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Abstract

Which patients benefit from carfilzomib in multiple myeloma depends on the regimen,
the comparator and the treatment phase. This critical narrative review integrates ran-
domised trials, selected translational and observational studies, guidance, and targeted
source verification through 16 October 2026. Frontline substitution trials, including EN-
DURANCE and CLARION, did not demonstrate progression-free survival superiority
over bortezomib-based comparators, whereas FORTE, ATLAS, and IsKia address distinct
questions of induction, maintenance, and antibody intensification. In relapse, ASPIRE
and ENDEAVOR established benefits against historical active controls, while CANDOR
and IKEMA support anti-CD38 intensification with progression-free survival gains and no
established overall survival advantage. SUCCESSOR-2 supports a mezigdomide-containing
strategy after lenalidomide and anti-CD38 exposure, although differing carfilzomib sched-
ules limit attribution to mezigdomide alone. Cardiovascular, renal, infectious, logistical,
and access constraints materially shape treatment value. Current data do not define an
optimal sequence, and resensitisation after B-cell maturation antigen (BCMA)-directed
therapy remains investigational. At relapse, the evidence for adding daratumumab or
isatuximab to carfilzomib and dexamethasone applies most directly to patients naive to
both carfilzomib and anti-CD38 therapy who need a lenalidomide-sparing regimen and
have sufficient cardiovascular reserve for repeated infusions.

Keywords: carfilzomib; multiple myeloma; comparative effectiveness; treatment sequenc-
ing; cardiovascular toxicity; measurable residual disease; maintenance therapy; BCMA

1. Introduction

The central clinical question is no longer whether carfilzomib has antimyeloma activity,
but which patients derive sufficient benefit from a specific carfilzomib regimen to justify its
toxicity and delivery burden. Anti-CD38 combinations have reshaped initial therapy, and
earlier immune redirection has altered the options available at relapse. Contemporary Euro-
pean Hematology Association-European Myeloma Network (EHA-EMN) guidance and the
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PERSEUS, IMROZ, and CEPHEUS trials provide the framework for evaluating carfilzomib-
containing strategies against anti-CD38-bortezomib-lenalidomide-dexamethasone regi-
mens when these are indicated and accessible [1-4]. Trial superiority and local feasibility
remain separate considerations: transplant eligibility, frailty, previous exposure, reimburse-
ment, and infusion capacity determine which comparison is clinically relevant.

This review separates four questions that are often conflated: substitution of one pro-
teasome inhibitor for another, addition of a partner drug, modification of dose or schedule,
and maintenance intensification. It then considers how organ toxicity, treatment delivery,
and access to subsequent therapy shape the applicability of those results. Maintaining these
distinctions helps avoid interpreting a favourable multidrug regimen as proof of a universal
carfilzomib advantage or as evidence for a predictive biomarker of carfilzomib sensitivity.

2. Evidence Identification and Critical Appraisal

The initial PubMed-centred search covered inception to 1 September 2026, used the
strategy reproduced in Appendix A, and was supplemented by reference-list and journal
checks. Targeted verification and supplementary searches by trial name, publication title,
and identifier continued through 16 October 2026. Primary reports, prespecified updates,
and publisher correction records were prioritised. Trial families were linked by study
identifier and treatment phase so that overlapping reports could be distinguished from
independent evidence. The update focused on comparative results, exposure definitions,
dosing schedules, survival maturity, and safety claims central to this review; it was not a
complete repeat of all bibliographic searches. Trial-level results for newly diagnosed disease,
relapsed or refractory disease, and safety are compiled in Supplementary Tables S1-S3.

Numerical results were checked against primary publications or indexed abstracts,
with full-text methods and tables consulted where available for eligibility, dosing, and
endpoint interpretation. Confidence levels and analysis time points were retained when
they differed. Critical appraisal considered the randomised contrast, endpoint hierarchy,
follow-up, open-label design, post-progression treatment, selected eligibility, and adverse-
event ascertainment. No pooled effect, indirect ranking, or formal risk-of-bias score was
calculated. Screening and extraction were not independently duplicated, record-level
exclusions were not logged, and no protocol was registered. Accordingly, this is a critical
narrative review rather than a systematic review; source verification reduces extraction
error but cannot eliminate selection bias. Generative Al assisted with drafting and editing
the synthesis, checking source-to-claim links and preparing figure code. The publications
cited here are the sources of the clinical findings.

3. Pharmacology and Resistance Biology

Carfilzomib irreversibly binds the catalytic N-terminal threonine of proteasome ac-
tive sites, disrupting protein degradation and increasing proteotoxic stress [5,6]. Target
inhibition can outlast plasma exposure, and clinical activity also relates to inhibition across
proteasome subunits; pharmacokinetic-pharmacodynamic modelling further supports
the investigation of extended dosing intervals [7,8]. These properties explain why dose
in milligrams per square metre alone is an incomplete description of treatment. Infusion
duration, dosing interval, combination partner, and treatment interruption all shape ex-
posure, but pharmacological plausibility cannot establish equivalence between clinically
untested schedules.
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Resistance mechanisms are best viewed as parallel and potentially interacting adap-
tations rather than as a fixed sequence (Figure 1). ABCB1l-mediated efflux can reduce
intracellular carfilzomib exposure in experimental models [9]. Proteomic work identifies
heterogeneous adaptations, including NQO2-associated resistance in selected cell lines,
whereas functional screens implicate MDM2-mediated stress tolerance in cell lines and
ex vivo patient material [10,11]. These findings justify mechanistic investigation, but they
do not establish that inhibiting the identified pathways will be effective or tolerable in
patients. Autophagy, altered proteasome capacity, and metabolic adaptation may coexist,
with relative importance depending on the model and treatment history.

