event. The start of a new treatment may have 
been more reliably recorded by the physician than progres-
sion, and patients at this late stage in their treatment journey 
are unlikely to initiate a new LOT for reasons other than 
disease progression. Findings from the sensitivity analysis 
were aligned with the main results, although the HR was 
slightly more in favor of cilta-cel.

Future analyses using real-world evidence can be used to 
validate the findings from the current study. Furthermore, 
whereas the unavailability of safety information for subse-
quent treatments received by patients in POLLUX, CAS-
TOR, and EQUULEUS precluded an investigation of safety 
in the present study, real-world evidence can provide insight 
into the safety profile of cilta-cel vs physician’s choice of 
treatment. Last, even though cilta-cel demonstrated supe-
rior efficacy to physician’s choice of conventional treatments 
in this study period, similar to other CAR-Ts, cilta-cel can 
only be delivered in certified specialized treatment centers. 
Hence, real-world studies are needed to better understand 
referral patterns related to CAR-T therapies.

5 � Conclusions

Comparative efficacy of cilta-cel vs physician’s choice 
of conventional treatment received by a similar cohort 
of patients from three global clinical trials was assessed. 
Cilta-cel displayed a clinically and statistically significant 
improvement for all outcomes (ORR, ≥CR rate, PFS, TTNT, 
and OS), with similar results obtained across numerous sen-
sitivity analyses. These findings suggest that cilta-cel may 
represent an important new treatment option for patients 
with triple-class exposed RRMM.
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