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Bone marrow (BM) assessment of minimal residual disease (MRD) is prognostic for survival in multiple myeloma (MM). BM is still
hypocellular at month 1 post CAR-T, thus the value of MRD negative (MRDneg) status at this timepoint is unclear. We examined the
impact of month 1 BM MRD status in MM patients who received CART at Mayo Clinic between 8/2016 and 6/2021. Among 60
patients, 78% were BM-MRDneg at month 1; and 85% (40/47) of these patients also had decreased to less than normal level of both
involved and uninvolved free light chain (FLC < NL). Patients who achieved CR/sCR had higher rates of month 1 BM-MRDneg and
FLC < NL. The rate of sustained BM-MRDneg was 40% (19/47). Rate of conversion from MRDpos to MRDneg was 5%(1/20). At month
1, 38%(18/47) of the BM-MRDneg were hypocellular. Recovery to normal cellularity was observed in 50%(7/14) with a median time
to normalization at 12 months (range: 3–Not reached). Compared to Month 1 BM-MRDpos patients, patients who were BM-MRDneg
had longer PFS irrespective of BM cellularity [PFS: 2.9 months (95% CI, 1.2-NR) vs. 17.5 months (95% CI, 10.4-NR), p < 0.0001]. Month
1 BM-MRDneg and FLC below normal were associated with prolonged survival. Our data support the continued evaluation of BM
early post-CART infusion as a prognostic tool.
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INTRODUCTION
Advances in diagnostic technologies have allowed defining
minimal residual disease (MRD) disease status in patients with
multiple myeloma (MM). The international myeloma working
group (IMWG) had published guidelines for MRD assessment to
identify depth of treatment response and allow uniform reporting
within and outside clinical trials [1]. Serial, sustained BM-MRDneg
through 12 months has been prognostic for prolonged
progression-free survival across a variety of myeloma therapy [2].
Chimeric antigen receptor T (CAR-T) cell therapy has emerged

as a potent treatment strategy against B-cell neoplasms with
impressive outcomes and manageable toxicity [3–7]. In patients
with MM receiving CAR-T on clinical trials, BM MRD assessment
has been done on a scheduled basis regardless of M protein levels
and IMWG response. BM clearance of plasma cells can be detected
by month 1 post CAR-T, even before monoclonal protein
disappears. This may be due to the mechanism of direct killing
of plasma cells by CAR-T and the relatively slower clearance of M
protein. It is important to note that BM may still be hypocellular at
month 1 post-CAR-T, thus the prognostic value of BM MRD status
at this early time point in therapy and when the detection level is
limited is unclear. We examined the association of BM-MRD at
month 1 with response, progression-free survival (PFS), and overall
survival (OS) for patients who received CAR-T at Mayo Clinic.

METHODS
We conducted a retrospective review of electronic medical records
of patients who received CAR-T for treatment MM between 8/2016 and
1/2021 at Mayo Clinic, Rochester, Arizona, and Florida. We selected all
consecutive patients treated during the specific timeframe and excluded
those treated in phase I clinical trials. CAR-T outcomes were obtained from
the prospectively collected and validated immune effector cell program
clinical database after IRB approval from Mayo Clinic. Informed consent
was obtained from all subjects. Free light chains (FLC) at month 1 were
defined as below normal or normal/elevated.BM cellularity and MRD
assessment by flow cytometry were collected from clinical pathology
reports at months 1, 3, 6, and 12. The sensitivity of this assay is 10–5 if
adequate cell number has been acquired (minimum 2 × 106 events) [8]. BM
cellularity was defined as hypocellular or normocellular/ Not hypocellular
as outlined in clinical pathology BM reports. Sustained BM Hypocellularity
was defined as maintenance of BM hypocellularity confirmed ≥12 months
apart with no normocellular/ hypercellular BM in between.
Best response were assessed as per IMWG criteria. Progression-free