A Pharmacological rationale

Irreversible Protein disposal Proteotoxic stress Apoptosis when
proteasome inhibition - capacity reduced I and injury I adaptation fails
B Parallel candidate resistance adaptations
Proteasome capacity Altered abundance or composition; context-dependent target changes
Intracellular exposure ABCB1-mediated efflux in experimental systems
Stress adaptation UPR and autophagy; alternative protein-disposal responses
Metabolic adaptation Redox remodelling; NQO2-associated resistance in selected models
Survival signalling MDM2-associated stress tolerance; context-dependent interactions

Evidence boundary

Experimental mechanisms can coexist. No serial causal chain or validated
patient-selection biomarker is established.

Figure 1. Target inhibition and parallel candidate resistance mechanisms. The upper pathway
summarises the pharmacological rationale for proteotoxic injury. The lower domains are parallel
adaptations supported to differing degrees by experimental studies; arrows between them have
deliberately been omitted because a serial causal pathway is not established. ABCB1, ATP-binding
cassette subfamily B member 1; MDM2, mouse double minute 2; NQO2, quinone reductase 2; UPR,
unfolded protein response. No clinical selection assay is implied [5,6,9-11].

A useful predictive marker must distinguish benefit from carfilzomib relative to a cred-
ible alternative, not simply correlate with poor prognosis or response to a combination. This
requires an analytically reproducible assay, prespecified sampling, independent validation
and a treatment-by-marker interaction. Drug resistance in a cell line, a prognostic cyto-
genetic lesion and a clinically predictive assay are therefore different evidence categories.
None of the mechanisms discussed here supports routine patient selection or exclusion on
its own.
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4. Newly Diagnosed Disease and Maintenance
4.1. Proteasome Inhibitor Substitution

ENDURANCE tested carfilzomib-lenalidomide-dexamethasone (KRd) against
bortezomib-lenalidomide-dexamethasone (VRd) without immediate transplant intent
and did not improve progression-free survival (PFS; Table 1). Its eligibility criteria excluded
several high-risk features, including del(17p), t(14;16), t(14;20), high-risk gene-expression
profiling, and plasma cell leukaemia, while allowing t(4;14) [12]. The result limits routine
substitution in the studied setting but does not settle all high-risk induction questions. CLAR-
ION likewise found no PFS superiority for carfilzomib—melphalan—prednisone (KMP) over
bortezomib—melphalan—prednisone (VMP) in transplant-ineligible disease, with greater
cardiac and renal toxicity and less neuropathy [13]. Both were superiority trials; a negative
result does not establish therapeutic equivalence. Their historical comparators also differ
from present anti-CD38 quadruplets.

The interim COBRA conference report found longer PFS with the KRd strategy than
with the VRd strategy (hazard ratio [HR] 0.57, 95% confidence interval [CI] 0.37-0.88) in
patients enrolled irrespective of transplant eligibility or cytogenetic risk [14]. Carfilzomib
continued into maintenance, whereas bortezomib stopped after induction. This preliminary
comparison therefore estimates the effect of an induction and maintenance strategy and
cannot isolate substitution of the proteasome inhibitor during induction.

Table 1. Comparative evidence in newly diagnosed disease and maintenance.

Trial and Population

Randomised Comparison Efficacy Within Selected Harms and
and Follow-Up the Trial Interpretation

ENDURANCE [12]

Grade 34 treatment-related
dyspnoea 7% vs. 2%;

L . KRd vs. VRd. Median Median PFS 34.6 vs. o A
n = 1087; no immediate neuropathy <1% vs. 8%.
. follow-up 9 months at the 34.4 months. HR 1.04 o
ASCT intent; selected reported interim analvsis (95% C1 0.83-1.31) Treatment-related deaths 2%
high-risk disease excluded. p ysis. ’ ’ T vs. <1%. No PFS superiority;
not an equivalence trial.
Any-grade cardiac failure
CLARION [13] . Median PFS 22.3 vs. 10.8% vs. 4.3%; acute renal
n = 955; KMP vs. VCMCI;é:me 42-42Y 5> 1 months. HR0.906  failure 13.9% vs. 6.2%. Grade
transplant-ineligible. yees. (95% C10.746-1.101). > 2 neuropathy 2.5% vs.

35.1%. No PFS superiority.

FORTE [15]
n = 474 at first
randomisation; N = 356 at

Post-induction > VGPR
KRA-ASCT vs. KRd12 vs.  70% with KRd vs. 53%
KCd-ASCT; then KR vs. R. with KCd. Maintenance

Maintenance grade 3—4
vascular events 7% vs. 1%;
treatment-related serious AEs

maintenance Follow-up 50.9 aer 3-year PES 75% vs. 65%; 14% vs. 8%. Two distinct
- 37.3 months, respectively. HR 0.64 (95% CI .
randomisation. 0.44-0.94) randomised contrasts.
Median PFS 72.8 vs Serious AEs 30% vs. 23%;
Risk/MRD-adapted KRd  37.3 months. HR 046  5rade 3-4 thrombocytopenia
ATLAS [16] . N 13% vs. 6%. Estimates apply
1 = 180: after ASCT vs. R. Medjian follow-up (95% CI 0.30-0.70). to the strategy including
’ ’ 69 months. 4-year PFS 67.5% vs. o
38.0%. de-escalation;

OS not definitive.
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Table 1. Cont.

Trial and Population

Randomised Comparison Efficacy Within Selected Harms and
and Follow-Up the Trial Interpretation

IsKia [17]
n = 302; transplant-eligible,
age < 70 years.

AE-related discontinuation 8%
vs. 7%. Any study-drug dose
reduction during
induction/consolidation 51%
vs. 36%. Survival benefit and
superiority over
anti-CD38-VRd
remain unproven.

