
Targeting B-cell maturation antigen increases sensi-
tivity of multiple myeloma cells to MCL-1 inhibition 

 
Interfering with the mechanisms by which malignant 

plasma cells develop drug resistance is critical for pre-
venting relapse in multiple myeloma (MM). 
Downregulation of target antigen is one of the escape 
mechanisms limiting the success of promising therapeu-
tic approaches such as B-cell maturation antigen 
(BCMA)-targeted immunotherapy.1,2 Despite high 
response rates and depth of responses after treatment 
with BCMA-targeting agents, patients eventually 
relapse.1–3 In most cases, the residual MM cells persisting 
after BCMA-based immunotherapy express reduced 
BCMA levels,1,2 suggesting that eliminating this 
BCMAlow MM cell pool could significantly delay or pre-
vent relapse. An optimal therapeutic approach may 
therefore involve sequential treatment strategies target-
ing the critical anti-apoptotic pathways in refractory 
MM cells selected right after BCMA-based immunother-
apy. However, ex vivo identification of potentially rele-
vant sequential treatment strategies involving culture of 
primary MM cells for several days, has been limited due 
to the low viability of malignant plasma cells outside the 
bone marrow niche. Here, we describe a reproducible 
culture system for primary MM cells based on a synthet-
ic hydrogel where viability of primary myeloma cells is 
preserved even in the absence of additional stromal sub-
sets. Drug screening of MM samples in this three-dimen-
sional (3D) platform revealed a dynamic interplay 
between BCMA and MCL-1, showing that BCMAlow 
MM cells are highly sensitive to MCL-1 inhibitors (MCL-
1i), and that pretreatment with BCMA-blocking antibod-
ies significantly increases MCL-1i efficacy in MM cells. 

The BCMA (TNFRSF17) surface receptor is selectively 
present on plasma cells, and its expression is significant-
ly higher in high- versus low-risk MM and in 
relapsed/refractory versus newly diagnosed patients.4 

This progressive BCMA increase is due to loss of cells 
expressing a relatively lower level of this receptor,4 sug-
gesting that malignant cells with highest BCMA expres-
sion may have a selective advantage over the course of 
the disease. Multiple BCMA-targeting approaches are 
being tested in the clinic for the treatment of MM, 
including antibody-drug conjugates, bispecific 
BCMAxCD3 antibodies, and anti-BCMA chimeric anti-
gen receptor (CAR) T cells. 1–3 Signaling through the 
APRIL-BCMA axis promotes MM cell proliferation and 
survival, and induces the expression of the anti-apoptot-
ic proteins BCL-2 and MCL-1.5 MCL-1 is a key pro-sur-
vival factor for healthy and malignant plasma cells, and 
elevated MCL-1 expression in MM is associated with 
chemoresistance and shorter event-free survival.6 Several 
compounds targeting MCL-1 are currently tested in clin-
ical trials, including the potent MCL-1 inhibitor (MCL-
1i) S63845.7 MM cell sensitivity to MCL-1i treatment is 
highly variable between patients,8 as is observed with 
BCMA-targeting immunotherapy,2,9 stressing the need 
for primary MM cell-based ex vivo studies on the factors 
conditioning the response to these treatment modalities.  

Our culture approach for patient-derived MM cells is 
based on Puramatrix (PMX) hydrogel, which has previ-
ously been validated for MM cell co-culture with mes-
enchymal stromal cells (MSC).10 A major advantage of 
PMX over other gels such as Matrigel or fibrin scaffolds 
is its chemically-defined composition (R-A-D-A repeats), 
which eliminates batch-to-batch variability issues. MM 
cells (patient information is listed in the Online 

