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Abstract

Introduction: Ciltacabtagene autoleucel (cilta-cel) is a novel chimeric antigen recep-

tor T-cell therapy that is being evaluated in the CARTITUDE-1 trial (NCT03548207) in

patients with relapsed or refractory multiple myeloma (RRMM) who received as part

of their previous therapy an immunomodulatory drug, proteasome inhibitor, and an

anti-CD38monoclonal antibody (i.e., triple-class exposed). Given the absence of a con-

trol arm in CARTITUDE-1, this study assessed the comparative effectiveness of cilta-

cel and physician’s choice of treatment (PCT) using an external real-world control arm

from the Flatiron Healthmultiple myeloma cohort registry.
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Methods: Given the availability of individual patient data for cilta-cel from

CARTITUDE-1 and PCT in Flatiron, inverse probability of treatment weighting

was used to adjust for unbalanced baseline covariates of prognostic significance:

refractory status, cytogenetic profile, International Staging System stage, time to

progression on last regimen, number of prior lines of therapy, years since diagnosis,

and age. Comparative effectiveness was estimated for progression-free survival (PFS),

time to next treatment (TTNT), and overall survival (OS). A range of sensitivity analyses

were conducted.

Results: Baseline characteristics were similar between the two cohorts after propen-

sity score weighting. Patients with cilta-cel had improved PFS (HR: 0.18 [95% CI: 0.12,

0.27; p < 0.0001]), TTNT (HR: 0.15 [95% CI: 0.09, 0.22; p < 0.0001]), and OS (HR: 0.25

[95% CI: 0.13, 0.46; p < 0.0001]) versus PCT. Cilta-cel treatment benefit was robust

and consistent across all sensitivity analyses.

Conclusion: Cilta-cel demonstrated significantly superior effectiveness over PCT for

all outcomes, highlighting its potential as an effective therapy in patients with triple-

class exposed RRMM.
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1 INTRODUCTION

Multiple myeloma (MM) is an incurable disease with a high rate

of relapse [1]. Treatment often involves sequential lines of therapy

(LOTs) with three commonly used classes of agents: immunomodula-

tory agents (IMiDs), proteasome inhibitors (PIs), and monoclonal anti-

bodies (MoABs) [2,3]. Most patients ultimately become refractory to

the major classes of MM therapy, leaving few treatment options and

a limited survival. Currently, there is no standard of care for patients

with relapsed or refractory multiple myeloma (RRMM) who are triple-

class exposed (to IMiDs, PIs, and anti-CD38MoABs), with previous evi-

dence showing that this population is treated with at least 336 dif-

ferent regimens that comprise 40 different compounds[4], frequently

consisting of continuous triplet therapies [5]. Despite this heavy treat-

ment burden, outcomes for these patients remain poor, with median

progression-free survival (PFS) ranging from three to six months and

median overall survival (OS) less than 12months [2, 6].

Ciltacabtagene autoleucel (cilta-cel; JNJ-68284528) is a novel

chimeric antigen receptor T-cell (CAR-T) therapy with two B-cell

maturation antigen (BCMA)-targeting single-domain antibodies cur-

rently under evaluation for the treatment of patients with triple-class

exposed RRMM in the CARTITUDE-1 clinical trial (NCT03548207) [7].

Results indicate substantial activity and duration of response, which

appear to bemore favorable than currently available treatments [7, 8].

However, given theheterogeneity in currently used treatments and the

observed poor outcomes in triple class exposed patients, no random-

ized clinical trials have compared cilta-cel with any of these treatments

directly.

Due to the absence of a control arm in CARTITUDE-1, there is

a need for indirect evidence on the relative effectiveness of cilta-

cel versus treatments used in current clinical practice. Indirect treat-

ment comparisons (ITCs) are possible using real-world (RW) data from

patients in the MM cohort registry of the Flatiron Health (FH) lon-

gitudinal database. ITC methods can align these patients with the

CARTITUDE-1 population, creating an external, RW control arm. This

enables a hypothetical head-to-head trial comprising both datasets, in

which the observed CARTITUDE-1 cohort would represent patients

randomized to cilta-cel, and the RW cohort would represent patients

whowould have been randomized to physician’s choice of treatment.

In this study, ITCs were conducted to retrospectively evaluate the

comparative effectiveness of cilta-cel from CARTITUDE-1 and physi-

cian’s choice of treatment from a RW dataset in patients with triple-

class exposed RRMM.