Isa-KRd vs. KRd before MRD-negative at 10~°:
and after ASCT. Median 77% vs. 67%; OR 1.67
follow-up 48 months; (95% CI 1.00-2.80). At
primary endpoint after 1076: 68% vs. 48%
full-dose consolidation. (exploratory).

4.2. Induction Intensification and Maintenance Are Distinct Questions

FORTE used two randomisations: an induction—intensification-consolidation com-
parison and a subsequent carfilzomib-lenalidomide (KR) versus lenalidomide (R) main-
tenance comparison [15]. Its maintenance PFS result therefore cannot be attributed to
the induction regimen alone. ATLAS later evaluated a risk- and measurable residual dis-
ease (MRD)-adapted KRd maintenance strategy against lenalidomide, with 69 months
of median follow-up in the 2026 primary report [16]. Because lower-risk MRD-negative
patients could de-escalate, the estimate applies to the assigned strategy as a whole, not to
uninterrupted KRd for every patient. Contemporary applicability also depends on prior
anti-CD38 exposure and on the maintenance alternatives available after modern induction.

IsKia randomised 302 transplant-eligible patients to isatuximab—KRd (Isa-KRd) or
KRd. Post-consolidation MRD negativity at 107> was 77% versus 67% (odds ratio [OR]
1.67, 95% confidence interval [CI] 1.00-2.80; p = 0.049); the 10~° analysis was exploratory,
with rates of 68% versus 48% (OR 2.36, 95% CI 1.47-3.79) [17]. The primary result supports
deeper response but carries appreciable uncertainty, and survival data remain immature
in that report. Neither MRD threshold establishes superiority over daratumumab-VRd or
isatuximab—VRd. Clinically useful interpretation must preserve the intention-to-treat (ITT)
denominator, assay sensitivity, sampling time, and duration of MRD negativity.

MASTER, GMMG-CONCEPT and the cytogenetic analysis of FORTE add information
on response-adapted treatment and high-risk disease [18-20]. Their different designs, risk
definitions and treatment phases do not establish that carfilzomib abolishes adverse-risk
biology. Single-arm depth of response and exploratory subgroup consistency should not be
converted into a treatment recommendation for every patient with a high-risk lesion. The
principal comparative results and their limits are summarised in Table 1.

Values follow the arm order in column 2. AE, adverse event; ASCT, autologous stem-cell
transplantation; CI, confidence interval; HR, hazard ratio; K, carfilzomib; R, lenalidomide;
V, bortezomib; C, cyclophosphamide; M, melphalan; P, prednisone; d, dexamethasone; Isa,
isatuximab; MRD, measurable residual disease; OR, odds ratio; OS, overall survival; PFS,
progression-free survival; VGPR, very good partial response. Selected harms are not an
exhaustive safety inventory. Follow-up and safety denominators differ across reports; no
cross-trial ranking is intended.

5. Relapsed or Refractory Disease
5.1. Established Efficacy and the Limits of Historical Controls

ASPIRE and ENDEAVOR established PFS and overall survival (OS) benefits against
lenalidomide-dexamethasone (Rd) and bortezomib—dexamethasone (Vd), respectively [21-24].
These randomised results remain clinically important, but their controls and exposure histories
differ from those of patients now relapsing after anti-CD38 quadruplets. ASPIRE did not exclude
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all previous lenalidomide resistance: 57 patients had lenalidomide-refractory disease in an earlier
regimen, although eligibility restricted progression during early Rd treatment or during Rd
when it was the most recent regimen [25]. The trial therefore does not directly establish KRd
efficacy for the broad contemporary population progressing on lenalidomide maintenance.

ARROW compared weekly carfilzomib at a target dose of 70 mg/m? (K70) with twice-
weekly 27 mg/m? (K27), each with dexamethasone, and improved PFS [26]. Because dose,
infusion duration, and interval changed together, the trial establishes the tested regimen
contrast rather than the isolated effect of fewer visits. It does not show that every weekly
schedule is equivalent or superior to twice-weekly K56. Numerical benefit and selected
safety findings for relapse trials are summarised in Table 2.

5.2. Anti-CD38 Combinations and Survival Maturity

CANDOR and IKEMA used carfilzomib—dexamethasone (Kd) in both arms and
established the benefit of adding an anti-CD38 antibody within their tested popula-
tions: daratumumab-carfilzomib—-dexamethasone (Dara-Kd) and isatuximab—carfilzomib—
dexamethasone (Isa-Kd), respectively [27-30]. Exposure should be distinguished from re-
fractoriness: CANDOR permitted selected previous anti-CD38 treatment, whereas IKEMA
excluded anti-CD38-refractory disease. IKEMA also excluded prior carfilzomib. CANDOR
allowed retreatment only in selected previous responders after a carfilzomib-free interval
of at least six months [27,29,30]. Neither trial provides robust evidence for routine anti-
CD38 retreatment when the disease is refractory to that class. Nor can carfilzomib-specific
sensitivity be inferred from these combination comparisons.

PFS and OS conclusions differ. CANDOR's final analysis retained a PFS advantage,
while its OS estimate crossed the null in the 95% confidence interval [28]. The 2024
IKEMA OS analysis, at a median follow-up of 56.61 months, yielded a hazard ratio (HR)
of 0.855 (95% CI 0.608-1.202), without a detected OS difference; reported p values were
non-inferential because of the testing hierarchy [31]. These findings neither erase the PFS
benefit nor establish equivalent survival. Subsequent therapies, follow-up, and power
complicate OS interpretation.