survival (PFS) was defined from CAR-T infusion to progressive disease or
next treatment or death from any cause, whichever occurred first. Overall
survival (OS) was measured from the date of CAR-T infusion to the date of
death or last follow-up. PFS and OS were analyzed using Kaplan-Meier
analysis and statistical significance were assessed using the two-tailed log-
rank test. χ2-test was used to determine relationships between categorical
variables. The Kruskal–Wallis rank sum test was used to determine
associations between continuous variable and categories, and Pearson’s
chi-square test was used to evaluate associations for categorical variables.
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RESULTS
Patient characteristics and clinical outcome
Among the 62 patients who received CAR-T for MM, 60 MM
patients had adequate BM for clinical assessment at month 1. The
median age at the time of CAR-T evaluation for this cohort was 62
(range, 34–81) years and 78% were males. All patients received
lymphodepletion chemotherapy with fludarabine and cyclopho-
sphamide from day −5 to day −3. The incidence of CRS was 75%,
5% for grade 3 or higher. The incidence for ICANS was 22%, and
2% for grade 3 or higher (Table 1). The CR/sCR rate was 45%. With
a median follow-up of 20 months (range: 6.9–58.9 months), the
median PFS and OS were 10.4 (95% CI: 6–17.9) months and 28.3
(95% CI: 21.9-not reached) months, respectively.

Serial BM assessment
At month 1, 78% (47/60) of the patients had BM that were
MRDneg. Baseline demographics were comparable between BM-
MRDneg and BM-MRDpos groups except for the use of bridging
therapy (Table 1). IMWG response at month 1 was CR/sCR in 17%
(10/60), VGPR in 20% (12/60), PR in 30% (18/60), SD in 23% (14/60),
PD in 8% (5/60) and 2% (1/60) patients were not evaluable. The
CR/sCR rate at month 1 in the BM-MRDneg group was 21% (10/47)
and in the BM-MRDpos group was 0%.
Overall, 72% (43/60) patients had FLC < normal (NL) at month 1;

with 85% (40/47) patients in the BM-MRDneg group had FLC < NL,
and 23% (3/13) in the BM-MRDposgroup. Compared to all other
responses, patients who achieved CR/sCR as their best response
had higher rates of month 1 BM-MRDneg (100% vs. 61%,
p < 0.001, Fig. 1A) and FLC < NL (89% vs. 58%, p < 0.001, Fig. 1B).
Patients who were BM-MRDneg at month 1, 18/47 (38%) patients
had hypocellular BM. Cellularity could not be evaluated for 3/47
(6%) patients due to suboptimal BM sample.
BM samples at month 3 (n= 35), 6 (n= 28) and 12 (n= 22)

showed BM-MRDneg rates of 74% (26/35), 54% (15/28), and 59%

(13/22), respectively. The rate of BM MRDneg/hypocellularity was
62% (16/26), 27%% (4/15), and 31% (4/13), respectively. Among
patients who had serial BM evaluation, 82% (47/60) had serial
samples. The rate of sustained BM-MRDneg status at month 6 was
34% (16/47) and at month 12 was 28% (13/47, Fig. 1C). All patients
except one, who was BM-MRD positive (MRDpos) at month 1
continued to be MRDpos(Fig. 1D). This patient had patchy areas of
clonal plasma cells visible on BM biopsy, even though BM aspirate
was negative for MRD. By month 3, this patient was BM MRDneg
on both pathology and flow. The rate of conversion from BM-
MRDpos to BM-MRDneg was 5% (1/20). At month 1, 18/47 (38%)
patients were BM-MRDneg/hypocellular and 78% (14/18) of these
patients had serial samples. The rate of sustained BM hypocellu-
larity≥12 was 50% (7/14). Recovery to normal cellularity was
observed in 50% (7/14) patients and the median time to recovery
was 12 (range, 3 –Not reached) months (Fig. 1C). Patients who had
continued BM MRDneg achieved a deeper response.

BM MRD status and prognosis with clinical outcome
Compared to BM-MRDpos, patients who had BM-MRDneg at
months1 had longer PFS [17.5 months (95% CI, 10.4-NR), p < 0.0001
vs. 2.9 months (95% CI, 1.2-NR), Fig. 2A]. PFS was not statistically
significantly different between patients who had BM-MRDneg and
were either hypocellular or not. [17.7 months vs 10.4, p= 0.46]. OS
did not reach statistical significance [BM-MRDneg/Not Hypocellu-
lar: Not reached vs BM-MRDneg/Hypocellular:28.3 months vs BM-
MRDpos:21.9 months, p= 0.17, Fig. 2B]. BM-MRDneg patients with
FLC < NL at months1 had better median PFS compared to those
who did not. (BM-MRDpos/FLC ≥NL: 1.7 months (0.9-NR); BM-
MRDneg/FLC ≥ NL or BM-MRDpos/FLC < NL: 6.3 months (3.7-NR);
BM-MRDneg/FLC < NL:17.9 months (11.8-NR), p < 0.001, Fig. 2C,
Supplementary Fig. 1a). Patients with BM MRDneg and FLC < NL
had better OS as compared to all others (BM-MRDpos/
FLC >= NL:10.2 months; BM-MRDneg/FLC ≥ NL or BM-MRDpos/

Table 1. Patient demographics and clinical outcomes.