2 METHODS

2.1 Data sources

2.1.1 CARTITUDE-1

CARTITUDE-1 is an open-label, single-arm, Phase Ib/II trial eval-

uating the safety and efficacy of cilta-cel in adult patients with

triple-class exposed RRMM. Patients in the United States (US) cohort

of CARTITUDE-1 were recruited between July 2018 and October

2019 at multiple centres. Upon enrolment, all patients underwent
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leukapheresis to provide T-cells to generate the cilta-cel treatment.

A comprehensive overview of the CARTITUDE-1 study has been pre-

viously published [7]. The present analysis was based on an updated

data cut-off of February 2021, representing a median follow-up of 18

months [8].

2.1.2 Flatiron Health database

FH’s longitudinal database consists of deidentified patient-level elec-

tronic health records from US community-based oncology clinics and

academic centers. The database includes a MM cohort registry of

approximately 10,000 patients from over 280 clinics, representing

mainly community-based oncology practices [9]. Patients in this cohort

were newly diagnosed with MM (ICD-9 203.0x or ICD-10 C90.0x,

C90) and had at least two documented clinical visits on or after Jan-

uary 1, 2011 [9]. The FH MM cohort registry uses abstraction tech-

nology to collect both structured and unstructured data, which pro-

vide detailed information ondemographic characteristics, clinical char-

acteristics such as International Staging System (ISS) stage, treatment

histories, and progression data. Patients included in the present anal-

ysis initiated eligible LOTs between February 2016 and December

2019 and were followed until February 2021 to match the follow-up

in CARTITUDE-1, corresponding to a median follow-up period of 21.9

months.

2.2 Study population and design

This study used individual patient-level data from the CARTITUDE-1

clinical trial and deidentified, RW data from the FH MM cohort reg-

istry. The treated population of CARTITUDE-1, which consisted of all

patientswhowere infusedwith cilta-cel (occurring amedian of 47 days

after apheresis), was used in the main analysis. To create an external

control arm for CARTITUDE-1 (referred to as the RWcohort), patients

from the FH MM cohort registry were included in the present analy-

sis if they satisfied key eligibility criteria for CARTITUDE-1 (i.e., triple-

class exposed, at least three prior LOTs,1 Eastern Cooperative Oncol-

ogy Group [ECOG] 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 RWcohortmust also have received at least

one subsequent treatment after triple class exposure. The RW cohort

was adjusted to align with the baseline characteristics of CARTITUDE-

1 using average treatment effect in the treated (ATT) weights derived

from propensity scores. This emulated a hypothetical head-to-head

trial comprising both datasets, wherein the observed CARTITUDE-

1 cohort represented patients randomized to cilta-cel, and the RW

cohort represented patients randomized to physician’s choice of treat-

ment.

1 CARTITUDE-1 inclusion criteria required at least three prior LOTs or double refractoriness

to an IMiD and a PI; however, all enrolled patients received at least three prior LOTs.
2 CARTITUDE-1 inclusion criterion was creatinine clearance of ≥40 mL/min/1.73 m2; how-

ever, all enrolled patients had creatine levels≤ 2mg/dL.

Given that the FH MM cohort registry is a retrospective database,

it was possible to include patients in the current analysis at the earliest

LOT initiated after all key eligibility criteria ofCARTITUDE-1weremet.

In contrast, patients in CARTITUDE-1 may have received additional

LOTs between the time at which they first met all eligibility criteria and

the time at which they were enrolled into CARTITUDE-1. To account

for this difference, patients in the RW cohort who received multiple

subsequent therapies aftermeeting eligibility criteria contributedmul-

tiple observations (corresponding to all eligible LOTs) to the current

analysis, provided they met eligibility criteria at the beginning of each

LOT. The use of all eligible LOTs is supported by previous literature,

which found that this approach provides the most statistical efficiency

compared to including only the first or last eligible LOT [10, 11]. An

exploratory analysis using only the first eligible LOT for patients in the

RW cohort was conducted to assess potential differences in results

from the two approaches.

To ensure comparability between study cohorts, it was necessary

to account for the median of 47 days between apheresis and cilta-cel

infusion in CARTITUDE-1, thereby avoiding survivorship bias in favor

of cilta-cel [10]. To do so, treatment lines were excluded from the RW

cohort if disease progression or death occurred within 47 days of initi-

ating the respective LOT. The index dates were defined as the date of

cilta-cel infusion for treated patients in CARTITUDE-1 and as 47 days

after initiating the relevant treatment for each observation in the RW

cohort.