5.3. Mezigdomide and the Importance of the Actual Regimen Contrast

SUCCESSOR-2 studied patients previously exposed to lenalidomide and anti-CD38
therapy, with 606 participants enrolled in the two-stage trial [32]. Of the 479 patients in
the selected-dose analysis, 411 (86%) were refractory to anti-CD38 therapy and 363 (76%)
to lenalidomide. Mezigdomide—carfilzomib—dexamethasone (Mezi-Kd) improved PFS
but increased severe neutropenia and infection (Table 2). Importantly, the experimental
arm used weekly K56, whereas control Kd used twice-weekly K56 or weekly K70. The
result therefore supports the assigned Mezi-Kd strategy, but it does not isolate the effect
of mezigdomide on an otherwise identical backbone. Short median follow-up also limits
the assessment of OS and late toxicity. No direct comparison with a contemporary T-cell-
directed strategy was performed.

A positive phase 3 result must be separated from routine availability. As of the verifica-
tion date, the sponsor reported US regulatory review of mezigdomide with a target action
date in May 2027 [33]. This review therefore treats Mezi-Kd as emerging evidence, not
as an assumed locally licenced option. Access and current regional authorisation require
checking at the point of treatment.

Figure 2 places positive and negative findings in their treatment context. The same
drug can fail to improve one strategy while contributing to another effective regimen. The
distinction is especially important when response depth, PFS and OS are presented together:
they answer different questions, and their evidentiary maturity should remain visible.
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Clinical evidence and its limits

Report year

2015/2018 . KRd vs Rd

2016 /2017 °

Study and comparison

ASPIRE [21,22]

ENDEAVOR [23,24]

Inference

PFS and OS benefit

PFS and OS benefit

PFS benefit; schedules differ

No PFS superiority

Kd56 vs Vd
2018 ° ARROW [26] ‘

Weekly K70 vs twice-weekly K27
2019 o CLARION [13]

KMP vs VMP
2020 ° ENDURANCE [12]

KRd vs VRd

02072022 ? Dara-Kd vs Kd

CANDOR [27,28]

No PFS superiority

PFS benefit; OS not
established

Separate randomised questions

Induction strategies; KR vs R maintenance

PFS benefit; no detected OS
difference

Maintenance PFS benefit

MRD benefit; survival
immature

. . FORTE [15]

IKEMA [29-31]
2021-2024 o ORTC

ATLAS update [16]
2026 ®  Risk/MRD-adapted KRd vs R
2026 ° IsKia [17]

Isa-KRd vs KRd
5026 . SUCCESSOR-2 [32]

Mezi-Kd vs Kd

Results apply to the tested population and regimen. Different endpoints and
comparators do not support a cross-trial efficacy ranking.

PFS benefit; K schedules
differ

Figure 2. Selected milestones in the comparative carfilzomib evidence base. Years identify the cited

primary report or specified update, rather than trial recruitment or regulatory approval. Negative

substitution trials are shown alongside positive relapse and maintenance studies. MRD, measurable

residual disease; OS, overall survival; PFS, progression-free survival. The map identifies the tested

question and its boundary; it does not rank regimens across trials [ 12,13,15-17,21-24,26-32]. Bracketed

references beside each trial name identify the primary report and relevant follow-up publications.

In the regimen labels, K denotes carfilzomib, R lenalidomide, d dexamethasone, V bortezomib, M

melphalan, P prednisone, Dara daratumumab, Isa isatuximab and Mezi mezigdomide. Numbers in

these labels indicate the target carfilzomib dose in mg/m?.

Table 2. Comparative efficacy and selected safety findings in relapsed or refractory disease.

Selected Harms and

Trial and Population Comparison and Analysis  Efficacy Within the Trial Applicability
At primary reporting,
Median PFS 26.3 vs. grade > 3 AEs 83.7% vs.

ASPIRE [21,22,25]
n = 792; 1-3 previous lines;
restricted prior Rd
progression.

KRd vs. Rd. PFS report
and final OS analysis; OS
follow-up 67.1 months.

17.6 months; HR 0.69 (95%
CI10.57-0.83). Median OS
48.3 vs. 40.4 months; HR

0.79 (95% CI 0.67-0.95).

80.7%; AE-related
discontinuation 15.3% vs.
17.7%. Prior lenalidomide

resistance was not

universally excluded.

ENDEAVOR [23,24]
n = 929; 1-3 previous lines.

Kd56 vs. Vd. PFS report
and prespecified 2017
interim OS analysis.

Median PFS 18.7 vs.
9.4 months; HR 0.53 (95%
CI 0.44-0.65). Median OS
47.6 vs. 40.0 months; HR
0.791 (95% CI 0.648-0.964).

At OS reporting, grade > 3
AEs 81% vs. 71%;
hypertension 15% vs. 3%.
The comparator was a
historical doublet.

https://doi.org/10.3390/hemato7040043
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Table 2. Cont.

Trial and Population

Comparison and Analysis

Efficacy Within the Trial

Selected Harms and
Applicability

ARROW [26,34]
n = 478; 2-3 previous lines.

Weekly K70 vs.
twice-weekly K27, each
with dexamethasone.

Median PFS 11.2 vs.
7.6 months; HR 0.693 (95%
CI 0.544-0.883).

Grade > 3 AEs 68% vs.
62%; grade > 3 cardiac
failure 3% vs. 4%. Dose
and infusion duration
differed as well
as frequency.

CANDOR [27,28]
n = 466; 1-3 previous lines;
selected prior anti-CD38
exposure permitted.

Dara-Kd vs. Kd56. Final
OS follow-up ~50 months;
central PFS cutoff earlier
(~39 months in Dara-Kd).

Median PFS 28.4 vs.
15.2 months; HR 0.64 (95%
CI10.49-0.83). Median OS
50.8 vs. 43.6 months; HR
0.78 (95% CI 0.60-1.03).

Final grade > 3 TEAEs
88.6% vs. 78.4%;
pneumonia 18.5% vs. 9.2%.
OS advantage was not
established at the

prespecified
significance boundary.
At 44 months, grade > 3
pneumonia 18.6% vs.
12.3%. At OS analysis,
TEAE-related
discontinuation 14% vs.