Demographics All patients (N= 60) BM-MRDneg (N= 47) BM-MRDpos
(N= 13)

P- Value

Age (year), median (range) 62 (34–81) 62 (41–81) 60 (34–70) 0.3

Male, n (%) 32 (53) 23 (49) 9 (69) 0.2

Median time from initial diagnosis to CAR-T evaluation,
year, median (range)

6 (0–15) 6 (0–15) 6 (0–15) 0.7

High risk cytogenetic profile, n(%) 28 (70)* 21 (70) 7 (70) 1

ISS Stage II/III, n (%) 14 (31) 11 (31) 3 (30) 0.9

ECOG ≥ 1, n (%) 17 (31)** 12 (29) 5 (39) 0.5

Bridging therapy, n (%) 46 (77) 39 (83) 7 (54) 0.03

Prior lines of therapy, median (range) 5 (2–17) 5 (2–12) 6 (2–17) 0.09

Plasmacytoma, n(%) 23 (38) 17 (36) 6 (46) 0.7

Clinical outcome

Cytokine release syndrome, all grade, n (%) 45 (75) 36 (77) 9 (69) 0.6

ICANS, all grade, n(%) 13 (22) 11 (23) 2 (15) 0.5

Tocilizumab use, n(%) 25 (42) 22 (47) 3 (23) 0.1

Steroid use, n(%) 15 (25) 13 (28) 2 (15) 0.4

Cumulative dexamethasone dose, mg, median (range) 20 (10–1309.6) 20 (10–1309.6) 25 (10–40) 1

Anakinra use, n(%) 5 (8) 5 (10.6) 0 (0) 0.2

Month 1 response, CR/sCR, n (%) 10 (17) 10 (21) 0 (0) 0.07

Best response- CR/sCR, n (%) 27 (45) 27 (57) 0 (0) <0.001

FLC < normal, n (%) 43 (72) 40 (85) 3 (23) <0.001

ISS International scoring system, ECOG Eastern Cooperative Oncology Group, ICANS Immune effector associated neurotoxicity syndrome, CR/sCR Complete
response/Stringent complete response, FLC Free light chain
p values that are statistically significant are shown in bold.
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Fig. 1 Bone marrow MRD status and associated clinical outcome for patients with myeloma who received CAR-T. Bar graph comparing
rates of BM MRDneg rate (A) and FLC clearance (B) in patients who achieved CR/sCR (as per IMWG) vs those who didn’t. C Swimmer’s plot
showing progression free survival (PFS) and best response, as per IMWG, among individual CAR-T patients. (Square = MRD positive, Circle =
MRD negative), D Cumulative incidence curve for BM MRDpos after CAR-T infusion.
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FLC < NL:NR months vs BM-MRDneg/FLC < NL:28.3 months,
p < 0.05, Fig. 2D, Supplementary Fig. 1b).Sustained BM MRDneg
≥12 status with serial biopsy further reinforced the prognostic
value. The median PFS for patients who maintained BM MRDneg
status at month 6 was 20.7 months (95% CI: 17.9 – NR months); and
for patients who maintain BM MRDneg status at month 12 was
20.9 months (95% CI 20.9 – NR months).

DISCUSSION
BM MRDneg status has been demonstrated to be prognostic for
prolonged PFS and OS in drug-based myeloma therapy [2, 9, 10]. In
patients receiving CAR-T, we observed BM was hypocellular in one-
third of the patients in the first-year post-CAR-T infusion. Regardless

of BM cellularity status, BM MRDneg at month 1 and FLC below
normal correlated with CR/sCR response and prolonged PFS. BM
assessment of MRD and serum FLC levels can be used as a surrogate
for the prediction of response and PFS post-CAR-T. This is the first
study to report a correlation of BM cellularity and BM MRDneg status
with treatment outcomes in patients receiving CAR-T.
Patients who had serum FLC < NL and were BM-MRDneg at

month 1, regardless of IMWG response criteria at the time, had the
longest survival in this cohort (median 17.9 months); and those
who had serum FLC at or above normal and were BM-MRDpositive
at month 1 had the shortest survival. Those who were either FLC
at or above normal OR BM MRDpos had an intermediate duration
of PFS. Larger studies are needed to fully delineate the prognosis
for either finding within this category.