2.3 Baseline characteristics for population
alignment

Differences between nonrandomized cohorts in baseline characteris-

tics that are prognostic of outcomes may bias comparative effective-

ness estimates if left unadjusted [12]. In this study, prognostic factors

for adjustmentwere chosen using a clinician-driven process. First, a list

of potential factors was identified a priori by consulting studies from

a literature review conducted to identify clinical outcomes in triple-

class exposed RRMM patients. This list was presented to a panel of

clinical experts and modified according to their input. The panel was

then asked to rank each variable in order of importance for adjust-

ment. To aid in this process, clinicians were provided with univariate

regression results showing the prognostic strength of each variable in

terms of PFS and OS in CARTITUDE-1. Clinicians were also provided

with the standardized mean difference (SMD) for each factor between

CARTITUDE-1 and the RW cohort (an SMD ≤ 0.1 was considered a

small difference, an SMD > 0.1 and ≤ 0.2 a moderate difference, and

an SMD > 0.2 a substantial difference [13]). Clinician rankings were

revised iteratively until consensuswas achieved. The panel determined

that refractory status, cytogenetic profile, ISS stage, time to progres-

sion on last regimen, number of prior LOTs, years since MM diagno-

sis, and age were the minimal set of covariates that should be adjusted

for to ensure clinical validity of the analyses. Hence, these variables

were adjusted for in the base case analysis. Total plasmacytoma was

also among the most important factors but was not available from the
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FH database and therefore was not included. The remaining identified

variables where rank-ordered frommost to least important (Table S1).

2.4 Outcomes

Outcomesof interestwerePFS, time tonext treatment (TTNT), andOS.

In CARTITUDE-1, PFS was calculated as the time from the index date

to disease progression or death, whichever occurred first. For patients

who had not progressed and were alive at data cut-off, data was cen-

sored at the last disease evaluation before the start of any subsequent

antimyeloma therapy or the retreatment of cilta-cel. Conversely, as

progression data may be less strictly monitored and hence more likely

to be missing in RW data than in clinical trials, PFS was defined in the

RW cohort as the time from the index date to the date of progression,

death, or start of next treatment, whichever occurred first, with the

date of last follow-up used in censoring. TTNT was defined as the time

fromthe indexdate to the initiationof thenext LOTordeath,whichever

occurred first. Patients who were still alive and had not initiated a new

LOT at the data cut-off were censored at the last date known to be

alive. OS was defined as the time from the index date to the date of

the patient’s death. If the patient was still alive or their vital status

was unknown, data were censored at the last date known to be alive

(CARTITUDE-1) or the last follow-up date (maximum of last treatment

end date or last visit date) (RW cohort). The middle of the month was

used as the date of death in the RW cohort because only month and

year of death were available in the FH database. Mortality data in the

FH database is derived by amalgamatingmultiple data sources and has

been validated against the National Death Index [14].

2.5 Statistical methods

Inverse probability of treatment weighting (IPTW) was used to bal-

ance baseline characteristics between patient populations [15]. First,

propensity scores were calculated using a logistic regression model

that predicted assignment in the CARTITUDE-1 cohort as a function

of baseline covariates. ATT weighting was applied, with patients in the

CARTITUDE-1 cohort kept as observed (i.e., assigned a weight of one)

and patients in the RW cohort receiving a weight of p/(1–p), where p is

the propensity score predicting inclusion in the CARTITUDE-1 cohort

[15]. Patients in the RW cohort with similar characteristics to that

of the observed CARTITUDE-1 population received larger weights,

thereby balancing the two cohorts. The effective sample size (ESS) was

calculated to reflect the impact of weighting on the available informa-

tion in the individual patient-level data [16].

Estimates of comparative effectiveness were derived for both the

unadjusted comparison (i.e., cilta-cel versus physician’s choice of treat-

ment prior to IPTW), and the adjusted comparison (i.e., with IPTW). A

Cox proportional hazardsmodel (with weights applied for the adjusted

comparison) was used to estimate the hazard ratio (HR) and its respec-

tive 95% confidence interval (CI) or PFS, TTNT, and OS. The selected

covariates were additionally adjusted for in the model for doubly

robust results [17]. The cluster-robust sandwich variance–covariance

estimator was used to account for within-person clustering of obser-

vations, as all eligible treatment lines for the RW cohort were included

in the main analysis. The validity of the proportional hazards assump-

tionwas assessed based on visual inspection of the log-cumulative haz-

ard plot, visual inspection of the Schoenfeld residuals plot, and the

Grambsch–Therneau test [18],with a p-value less than0.05 considered

to indicate a violation of the assumption.