Median PFS 35.7 vs.
19.2 months; HR 0.58
(95.4% C10.42-0.79). OS
HR 0.855 (95% CI

IKEMA [30,31]
n = 302; 1-3 previous lines;
anti-CD38-refractory
disease excluded.

Isa-Kd vs. Kd56. PFS
follow-up 44 months; OS
follow-up 56.61 months.

0.608-1.202). 18%. No detected
OS difference.
Grade 3—4 AEs 84% vs.
SUCCESSOR-2 [32] Mezi-Kd with weekly K56 Median PFS 18.0 vs. 56%; neutropenia 61% vs.

479 in selected-dose
comparison; 606 enrolled
overall; prior lenalidomide
and anti-CD38 required.

8.3 months; HR 0.48 (95%
CI0.36-0.63). OS
immature.

9%; infections 34% vs. 16%.
A regimen-strategy
comparison with different
K schedules.

Values follow the arm order in column 2. AE, adverse event; CI, confidence interval; Dara, daratu-
mumab; HR, hazard ratio; Isa, isatuximab; K, carfilzomib; Mezi, mezigdomide; OS, overall survival;
PFS, progression-free survival; R, lenalidomide; TEAE, treatment-emergent adverse event; V, borte-
zomib; d, dexamethasone. K numbers denote target doses in mg/m?, not complete prescriptions.
The ARROW confidence interval agrees with the US prescribing information [34]. Efficacy uses the
specified trial analysis population; safety uses treated populations and the stated analysis time point.
Cross-trial adverse-event rates are not directly comparable.

vs. Kd with twice-weekly
K56 or weekly K70.
Follow-up 10.6 months.

6. Dose Scheduling and Treatment Delivery

A regimen should be described by starting dose, target dose, infusion duration, dosing
days, cycle length, and planned duration. K27, K36, K56, and K70 are not interchangeable
shorthand. Table 3 separates key trial architectures and their changes over time. Protocol
descriptions in this review are evidence summaries only; clinical prescribing must follow
the applicable product information and complete regimen protocol [34].

Treatment delivery has measurable dimensions beyond nominal dose. In IKEMA at
44 months, median relative carfilzomib dose intensity was 89.5% with Isa-Kd and 90.8%
with Kd, despite median treatment durations of 94.0 and 61.9 weeks [30]. Similar relative
dose intensity does not imply equal cumulative burden. Longer exposure can increase crude
adverse-event incidence, whereas analyses restricted to patients remaining on treatment
can preferentially retain those who tolerate therapy. Both exposure-adjusted rates and
cumulative patient-level risks are informative; neither alone fully describes the experience
of a patient starting treatment.

https://doi.org/10.3390/hemato7040043
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Table 3. Selected carfilzomib schedules and the treatment questions they support.

Evidence Setting

Carfilzomib Architecture Interpretive Limit

ASPIRE KRd [21]

20 mg/m? on cycle 1 days 1-2, then 27
mg/m?; days 1, 2, 8,9, 15, 16 of 28-day
cycles through cycle 12. Days 8-9
omitted in cycles 13-18; K stopped
after cycle 18.

Finite K exposure in the trial should
not be mistaken for evidence defining
the optimal duration for every
contemporary KRd course.

ENDEAVOR Kd56; CANDOR and
IKEMA backbones [23,27,29 ]

Six scheduled K administrations per
cycle; partner drug and
dexamethasone schedules remain
regimen-specific.

20 mg/m? on cycle 1 days 1-2, then 56
mg/m? over 30 min; days 1, 2, 8,9, 15,
16 of 28-day cycles.

Weekly arm: 20 mg/m? on cycle 1 day

1, then 70 mg/ m? on days 1, 8, 15, The randomised contrast changed
ARROW [26] infused over 30 min. Comparator: dose, interval and infusion
twice-weekly 20/27 mg/m? over duration together.
10 min.
20 mg/m? on cycle 1 day 1, then
56 mg/ m? on days 1, 8, 15 during Weekly K56 evidence here concerns a
IsKia [17] induction/full consolidation; transplant-based frontline strategy,
56 mg/m? on days 1 and 15 during not all relapse combinations.
light consolidation.
20 mg/m? on cycle 1 days 1-2, then
36 mg/m?; six doses per cycle in cycles A risk/MRD-adapted maintenance
ATLAS [16] 1-4 and days 1, 2, 15, 16 from cycle 5. strategy; planned maximal duration

Eligible standard-risk, MRD-negative was not delivered to all patients.
patients de-escalated after cycle 8.

SUCCESSOR-2 [32]

Mezi-Kd: K56 weekly. Control Kd: K56 The K schedule was not identical
twice weekly or K70 weekly; each between arms. The efficacy estimate
within the assigned protocol. belongs to the assigned strategy.

K, carfilzomib; R, lenalidomide; d, dexamethasone; Mezi, mezigdomide; MRD, measurable residual
disease. Doses are expressed per body-surface area. Starting-dose descriptions are included where
specified above; this table does not reproduce all partner doses, adjustments or supportive care and is
not a prescribing protocol.

A 2025 electronic-health-record study of 486 patients found increasing weekly use and
no statistically significant PFS difference among weekly K56, twice-weekly K56, and weekly
K70 [35]. However, schedule selection, partner drugs, missing toxicity, and unmeasured
frailty can confound such comparisons. These data support pragmatic comparative trials
but do not establish non-inferiority or a universally optimal weekly dose. Similarly, an
association between lower delivered dose and poorer outcomes may reflect progression or
toxicity rather than an independent dose effect.