Supplementary Table S1) were cultured in PMX supple-
mented with the prosurvival cytokines interleukin 6 (IL-
6) and APRIL, which are found at high concentrations in 
the bone marrow and plasma of MM patients.5 The com-
bination of both cytokines preserved MM cell viability 
significantly better than in unstimulated controls (Online 
Supplementary Figure S1A). Primary MM cell survival in 
PMX was significantly higher than in two-dimensional 
(2D) cultures, as determined by cell viability percentages 
and by absolute cell number (Figure 1A to C). 
Compound diffusion in PMX was evaluated by exposing 
PMX-cultured MM cells to molecules added to the 
supernatant. In antibody-dependent cellular cytotoxicity 
(ADCC) and complement-dependent cytotoxicity (CDC) 
assays with the anti-CD38 antibody Daratumumab, sur-
face-bound anti-CD38 was detected in all cells (Online 
Supplementary Figure S1B), and MM cell line sensitivity to 
CD38 targeting in PMX was comparable to that in 2D 
culture (Online Supplementary Figure S1C), showing that 
both small and large molecules diffuse efficiently in this 
hydrogel. Importantly, MM cells retained expression of 
plasma cell-associated markers when cultured in PMX. 
BCMA expression significantly increased over time, 
while CD38 levels remained mostly stable (Figure 1D 
and data not shown). Due to limited plasma cell viability 
in 2D culture, previous reports testing ex vivo chemosen-
sitivity of primary MM cells are based on their co-culture 
with either MSC or MS-5 cells. 8,10,11 In order to relate to 
these previous studies, we compared MM drug respons-
es in PMX supplemented with either cytokines or MSC. 
Specific apoptosis induced by MCL-1i in PMX + IL-
6/APRIL was similar to that measured in PMX + MSC 
co-cultures (Figure 1E). Furthermore, it has been report-
ed that primary MM cells with a t(11;14) translocation 
are highly sensitive to BCL-2 inhibition,12 and we con-
firmed this observation in PMX-based drug screenings 
(Online Supplementary Figure S1D). 

Over culture in the presence of IL-6 and APRIL, sensi-
tivity of MM cells to MCL-1i decreased significantly 
(Figure 1F), evocative of drug sensitivity loss in the phys-
iological niche. Both IL-6 and APRIL have been linked to 
acquisition of drug resistance in MM, while previous 
reports rely mostly on the study of cell lines.5,13,14 

Next, we assessed BCMA levels on MM cells that per-
sisted after each treatment. Remarkably, BCMA expres-
sion on malignant cells that survived MCL-1 inhibition 
was significantly higher than on cells left untreated or 
exposed to other agents (Figure 2A). Distribution of 
BCMA expression in viable MM cells indicated that 
MCL-1 inhibition preferentially spares BCMAhi cells 
(Figure 2B). Taken together, these data reveal a connec-
tion between BCMA expression and dependence on 
MCL-1, and indicates that MCL-1i treatment eliminates 
BCMAlow MM cells. This observation is especially rele-
vant considering that residual MM cells remaining after 
BCMA CAR-T cell therapy show significantly reduced 
BCMA levels, suggesting immune selection for BCMA-
dim/negative clonal variants.1,2 Our data indicates that 
combining MCL-1 inhibitors with BCMA-targeting 
immunotherapies may increase their efficacy by deplet-
ing residual BCMAlow cells.   

We next addressed the relation between BCMA block-
ade and MCL-1i-induced apoptosis by treating primary 
MM samples with a BCMA-targeting antibody (anti-
BCMA). MM cell sensitivity to single-agent anti-BCMA 
was heterogeneous and did not correlate with BCMA 
expression in MM cells before treatment (Online 
Supplementary Figure S2A and B). Importantly, there was 
a clear inverse correlation between MCL-1i and anti-
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BCMA sensitivity in MM samples: MCL-1i-resistant 
MM cells were highly sensitive to anti-BCMA, and vice 
versa (Figure 3A). We did not observe changes in MCL-1, 
BCL-2 or BCL-XL protein levels after anti-BCMA treat-