For the RW cohort, variables with missing values (ISS stage,

hemoglobin, lactate dehydrogenase, and ECOG score) were imputed

using the closest reported value prior to the index date. If no value was

reported, multiple imputation with chained equations was used. Impu-

tation for theCARTITUDE-1datawas not required since it did not have

missing values. All statistical analyses and graphical interpretation of

the results were carried out with SAS 9.4 (SAS Institute, Cary, North

Carolina) and R version 4.0.3 (R Foundation for Statistical Computing,

Vienna, Austria).

2.5.1 Sensitivity analyses

Five distinct sensitivity analyseswere conducted to assess the effect of

varying the patient populations, statistical methods, handling of miss-

ing data, variables, and inclusion criteria. In each sensitivity analysis,

only one analytic specification was modified, with all other specifica-

tions aligningwith thosepreviously outlined for themain analysis in the

Methods. A comprehensive summary of the analytic specifications for

each sensitivity analysis is reported in Table S2.

The first sensitivity analysis included all enrolled patients who

underwent apheresis in CARTITUDE-1, including thosewho discontin-

ued prior to receiving treatment. This analysis also waived the require-

ment of no disease progression or deathwithin 47 days of initiating the

relevant LOT in the RWcohort. The second analysis usedmultivariable

regression that adjusted for base case covariates in the model in place

of IPTW. The third analysis excluded the observations from the RW

cohort with incomplete information for the base case variables (only

ISS contained missing values). The fourth analysis adjusted for the fol-

lowing variables: hemoglobin level, lactate dehydrogenase level, prior

stem cell transplant, ECOG status, race, sex, and type of MM, in addi-

tion to the base case variables. The fifth analysis applied additional

inclusion criteria to the RW cohort to align with the adequate organ

function that is a general requirement for patients enrolled in clinical

trials. In this analysis, theRWcohortwas restricted topatientswhohad

hemoglobin values of at least 8 g/dL and platelet counts of at least 50×

109 per liter.

3 RESULTS

3.1 Adjustment for imbalances between cohorts

The main analysis comprised two patient cohorts: the treated popu-

lation in CARTITUDE-1 (N = 97) and 196 patients from the FH MM
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Patients in the Flatiron MM cohort registry 

(N = 10,011 patients)

Patients who were triple-class exposed

(N = 1,098 patients)

Patients who received  1 treatment after 

triple-class exposure

(N = 500 patients)

Patients with  3 prior LOTs, ECOG score < 2, 

creatinine  2 mg/dL, and who had progressed 

within 12 months of most recent LOT

(N = 229 patients, 

corresponding to NOBS= 482 eligible LOTs)

LOTs on which disease progression or death did 

not occur within 47 days after initiating the 

respective LOT

(NOBS = 336 eligible LOTs,

 corresponding to N= 196 patients)

 RW COHORT

Patients from CARTITUDE-1 who met the 

following criteria:

• Triple-class exposure

• Receipt of  3 prior LOTs
1

• ECOG score < 2

• Creatinine levels  2 mg/dL
2

• 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)

F IGURE 1 Flow chart of patient selection [1]. CARTITUDE-1 inclusion criteria required at least three prior LOTs or double refractoriness to an
immunomodulatory drug and a proteasome inhibitor; however, all enrolled patients received at least three prior LOTs [2]. CARTITUDE-1 inclusion
criterion was creatinine clearance of≥40mL/min/1.73m2; however, all enrolled patients had creatine levels≤ 2mg/dL. Abbreviations: ECOG,
Eastern Cooperative Oncology Group; LOT, line of therapy;MM,multiple myeloma;NOBS, number of observations; RW, real world

cohort registry (i.e., the RW cohort). Patients in the RW cohort con-

tributed a total of 336 observations across all eligible LOTs (Figure 1).

Baseline characteristics before and after adjustment with IPTW for

the base case variables are given in Table 1. Prior to adjustment, sub-

stantial differences (SMD > 0.2) between the cohorts were observed

for all available base case variables, with the CARTITUDE-1 popula-

tion having a greater 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 most recent LOT, four or fewer prior LOTs,

and patients younger than 65 years of age. In contrast, compared to

CARTITUDE-1, the RW cohort had a greater proportion of patients

who were penta-refractory (to at least two IMiDs, at least two PIs, and

an anti-CD38MoAB) or who had been diagnosed with MM less than 6

years prior. After adjustment, alignment between the two populations

was improved, with the mean SMD reduced from 0.32 to 0.10. A sum-

mary of SMDs for each variable before and after adjustment is shown

in Figure S1.