Future studies should report planned and received dose separately, reasons for inter-
ruption, cumulative exposure, hospital days, infusion visits, and patient-reported function.
Three rather than six scheduled carfilzomib administrations per 28-day cycle can reduce
infusion attendance, but total visits also depend on partner administration, laboratory
surveillance, and complications. Trial evidence of improved health-related quality of life in
ASPIRE is relevant [21], yet it does not quantify the travel or caregiving burden in every
health system.
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7. Cardiovascular, Renal, and Infectious Constraints
7.1. Quantifying Risk Without Merging Incompatible Estimates

Cardiovascular risk depends on regimen, eligibility, follow-up, and surveillance inten-
sity. A meta-analysis of 24 prospective trials estimated all-grade and grade > 3 cardiovascu-
lar adverse events at 18.1% and 8.2%, respectively [36]. In the prospective PROTECT study,
33 of 65 carfilzomib recipients (51%) experienced a cardiovascular event under intensive
surveillance. Across both proteasome-inhibitor cohorts, 86% of events occurred in the first
three months [37]. The carfilzomib incidence estimate reflects the study population, event
definitions and intensity of surveillance. Proteasome-inhibitor treatment was resumed in
many affected patients, often with modification; an event should therefore not be equated
automatically with permanent treatment failure.

Clinical phenotypes include hypertension, ischaemia, arrhythmia and heart failure
with preserved or reduced ejection fraction. These require distinct reporting and differential
diagnosis; a normal ejection fraction does not exclude haemodynamic or vascular toxicity.
Baseline blood pressure, pre-existing organ damage and selected risk scores can inform
surveillance, but their calibration and transportability differ across cohorts [38-40]. A
biomarker rise alone should not be treated as a validated universal stopping rule.

Renal risk likewise cannot be reduced to a single pooled estimate. Randomised evi-
dence and renal subgroups address questions different from those addressed by monitored
observational cohorts [41,42]. In one series of 114 consecutive carfilzomib-treated patients,
17% developed renal complications judged unrelated to myeloma progression, including
thrombotic microangiopathy (TMA), albuminuria, and otherwise unexplained severe acute
kidney injury [43]. These observations justify renal and urinary assessment, but they do not
identify a reliable individual predictor. Evidence for TMA treatment remains dominated
by case reports and series [44]; complement-directed therapy should not be presented as
uniformly established for every suspected case.

7.2. Translating Surveillance into Proportionate Clinical Action

Baseline evaluation should integrate cardiovascular history, blood pressure, volume
status, renal function, concomitant drugs and functional reserve, with cardiac imaging and
biomarkers guided by risk and cardio-oncology recommendations [45,46]. During therapy,
new dyspnoea, oedema, chest pain, uncontrolled hypertension or abrupt renal deterioration
require prompt evaluation for treatment toxicity and alternative causes. Hydration must
balance tumour-lysis prevention against fluid overload. Table 4 distinguishes supported
management principles from areas requiring individual judgement.

The prescribing information recommends withholding carfilzomib for grade 3—4 car-
diac adverse reactions while the event is evaluated and recovery assessed, and stopping
treatment when TMA is suspected [34]. Decisions about resumption require consideration
of the event phenotype, reversibility, disease control, and available alternatives. Rechallenge
after confirmed TMA is not supported by a general safety assurance. Infection prevention,
blood-count surveillance, and dose modification must also reflect the partner regimen,
particularly with anti-CD38 antibodies or mezigdomide. In frail patients, the cumulative
effect of corticosteroids, cytopenia, and repeated attendance can be as relevant as an isolated
organ-specific toxicity.
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Table 4. Surveillance findings and evidence-based reassessment priorities.

Domain

Baseline and On-Treatment
Assessment

Supported Response and Evidence Boundary

Blood pressure and volume

Blood pressure, cardiovascular
history, weight and volume status;
monitor for new hypertension,
oedema and dyspnoea.

Optimise blood pressure before treatment;
reassess fluids and concomitant drugs.
Uncontrolled hypertension requires
withholding and evaluation under product
guidance [34,45,46].

Cardiac symptoms or

Risk-based ECG, echocardiography
and biomarkers; investigate

Differentiate HFpEF/HFrEF, ischaemia,
arrhythmia and non-cardiac causes. Grade 3—4

dysfunction symptoms and changes cardiac reactions warrant withholding; restart
from baseline. is an individual benefit-risk decision [34,45].
Assess myeloma activity, infection,
Ki . Creatinine/eGFR, electrolytes and haemodynamics, nephrotoxins and treatment
idney injury and . . . ) .
o urinary protein assessment when toxicity. Apply protocol renal withholding
proteinuria indicated; evaluate abrupt changes. criteria and seek nephrology input when
appropriate [34,43].
Stop carfilzomib and arrange urgent
Assess thrombocytopenia, haematology /nephrology evaluation.
Suspected TMA haemolysis, renal injury and Distinguish TTP and other causes; rechallenge

hypertension in context.

after confirmed TMA has uncertain

safety [34,44].

Infection, cytopenia, and
function

Use partner-specific prevention and
dose-modification protocols. Report infection
and interruption alongside efficacy; worsening
function may change the preferred regimen
even without a single severe organ
event [28,32,46].

Blood counts, infection history,
immune status, frailty, steroid effects
and practical attendance burden.

ECG, electrocardiogram; eGFR, estimated glomerular filtration rate; HFpEF/HFrEF, heart failure with
preserved /reduced ejection fraction; TMA, thrombotic microangiopathy; TTP, thrombotic thrombo-
cytopenic purpura. The table summarises referenced principles, not a new risk score or a complete
treatment protocol. Local product information and clinical assessment govern individual decisions.