Fig. 2 Bone marrow MRD status and correlation with clinical outcome for patients with myeloma who received CAR-T. A Kaplan-Meier
curve for progression free survival (PFS) between patients with month 1 BM MRDpos and MRDneg stratified by BM cellularity (top left).
B Kaplan-Meier curve for overall survival (OS) between patients with month 1 BM MRDpos and MRDneg stratified by BM cellularity (top right
(C) Kaplan-Meier curve) for PFS among patients with month 1 BM MRDneg/FLC < NL, MRDneg/FLC >=NL or MRDpos/FLC < NL and MRDpos/
FLC >=NL(bottom right). D Kaplan-Meier curve for OS among patients with month 1 BM MRDneg/FLC < NL, MRDneg/FLC >=NL or MRDpos/
FLC < NL and MRDpos/FLC >=NL (bottom left).
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While we also observed that sustained serial BM MRDneg ≥12 is
associated with durable response, an early MRD assessment at
month 1 can potentially predict for risk of relapse and be used for
risk-adapted monitoring. Patients with a rapid tumor clearance
and early BM MRD negativity but not CR by IMWG criteria may
later evolve to complete response. This is likely the reason that
clearance of serum FLC at month 1, which has a much shorter half-
life than monoclonal proteins, is also associated with deeper
IMWG response and prolonged PFS.
Patients who were MRD positive at month 1 have a low likelihood

of achieving MRDneg. Thus, early MRD positivity likely predicts
impending clinical relapse. Because the majority of these patients
who are MRDpos at month 1 do not convert to MRDneg and have
significantly shorter PFS, clinical trials should be designed to
incorporate these high-risk patients to understand the biology of
resistant clones and inform strategy for early intervention.
Sustained MRDneg status at months 6 and 12 have been

persistently found to be prognostic for prolonged PFS in other
myeloma therapies [11]. Our serial BM MRD data in CAR-T patients
corroborates these findings. This support continued adherence of
IMWG recommendation for the testing schedule of BM MRD for
patients who receive CAR-T. However additional study for the role
of BM MRD study at the early timepoint of month 1 along with
serum FLC could be useful given the kinetics of action and the
management logistics of this therapy.
The first limitation of our study is the small sample size. Larger,

future prospective studies can help validate our findings and help
determine the optimal timing for MRD assessment post-CAR-T. BM
assessment of MRD may sometimes be limited by the quality of BM
aspirate (patchy or dilute), MRD detection methods used, and the
risk of false-negative results due to extramedullary disease. The
second limitation is that our study uses only one test i.e., flow
cytometry for MRD assessment. NGS may enable more sensitive
detection of MRDneg threshold. Non-invasive MRD testing like PET-
CT, circulating tumor DNA, and serum BCMA levels can also help
with surveillance monitoring. The incorporation of these tools to
help assess global MRD status are ongoing. Our data support the
continued evaluation of BM and also serum FLC levels early post
CAR-T infusion as a prognostic tool. Given the higher occurrence of
extramedullary disease in highly pre-treated patient population, a
blood-based MRD testing such as NGS, circulating tumor DNA,
MALDI-TOF, PET-CT may have utility in the global assessment of risk.

DATA AVAILABILITY
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REFERENCES
1. Kumar S, Paiva B, Anderson KC, Durie B, Landgren O, Moreau P, et al. International

Myeloma Working Group consensus criteria for response and minimal residual
disease assessment in multiple myeloma. Lancet Oncol. 2016;17:e328–e46.

2. Munshi NC, Avet-Loiseau H, Anderson KC, Neri P, Paiva B, Samur M, et al. A large
meta-analysis establishes the role of MRD negativity in long-term survival out-
comes in patients with multiple myeloma. Blood Adv. 2020;4:5988–99.

3. Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, et al.
Axicabtagene Ciloleucel CAR T-cell therapy in refractory large B-Cell lymphoma.
N. Engl J Med. 2017;377:2531–44.

4. Schuster SJ, Bishop MR, Tam CS, Waller EK, Borchmann P, McGuirk JP, et al.
Tisagenlecleucel in adult relapsed or refractory diffuse large B-Cell Lymphoma. N.
Engl J Med. 2018;380:45–56.