Physician’s choice of treatment received in all eligible LOTs con-

sisted of 51 different regimens. Treatments received either alone or as

part of combination therapies included IMiDs (pomalidomide, lenalido-

mide, and thalidomide), PIs (carfilzomib, ixazomib, and bortezomib),

and MoABs (daratumumab and elotuzumab). See Table 2 for more

details on the treatments that comprised physician’s choice.

3.2 Comparative effectiveness results

Comparative effectiveness estimates for cilta-cel versus physician’s

choice of treatment in both the unadjusted and adjusted analyses for

PFS, TTNT, and OS are shown in Table 3. Prior to adjustment, the HR
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TABLE 1 Overview of baseline characteristics before and after adjustment with IPTW for the base case

Unadjusted Adjusted

Variable Categories

CARTITUDE-1,

N (%)

97 (100%)

RWcohort,

NOBS (%)

336 (100%)

RWcohort,

ESSa (%)

80 (100%)

Variables used in adjustment with IPTW for the base case

Refractory statusb Penta refractoryc

Triple or quad refractoryd

Others

41 (42.3)

44 (45.4)

12 (12.4)

177 (52.7)

130 (38.7)

29 (8.6)

37 (46.3)

36 (45.5)

7 (8.2)

ISS stage I

II

III

61 (62.9)

22 (22.7)

14 (14.4)

120 (35.7)e

106 (31.5)e

110 (32.7)e

53 (66.7)

16 (20.6)

10 (12.7)

Cytogenetic profile High riskf

Standard risk

Unknown

23 (23.7)

68 (70.1)

6 (6.2)

62 (18.5)

181 (53.9)

93 (27.7)

17 (21.8)

58 (72.1)

5 (6.1)

Time to progression on last regimen ≤4months

>4months

48 (49.5)

49 (50.5)

101 (30.1)

235 (69.9)

40 (50.5)

40 (49.5)

Presence of total plasmacytomag No

Yes

78 (80.0)

19 (20.0)

NR

NR

NR

NR

Number of prior LOTs ≤4

>4

33 (34.0)

64 (66.0)

65 (19.3)

271 (80.7)

24 (29.8)

56 (70.2)

Years sinceMMdiagnosis <6

≥6

45 (46.4)

52 (53.6)

259 (77.1)

77 (22.9)

38 (47.6)

42 (52.4)

Age <65

≥65

62 (63.9)

35 (36.1)

129 (38.4)

207 (61.6)

51 (63.2)

29 (36.8)

Variables not used in adjustment with IPTW for the base case

Hemoglobin (g/dL) <12

≥12

90 (92.8)

7 (7.2)

249 (74.1)h

87 (25.9)h
59 (74.1)

21 (25.9)

LDH levels (units/L) <280

≥280

85 (87.6)

12 (12.4)

284 (84.5)i

52 (15.5)i
67 (83.4)

13 (16.6)

Prior stem cell transplant No

Yes

10 (10.3)

87 (89.7)

137 (40.8)

199 (59.2)

21 (24.5)

60 (75.5)

ECOG status 0

1

39 (40.2)

58 (59.8)

98 (29.2)j

238 (70.8)j
33 (40.8)

50 (58.5)

Race White

Black/African American

Not reported/other

69 (71.1)

17 (17.5)

11 (11.3)

233 (69.3)

48 (14.3)

55 (16.4)

57 (71.5)

13 (16.3)

10 (12.2)

Sex Female

Male

40 (41.2)

57 (58.8)

151 (44.9)

185 (55.1)

32 (39.6)

48 (60.4)

Type ofMM IgG

Light chain

Other

57 (58.8)

24 (24.7)

16 (16.5)

198 (58.9)

58 (17.3)

80 (23.8)

48 (59.5)

16 (20.3)

16 (20.2)

aESS was rounded to whole numbers.
bRefractoriness was defined as discontinuation of drug of interest within 60 days and starting a different drug in the next line or starting a new drug within

60 days after end of previous treatment (RW cohort) and by InternationalMyelomaWorking Group consensus criteria (CARTITUDE-1) [7, 21].
cRefractory to at least two IMiDs, two PIs, and an anti-CD38MoAB.
dRefractory to two IMiDs and one PI; or two PIs and one IMiD; or two IMiDs and two PIs.
eISS stage was imputed for 96 observations in the RW cohort.
fAt least one of del17p, t(14;16), or t(4;14).
gIncludes extramedullary plasmacytomas and soft-tissue components of bone-based plasmacytomas [24].
hHemoglobin was imputed for 1 observation in the RW cohort.
iLDHwas imputed for 97 observations in the RW cohort.
jECOGwas imputed for 84 observations in the RW cohort.