8. Sequencing and Preservation of Subsequent Therapy
8.1. Previous Exposure Changes the Relevant Comparator

Sequencing discussions must identify what the disease is refractory to, rather than
simply listing previous drugs. Lenalidomide-refractory, anti-CD38-sensitive relapse differs
from relapse refractory to both classes. CANDOR and IKEMA support specific anti-CD38-
containing backbones in the former setting, whereas SUCCESSOR-2 directly addresses prior
exposure to both agents but remains an emerging option. Table 5 separates these contexts
from pre-apheresis treatment, bridging, and post-immunotherapy salvage [28,31,32,47,48].

Randomised immune-therapy trials also require precise framing. CARTITUDE-4 compared
ciltacabtagene autoleucel (cilta-cel) with daratumumab-pomalidomide-dexamethasone (DPd)
or pomalidomide-bortezomib—-dexamethasone (PVd) in lenalidomide-refractory disease, rather
than with a carfilzomib triplet [49]. KarMMa-3 compared idecabtagene vicleucel (ide-cel)
with investigator-selected regimens, one of which was Kd [50]. The latter informs treatment-
policy comparisons, but it is not a separately powered head-to-head test of ide-cel against each
carfilzomib combination. Raw median PFS values across these trials cannot define a preferred
sequence because treatment line, resistance state, eligibility, and time origin differ.

PFS2, measured from randomisation to progression on the next line or death, is already
available in parts of the evidence base. In the 2024 IKEMA report, the PFS2 HR was 0.663
(95% CI 0.491-0.895), with non-inferential P values under the testing hierarchy [31]. This
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supports the persistence of benefit beyond first progression within that randomised strategy,
but does not randomise the subsequent treatment. PFS2, time to next therapy, access to the
intended next line, and OS should therefore be interpreted together; none proves that initial
carfilzomib preserves every later option.

8.2. Holding Therapy and Bridging Require Different Endpoints

Treatment before leukapheresis must account for T-cell collection and manufactur-
ing, whereas bridging after collection aims to control disease until lymphodepletion and
infusion. International Myeloma Working Group (IMWG) and European Myeloma Net-
work guidance emphasise treatment history, washout, disease tempo, and minimisation
of avoidable immune-cell injury [47,48]. A carfilzomib regimen may be reasonable when
prior sensitivity, organ reserve, and timing make it feasible, but no randomised evidence
establishes it as the preferred bridge. Outcomes should include the proportion reaching
the intended infusion, time to infusion, infection, and cytopenia, rather than response
rate alone.

The denominator is critical: analysing only patients who receive chimeric antigen
receptor T-cell therapy (CAR-T) excludes those who deteriorate during the waiting period.
Comparisons should begin at the treatment decision or referral point and account for
attrition, competing events, and access. Similarly, EMN12/HOVON-129 provides selected
prospective evidence in primary plasma cell leukaemia [51,52], but successful transition
to transplantation in an expert-centre cohort cannot be used to estimate CAR-T bridging
success in routine practice.

Table 5. Decision contexts for interpreting carfilzomib sequencing evidence.

Clinical Context

Relevant Evidence and

Feasible Alternatives What Remains Unproven

Dara-Kd and Isa-Kd have

. . . Results do not establish antibody
randomised evidence; assess prior

Lenalidomide-refractory relapse with
retained anti-CD38 sensitivity

antibody response, organ reserve and
current alternatives, including
eligible immune therapies [28,31].

retreatment efficacy in
anti-CD38-refractory disease or
superiority to every non-PI option.

Prior lenalidomide and anti-CD38
exposure or resistance

SUCCESSOR-2 addresses this
population. Compare current
licenced non-PI and immune-therapy
options and trial access; Mezi-Kd
availability cannot be
assumed [32,33].

No direct comparison with CAR-T or
a bispecific antibody; long-term
toxicity, OS and subsequent-therapy
effects remain uncertain.

Before leukapheresis

Coordinate disease control with
collection and planned washout;
preserve collection feasibility and
avoid unnecessary lymphotoxic
exposure [47,48].

A rapid response does not by itself
establish preservation of T-cell fitness
or manufacturing success.

After leukapheresis while awaiting
CART

Define a short-term control objective;
monitor infection, cytopenia, organ
events and time to infusion [47,48].

No established carfilzomib-preferred
bridge. Assess all intended recipients,
including those never infused.
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Table 5. Cont.

Clinical Context

Relevant Evidence and

Feasible Alternatives What Remains Unproven

Relapse after BCMA or GPRC5D

Reassess target biology where

clinically appropriate, prior PI

resistance, marrow reserve and
alternative targets.

Antigen upregulation is not
equivalent to proven clinical
resensitisation; evidence after

therapy Carfilzomib-mediated BCMA . GPECSD t&e rapy ﬁanCol\t/[ A
upregulation has early mechanistic intere angea d e wit
evidence [53]. evidence.
F.ORTE. and ATLAS support . No universal K maintenance duration
particular intensification strategies; or validated extrapolation to all
Maintenance after ASCT consider prior induction and P

patients previously treated with

available maintenance anti-CD38 quadruplets.

comparators [15,16].

ASCT, autologous stem-cell transplantation; BCMA, B-cell maturation antigen; CAR-T, chimeric
antigen receptor T-cell therapy; Dara, daratumumab; GPRC5D, G protein-coupled receptor class C
group 5 member D; Isa, isatuximab; K, carfilzomib; Mezi, mezigdomide; OS, overall survival; PI,
proteasome inhibitor. These are evidence boundaries for shared clinical assessment, not a validated
treatment-selection algorithm.