ment, neither by fluorescence-activated cell sorting 
(FACS)  nor by western blot analysis (Figure 3B; Online 
Supplementary Figure S2C and D). Considering that MCL-
1i spares MM cells with highest BCMA expression, 
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Figure 1. Primary multiple myeloma cell viability, 
phenotype, and drug sensitivity testing after cul-
ture in Puramatrix hydrogel. (A) Representative 
flow cytometry plots of multiple myeloma (MM) 
cells after culture. MM bone marrow mononuclear 
cells were seeded in Puramatrix (PMX) in the pres-
ence of IL-6 and APRIL (100 ng/mL each), for 7 
days. All experiments involving primary MM cell 
culture were performed in this setting, unless oth-
erwise stated. MM cells were gated as CD38+ 
CD138+ (left), and viable cells were identified as 
DiOC6+ TOPRO3- cells (right). (B) Frequency and 
(C) absolute cell number (expressed as fold-
increase relative to two-dimensional [2D] controls) 
of MM cells after 7 days in culture in 2D or PMX 
(n=18). Bars indicate mean + standard error of the 
mean. (D) Mean fluorescence intensity (MFI) of B-
cell maturation antigen (BCMA) in MM cells was 
measured by flow cytometry after 2 or 7 days in 
PMX culture (n=12). (E) Simple linear regression 
analysis comparing specific apoptosis (%) induced 
by the MCL-1 inhibitor (MCL-1i) S63845, in n=12 
MM samples cultured in PMX supplemented with 
either IL-6 + APRIL or mesenchymal stromal cells 
(MSC, 80,000/well 10). MCL-1i (1,000 nM) was 
added on day 1, and MM viability was measured 
by flow cytometry 24 hours later. Specific apopto-
sis (%) was calculated by applying the following for-
mula: [(%viable Nil - %viable treated)/ %viable Nil] 
x 100. (F) Specific apoptosis induced by MCL-1i in 
PMX-cultured MM cells (n=12). MCL-1i (100 nM) 
was added on day 1 or 6, and viability was meas-
ured 24 hours later (day 2 or 7, respectively). Each 
dot represents an individual sample. Statistical dif-
ferences between 2 groups were analyzed using 
paired t-tests. *P<0.05; **P<0.01.
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Figure 2. BCMAlow multiple myeloma cells are sen-
sitive to MCL-1 inhibition. (A) Mean fluorescence 
intensity (MFI) of B-cell maturation antigen (BCMA) 
(expressed as x-fold of MFI in untreated controls) 
as measured by flow cytometry in alive multiple 
myeloma (MM) cells after treatment with either 4 
nM Bortezomib (Bor), 1,000 nM dexamethasone 
(Dex), 100 nM BCL-2 inhibitor (BCL-2i; ABT-199), or 
100 nM MCL-1i (S63845) for 24 hours (n=4-9). 
Each dot represents an individual sample. 
Statistical differences between groups were ana-
lyzed using a one-way ANOVA with Bonferronis’ 
multiple comparison test. **P<0.01. (B) 
Representative histograms showing BCMA expres-
sion in MM cells from 4 different primary samples 
(MM1-MM4) cultured in Puramatrix (PMX). 
Histograms show BCMA in alive MM cells untreat-
ed (black) or after a 24-hour treatment with 100 
nM MCL-1i (red).  
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which may largely rely on BCMA signaling for survival, 
we next evaluated if co-treatment with MCL-1i and anti-
BCMA has synergistic effects on MM cell apoptosis. In 
five of seven primary MM samples tested, MCL-1i + 
anti-BCMA combination had a more than additive effect 
on MM cell killing (Figure 3C and D), but we did not 
observe consistent synergy when combining these drugs 
with primary MM samples. Next, we addressed whether 
increased MCL-1i efficacy in a context of BCMA block-
ade could be further enhanced by following a sequential 
treatment strategy. To this end, primary MM cells were 