Abbreviations: ATT, average treatment effect in the treated; ECOG, Eastern Cooperative Oncology Group; ESS, effective sample size; IMiD, immunomodu-

latory 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; RW, real world; SMD, standard-

izedmean difference.



MARTIN ET AL. 103

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

Treatments

Hierarchya

N (%)

336 (100%)

Received in any eligible

line of therapyb N (%)

336 (100%)

Carfilzomib 98 (29) 98 (29)

Pomalidomide 69 (21) 97 (29)

Daratumumab 28 (8) 54 (16)

Ixazomib 20 (6) 29 (9)

Elotuzumab 21 (6) 43 (13)

Bortezomib 30 (9) 61 (18)

Lenalidomide 7 (2) 55 (16)

Panobinostat 1 (0) 4 (1)

Selinexor 11 (3) 17 (5)

Thalidomide, or melphalan, or cyclophosphamidec 15 (4) 83 (25)

Dexamethasone alone 5 (1) 5 (1)

Othersd 31 (9) 64 (19)

aFor each treatment, the number and percent represent the patients who received that treatment as a single-agent therapy or in combination with any of

the other treatments listed in the subsequent rows.
bReceived alone or in combination; therefore, the total adds tomore than 100% as treatments from the same line of therapy can be countedmore than once.
cAny one received alone or in combinationwith either one of the three or other drugs.
d“Others” included bendamustine, cisplatin, doxorubicin, etoposide, decitabine, fludarabine, ibrutinib, venetoclax, and clinical study drug.

Abbreviation: RW, real world.

TABLE 3 Estimatedmedians and comparative effectiveness for cilta-cel versus physician’s choice of treatment

Median, months (95%CI)

Hazard ratioa (95%CI), p-value for cilta-cel vs. physician’s
choice of treatment

CARTITUDE-1 RWcohort

Unadjusted Unadjusted Adjustedb Unadjusted Adjustedb

PFS 22.8 (22.8, NR)c 4.47 (3.78, 5.03) 4.50 (2.40, 5.85) 0.20 (0.14, 0.28),<0.0001 0.18 (0.12, 0.27),<0.0001

TTNT NR (NR, NR) 4.93 (4.27, 5.52) 4.53 (2.86, 6.77) 0.17 (0.11, 0.24),<0.0001 0.15 (0.09, 0.22),<0.0001

OS NR (23.6, NR) 14.78 (12.29, 17.84) 13.24 (9.17, 21.29) 0.28 (0.18, 0.45),<0.0001 0.25 (0.13, 0.46),<0.0001

aHR< 1 indicates favorable treatment effect for cilta-cel.
bAdjusted for refractory status, International Staging System stage, cytogenetic profile, time to progression on last regimen, number of prior lines of therapy,

years sincemultiple myeloma diagnosis, and age.
cMedian should be interpretedwith caution, as reachedwhen few patients were still at risk andmay be an underestimate.

Abbreviations: CI, confidence interval; HR, hazard ratio; NR, not reached; OS, overall survival; PFS, progression-free survival; RW, real world; TTNT, time to

next treatment.

for cilta-cel versus physician’s choice of treatment was 0.20 (95% CI:

0.14, 0.28; p < 0.0001), 0.17 (95% CI: 0.11, 0.24; p < 0.0001), and

0.28 (95% CI: 0.18, 0.45; p < 0.0001) for PFS, TTNT, and OS, respec-

tively. After adjustment, cilta-cel significantly reduced the risk of dis-

ease progression or death by approximately 82% (HR: 0.18 [95% CI:

0.12, 0.27; p < 0.0001]), the risk of receiving a subsequent treatment

by approximately 85% (HR: 0.15 [95% CI: 0.09, 0.22; p < 0.0001]), and

the risk of death by approximately 75% (HR: 0.25 [95% CI: 0.13, 0.46;

p< 0.0001]).

Duration of PFS, TTNT, and OS for cilta-cel exceeded physician’s

choice of treatment (Figure 2). For patients treated with cilta-cel,

median TTNT and median OS were not reached, whereas median

PFS was 22.8 months (95% CI: 22.8, not reached) but was observed

at a timepoint where few patients remained at risk and is therefore

expected to be underestimated. For patients treated with physician’s

choice of treatment, the median PFS and TTNT were reached within

5 months, and median OS within 15 months, both before and after

adjustment (Table 3). The results of the Grambsch–Therneau test [18]

for proportional hazards assumption were found to be nonsignificant

for each outcome (PFS: p= 0.16; TTNT: p= 0.08; OS: p= 0.27), indicat-

ing that the proportional hazards assumption was not violated.