5. Wang M, Munoz J, Goy A, Locke FL, Jacobson CA, Hill BT, et al. KTE-X19 CAR T-cell
therapy in relapsed or refractory mantle-cell lymphoma. N. Engl J Med.
2020;382:1331–42.

6. Abramson JS, Palomba ML, Gordon LI, Lunning MA, Wang M, Arnason J, et al.
Lisocabtagene Maraleucel for patients with relapsed or refractory large B-cell lym-
phomas (TRANSCEND NHL 001): a multicentre seamless design study. Lancet.
2020;396:839–52.

7. Munshi NC, Anderson LD Jr, Shah N, Madduri D, Berdeja J, Lonial S, et al. Ide-
cabtagene Vicleucel in relapsed and refractory multiple myeloma. N. Engl J Med.
2021;384:705–16.

8. Tschautscher M, Jevremovic D, Buadi FK, Lacy MQ, Gertz MA, Dispenzieri A, et al.
Implications and outcomes of MRD-negative multiple myeloma patients with
immunofixation positivity. Am J Hematol. 2020;95:E60–E2.

9. Landgren O, Devlin S, Boulad M, Mailankody S. Role of MRD status in relation to
clinical outcomes in newly diagnosed multiple myeloma patients: a meta-
analysis. Bone marrow Transplant. 2016;51:1565–8.

10. Munshi NC, Avet-Loiseau H, Rawstron AC, Owen RG, Child JA, Thakurta A, et al.
Association of minimal residual disease with superior survival outcomes in
patients with multiple myeloma: a meta-analysis. JAMA Oncol. 2017;3:28–35.

11. Fonseca R, Arribas M, Wiedmeier-Nutor JE, Kusne YN, Gonzalez-Velez M,
Kosiorek H, et al. Integrated analysis of next generation sequencing minimal
residual disease (MRD) and PET scan in transplant eligible myeloma patients.
Blood Cancer J. 2023;13:32.

ACKNOWLEDGEMENTS
We thank the patients and their families for their dedication and participation in the
research.

AUTHOR CONTRIBUTIONS
YL and SKK designed the study, RB collected and analyzed the data, and wrote the
initial manuscript draft, MB, JTL, MAH, DD, KS, PK, TK, SRH, RHW, RF, LB, and SA
critically reviewed the manuscript drafts, approved the final version, and made the
decision to submit the manuscript for publication.

COMPETING INTERESTS
DD: Alexion, Novartis, Apellis, GSK, Sanofi, Janssen, PK: Sanodi, Pharmacyclics,
BeiGene, Cellectar, Karyopharm, Abbvie, Takeda, Janssen, GlaxoSmithKline, Regen-
eron Pharmaceuticals, Ichnos Sciences, Amgen, RF: Amgen, BMS, Celgene, Takeda,
Bayer, Janssen, Novartis, Pharmacyclics, Sanofi, Merck, Juno, Kite, Aduro, OncoTracker
SA: Bristol Myers Squibb, ADC Therapeutics, Seattle Genetics, Regeneron, Affimed, Al
Therapeutics, Pfizer, Trillium and Takeda, GSK, Abbvie, Caris Life sciences, Adaptive
biotechnologies, patent: prognostication of myeloma via FISH, SA: Beigene, SKK: BMS,
Abbvie, Amgen, Takeda, Tenebio, Beigene, Oncopeptides, Antengene, Carsgen,
Jannsen, KITE, Astra-zeneca, Novartis, Roche- Genentech, Bluebird Bio, YL: Kite,
Janssen, Novartis, Celgene, Bluebird Bio, Juno, Legend, Sorrento, Gamida Cell, Vineti,
Merck, Takeda. The remaining authors declare no competing financial, professional,
or personal interests that might have influenced the performance or presentation of
the work described in this manuscript.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41408-023-00820-y.

Correspondence and requests for materials should be addressed to Yi Lin.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

R. Bansal et al.

5

Blood Cancer Journal           (2023) 13:47 

https://doi.org/10.1038/s41408-023-00820-y
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Prognostic value of early bone marrow MRD status in CAR-T therapy for myeloma
	Introduction
	Methods
	Results
	Patient characteristics and clinical outcome
	Serial BM assessment
	BM MRD status and prognosis with clinical outcome

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