cultured in the presence of anti-BCMA for 6 days before 
a 24-h culture with MCL-1i. Strikingly, apoptosis 
induced by MCL-1 inhibition was significantly higher 
after a 6-day pretreatment with anti-BCMA, as com-
pared to treatment with an isotype control or a shorter 
(24 hours) BCMA blockade period (Figure 3E and F). 
Increased MM cell susceptibility towards sequential 
BCMA and MCL-1 targeting was also observed follow-
ing co-culture with MSC in PMX (Online Supplementary 
Figure S2E to H). Pretreatment with either Daratumumab 
(anti-CD38) or tocilizumab (anti-IL6R) did not sensitize 
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Figure 3. Pretreatment with anti-BCMA maturation antigen increases MCL-1 inhibitor efficacy in multiple myeloma cells. (A) Simple linear regression analysis 
comparing specific apoptosis after 24-hour treatment with either 100 nM MCL-1i or 5 ug/mL anti-B-cell maturation antigen (anti-BCMA) (a-BCMA; Vicky-1) 
(n=12). (B) Flow cytometry analysis of MCL-1 (left) and BCL-2 (right) expression in primary multiple myeloma (MM) cells cultured for 2 or 7 days with IL-6 + APRIL 
(100 ng/mL each) in the presence of 5 ug/mL isotype control antibody (black) or anti-BCMA (grey). Mean + standard error of the mean (n=3). (C) Specific apop-
tosis induced by 100 nM MCL-1i (black), 5 ug/mL anti-BCMA (grey), or their combination (blue) in 7 primary MM samples cultured in Puramatrix (PMX). Drugs 
were added on day 6, and MM cell viability was measured 24 hours later.  (D) Plots comparing expected (EXP) to observed (OBS) specific apoptosis induced by 
combining anti-BCMA 5 ug/mL and MCL-1i (100 nM) for 24h (n=7). Hypothetical expected (EXP) specific apoptosis assumes an additive effect of the two com-
bined drugs, and was calculated by using the formula: [(apoptosis drug A + apoptosis drug B) – (apoptosis drug A x apoptosis drug B)/100]. In 5 of 7 samples, 
this combination showed a more than additive pro-apoptotic effect. (A and D) Each dot represents an individual sample. (E) Representative flow cytometry plots 
showing the proportion of alive MM cells (CD38+ TOPRO3-) after the indicated treatments. MM samples were cultured for 6 days in the presence of either 5 
ug/mL isotype control antibody (black), anti-BCMA (red), or no antibody (blue). After this time, cells were treated with 100 nM MCL-1i (black, red) or co-treated 
with MCL-1i + anti-BCMA (blue). MM viability was analyzed 24 hours later (i.e., on day 7) by fluorescence-activated cell sorting. (F) Cumulative plots showing 
apoptosis induced by MCL-1i in the conditions specified in (E). Mean + standard error of the mean (n=5). Statistical differences between 2 groups (D) were ana-
lyzed using paired t-tests. Statistical differences between 3 or more groups (F) were analyzed using a one-way ANOVA with Bonferronis’ multiple comparison test. 
*P<0.05; ** P<0.01. 
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MM cells to MCL-1 inhibition, suggesting that increased 
sensitivity to MCL-1i is specifically related to blockade 
of the APRIL-BCMA axis and not a general consequence 
of ADCC (Online Supplementary Figure S2I and J). 
Limiting the potential toxicities associated with MCL1i 
therapy is important: MCL-1 is expressed on different 
healthy tissues, including cardiomyocytes, hematopoiet-
ic stem cells, oocytes, and lymphocytes.15 It is, therefore 
relevant to find strategies to enhance the efficacy of 
MCL-1 inhibitors specifically in MM cells, which may 
lower the required doses for a persistent therapeutic 
effect. Our results suggest that blocking the APRIL-
BCMA axis may render MM cells more dependent on 
pro-survival IL-6 signaling,5 forcing a scenario where 
cells are more sensitive to MCL-1 inhibition. 
Interestingly, patients with 1q21 amplification are highly 
sensitive to MCL-1 targeting, likely due to higher rela-
tive MCL1 expression resulting from amplification of 
1q21.8 The IL-6 receptor (IL-6R) locus is also located in 
this chromosomal region, suggesting that 1q21+ MM 
cells may largely rely on the IL-6 – MCL-1 axis for sur-
vival. Taken together, our data reveals the potential of 
MCL-1 inhibition as a strategy to eliminate BCMAlow 
residual cells following BCMA-directed immunotherapy, 
and shows that anti-BCMA (pre-)treatment significantly 
enhances MCL-1i-induced apoptosis in MM cells. 
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