The exploratory analysis that considered only the first eligible LOT

for patients in the RW cohort produced similar results to those from

themain analysis (Table 4).
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F IGURE 2 Kaplan–Meier plots for (A)
progression-free survival, (B) time to next treatment,
and (C) overall survival in CARTITUDE-1 (observed)
and the RW cohort (observed and adjusted). Note:
Number at risk for the adjusted RW cohort represents
the sum of the propensity score weights, not the
effective sample size. Adjusted results correspond to
the base case analysis which adjusted for refractory
status, International Staging System stage, cytogenetic
profile, time to progression on last regimen, number of
prior lines of therapy, years sincemultiple myeloma
diagnosis, and age. The adjusted curves reflect inverse
probability of treatment weighting with average
treatment effect in the treated weights (not doubly
robust). Abbreviation: RW, real world
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3.3 Sensitivity analyses

In the sensitivity analysis that included the enrolled population of

CARTITUDE-1, results were aligned with those from the main analy-

sis, with HRs of 0.21 (95% CI: 0.14, 0.32; p < 0.0001), 0.18 (95% CI:

0.12, 0.27; p < 0.0001), and 0.32 (95% CI: 0.19, 0.55; p < 0.0001), for

PFS, TTNT, and OS, respectively (Table 4). The results of all other sen-

sitivity analyses were also consistent with themain analysis, with cilta-

cel demonstrating a significant improvement over physician’s choice of

treatment for all outcomes.

4 DISCUSSION

Cilta-cel, a novel CAR-T therapy targeted at BCMA, demonstrated

early, deep, and durable responses and a manageable safety profile

for patients with triple-class exposed RRMM in CARTITUDE-1 [7, 19].

Direct comparisons of cilta-cel and other treatment regimens have not

been made, as the feasibility and ethics of comparative trials are com-

plicated by a myriad of factors, including patients’ advanced disease

stage; the relatively small number of potential trial participants; the

lack of a clear standard of care for patients with triple-class exposed

RRMM [5]; and the complex nature of CAR-T therapies, which makes

it difficult to administer meaningful control treatments. In the absence

of a comparator arm, an external control arm from a RW data source

such as FH’s longitudinal database can be used to estimate the relative

therapeutic effects of cilta-cel versus physician’s choice of treatment.

However, such estimates can be biased if there are meaningful differ-

ences in baseline characteristics between the patient populations. It is

therefore critical to ensurenonrandomizedpopulations being assessed

indirectly are well-balanced across all variables potentially prognostic

of outcomes. Hence, ITCs using IPTWmethods were used to generate

unbiased comparative effectiveness data that can inform decisions by

both clinicians and payers.

The present study derived indirect comparisons between cilta-cel,

as assessed inCARTITUDE-1, and conventional treatments used inRW

clinical practice, as assessed in the FHMM cohort registry. Propensity

score methods were used to align the RW cohort with the population

of CARTITUDE-1. Results for PFS, OS, and TTNT were all statistically

significant in favor of cilta-cel in the main analysis, clearly demonstrat-

ing its superior effectiveness and clinical value. The exploratory anal-

ysis that considered only the first eligible LOT for patients in the RW

cohort, rather than all eligible LOTs, produced a negligible change in

the results. Furthermore, results were robust to an array of sensitiv-

ity analyses that aimed to assess the appropriateness of the popula-

tions, methods, and variables used. For instance, cilta-cel continued to

demonstrate favorable results after broadening the inclusion criteria

to all enrolled CARTITUDE-1 patients. Results also remained consis-

tent with the main analysis when multivariable regression was used

in place of IPTW; when patients with missing values were excluded to

assess the impact of imputation; and when additional prognostic fac-

tors were considered. Overall, the magnitude and consistency of the

present findings across all sensitivity analyses suggest that cilta-cel

represents a promising new treatment option for patients with triple-

class exposed RRMM.