8.3. Post-Immune-Redirection Biology

Proteasomal stress may remain relevant after immune escape, but retained biological
plausibility does not guarantee clinical benefit. Rieger and colleagues showed that protea-
some inhibition increased surface BCMA and enhanced CAR-T activity in experimental
systems; in a small clinical series of ten patients with relapse (n = 8) or primary refractory
disease (n = 2) after BCMA-directed CAR-T, responses were observed only when residual
or expanding CAR T cells were detectable [53]. These data are compatible with restoration
of effector—target interaction but cannot separate that contribution reliably from direct
cytotoxicity or patient selection. Increased antigen expression should not be treated as
proof of restored sensitivity, and the observation cannot be generalised to all post-BCMA or
post-GPRC5D relapse.

9. Clinical Contribution, Limitations and Research Priorities

This review separates four decisions that often arise at different points in care: substi-
tuting one proteasome inhibitor for another, adding a partner drug, changing a schedule
and intensifying maintenance. The distinction matters at relapse. CANDOR and IKEMA
inform the decision to add an anti-CD38 antibody once Kd has been selected [27-31]. Nei-
ther compared its triplet with an active regimen that omits carfilzomib. Matching the trial
question, prior exposures and treatment burden to the decision facing the patient is the
principal clinical contribution of this review.

This narrative review has methodological limitations. The search was selective, screen-
ing and extraction were not independently duplicated, and no formal risk-of-bias assessment
was undertaken. Targeted checks through 16 October 2026 could have missed relevant
reports, and the safety tables report selected outcomes only. The primary evidence has sep-
arate limitations. Historical control regimens and restricted eligibility narrow applicability,
especially after anti-CD38-based induction. Differences in follow-up and safety reporting
preclude reliable comparisons of toxicity across trials, and subsequent therapies complicate
interpretation of overall survival [12,13,21-24,27-31].

A priority is to compare feasible relapse regimens in patients whose disease has pro-
gressed on both lenalidomide and an anti-CD38 antibody, including patients with cardio-
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vascular comorbidity or limited functional reserve. Recording why treatment stopped, time
spent receiving care and the proportion who reached the intended next therapy would
show what a gain in progression-free survival means in practice. Until such comparisons
are available, the most actionable conclusions concern patients whose treatment history
and ability to sustain therapy resemble those in the randomised trials.

10. Conclusions

After one to three prior lines, Dara-Kd or Isa-Kd is a well-supported option for patients
naive to both carfilzomib and anti-CD38 therapy who need a lenalidomide-sparing regimen
and can sustain intravenous treatment. This includes patients progressing on lenalidomide
maintenance. In the overall trial populations, median PFS was 28.4 versus 15.2 months
with Dara-Kd versus Kd in CANDOR and 35.7 versus 19.2 months with Isa-Kd versus Kd
in IKEMA [28,30]. Neither trial established an OS advantage nor do they justify routine
antibody retreatment in anti-CD38-refractory disease [27-31]. When a proteasome-inhibitor
doublet is appropriate, ENDEAVOR provides a direct comparison. Kd prolonged PFS and
OS relative to twice-weekly Vd, with fewer grade > 2 peripheral neuropathy events and
more grade > 3 hypertension [23,24]. For patients previously exposed to both lenalidomide
and an anti-CD38 antibody, SUCCESSOR-2 supports Mezi-Kd against its tested Kd control,
with more severe neutropenia and infection. Local availability and its place relative to
T-cell-directed therapy remain open considerations [32,33,47-50].

In newly diagnosed disease, ENDURANCE and CLARION do not support routine substi-
tution of carfilzomib for bortezomib in the populations they enrolled [12,13]. For maintenance
after transplantation, ATLAS showed longer PFS with risk- and MRD-adapted KRd than
with lenalidomide alone, although the incremental benefit after contemporary anti-CD38
induction remains uncertain [15,16]. For an individual patient, uncontrolled hypertension,
heart failure or evolving renal injury may make another active regimen preferable. Infection
history and the feasibility of repeated visits also matter [28,30,34,43,45,46]. These comparisons
inform choices between the regimens studied. Selective retrieval and the absence of a formal
risk-of-bias assessment limit this review’s conclusions. Direct comparisons of contemporary
sequences are still needed to determine which sequences best preserve survival and access to
the next therapy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/hemato7040043/s1, Table S1: Initial treatment and maintenance [12-17];
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Appendix A

The initial PubMed search, last run on 1 September 2026, used the following string
without a language filter:
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((carfilzomib[Title/Abstract] OR “proteasome inhibitors”[ MeSH Terms] OR protea-
some inhibitor*[ Title/ Abstract]) AND (“multiple myeloma”|Title/Abstract] OR “Multiple
Myeloma”[MeSH Terms]) AND (dose[Title/Abstract]| OR schedule| Title/ Abstract] OR re-
sistance[ Title/ Abstract] OR biomarker*| Title/ Abstract] OR cardiovascular| Title/ Abstract]
OR renal[Title/ Abstract] OR toxicity[ Title/ Abstract] OR “measurable residual disease”[Ti-
tle/Abstract] OR sequencing| Title/ Abstract] OR BCMA [Title/Abstract] OR GPRC5D| Ti-
tle/Abstract] OR “CAR T”[Title/Abstract] OR bispecific*[ Title/ Abstract] OR mezigdo-
mide[ Title/ Abstract] OR isatuximab][ Title/ Abstract] OR daratumumab|Title/ Abstract])).

Because the third concept block can miss reports that do not mention these terms in the
title or abstract, supplementary verification used trial-name and title searches for ASPIRE,
ENDEAVOR, ENDURANCE, CLARION, FORTE, ATLAS, ARROW, CANDOR, IKEMA,
IsKia and SUCCESSOR-2, including survival updates, eligibility, schedules and correction
records. Related searches addressed cardiac and renal safety, resistance mechanisms, CAR-T
sequencing and contemporary guidance. Publisher pages, PubMed records, trial records
and the product label were checked as applicable. These checks were targeted rather than
an exhaustive, independently screened database update; no reconstructed screening counts
are claimed.
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