The strength of the control arm used in the present study provided

additional confidence in the findings. The RW cohort represented a

contemporaneous external control for CARTITUDE-1, with a long-

termmedian follow-up of 21.9 months. The RW cohort comprised US-

basedpatients, similar to the patients included from theCARTITUDE-1

study. Additionally, the medianOS, PFS, and TTNT observed in the RW

cohort were on the upper range of those that have been observed in

other RW cohorts of RRMM patients [2, 6, 20, 21]. In the unadjusted

RW cohort, the median OS, PFS, and TTNT were 14.78 months (95%

CI: 12.29, 17.84), 4.47 months (95% CI: 3.78, 5.03), and 4.93 (95% CI:

4.27, 5.52), respectively. In contrast, a multicenter study conducted by

the International MyelomaWorking Group in 2017 reported a median

OS of 13.0 months (95% CI: 11.0, 15.0) for patients who had received

at least three prior LOTs and were double-refractory to an IMiD and a

PI but not necessarily triple class exposed [20]. Patientswho received a

subsequent therapy after fulfilling eligibility criteria had a median PFS

of 5.0 months (95% CI: 4.0, 6.0) [20]. Additionally, the retrospective

MAMMOTHstudy,whichhadadata cut-off of 2018, reportedamedian

OS of 9.3 months (95% CI: 8.1, 10.6) and a median PFS of 3.4 months

(95% CI: 2.8, 4.0) for patients who received a subsequent treatment

after becoming refractory to an index regimencontaining ananti-CD38

MoAB [2]. One study of a US-based, RW cohort of triple-class exposed

patients reported amedian time to discontinuation of 4.2months (95%

CI: 3.1, 5.2) [22].

As in any nonrandomized study, the potential for residual con-

founding cannot be excluded. However, the availability of individual

patient-level data from both cohorts enabled adjustment for imbal-

ances in important prognostic factors. To ensure that the most impor-

tant clinical factors were balanced between the two populations, an

evidence-informed process—which incorporated published literature,

clinical opinion, prognostic strength of variables, and baseline differ-

ences between the study cohorts—was used to select the covariates

for adjustment. In this study, differences in factors included in the base

case were minimal after weighting, strengthening the validity of the

comparison. Furthermore, compared to other oncology databases, FH

provided a comprehensive range of baseline characteristics, optimiz-

ing data availability for the present analysis [9]. Of all prognostic fac-

tors identified a priori, total plasmacytomas (including extramedullary

plasmacytomas) was the only variable that was unavailable for the

RW cohort. Moreover, it has been reported that the frequency of

extramedullary disease in MM patients increases during the course of

the disease [23]. Hence, it is most likely that the patients in the RW

cohort had less extramedullary disease given that they were not as

heavily pre-treated as the CARTITUDE-1 patients, which is a potential

bias against CARTITUDE-1.

The use of RW data presents inherent limitations. For instance,

the FH database did not provide data on response outcomes such as

overall response rate and complete response or better rate, prevent-

ing comparative effectiveness analyses of these outcomes. Informa-

tion on comorbidities was also unavailable from the FH database. Fur-

thermore, monitoring of patients in RW databases is less rigorous and
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subject to greater variation than in clinical trials, where patients are

regularly and strictlymonitored. This is especially relevant for PFS out-

comes, as progression data were more likely to be missing for patients

in the RWcohort than in CARTITUDE-1. To address this, the earliest of

start of a newLOTordiseaseprogressionwas consideredaprogression

event in the RWcohort, as start of a new LOTmay have beenmore reli-

ably reported than progression. This may have overestimated the time

to progression for patients in the RW cohort, as the next treatment is

expected to be initiated after progression. Thus, the true benefit con-

ferredby cilta-cel onPFSmaybeevengreater than that observed in the

present analyses. Alternatively, the modified PFS definition may have

misclassified progression for patients who initiated a new LOT for rea-

sons other than progression; however, at this late stage in a patient’s

treatment journey, efficacy (i.e., progressive disease) is most often the

reason for initiating a new LOT. OS data quality was less of a concern,

as methods to assess OS have been validated for the FH MM cohort

registry [14].

Future analyses using real-world data can confirm findings from the

current analyses. Such studies will also help to better understand the

safety of cilta-cel versus physician’s choice of treatment, which was

outside of the scope of the present study. Furthermore, even though

cilta-cel has superior efficacy to real-world conventional treatments in

this study period, similar to other CAR-Ts, cilta-cel can only be deliv-

ered in certified specialized treatment centers. Thus, real-world evi-

dence can also provide insight into the referral patterns related to

CAR-T therapies.

5 CONCLUSION

The present study assessed the comparative effectiveness of cilta-cel

versus treatments received by a similar cohort of patients in RW clin-

ical practice. Cilta-cel demonstrated statistically and clinically supe-

rior results for all outcomes studied (PFS, TTNT, and OS), and these

were robust across a range of sensitivity analyses. Based on these

results, cilta-cel offers substantial clinical benefits for patients with

triple-class exposed RRMM compared with physician’s choice of con-

ventional treatment.
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