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or resistance to therapy and outcomes. Clonal plasma cells 
(CPCs) are associated with an upregulation of anti-apoptotic 
proteins, leading to increased resistance to the intrinsic path-
way of apoptosis at the time of diagnosis or during relapse 
[2]. The key anti-apoptotic members are Bcl-2, Mcl-1, Bcl-
XL, Bcl-B, and Bcl-W, which sequester pro-apoptotic BH3-
only proteins, resulting in cell survival. Dysregulation of 
apoptosis leads to the proliferation of neoplastic cells, with 
Bcl-2 and Mcl-1 playing significant roles in various stud-
ies [3]. These anti-apoptotic proteins show heterogeneous 
expression in mediating resistance.

Recent studies have focused on newer targets in myeloma 
cells as part of ongoing efforts to improve outcomes in MM. 
Among several potential biomarkers, apoptosis regula-
tors, especially Bcl-2 and Mcl-1, have been identified as 
potential therapeutic targets in MM. Bcl-2 is targetable by 
BH3 mimetics, which bind to apoptotic proteins and ulti-
mately lead to apoptosis activation. Venetoclax is an oral 
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Response to BH3 mimetics in multiple myeloma (MM) correlates with CCND1-rearrangement or expression of anti-apop-
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BH3 mimetic drug that targets only Bcl-2 and is helpful in 
the management of refractory or relapsed MM with Bcl-2 
overexpression. However, co-expression of Bcl-2 with high 
Mcl-1 can lead to resistance to Venetoclax monotherapy [4]. 
Venetoclax may only be effective in a subset of patients with 
relatively high Bcl-2 and low Mcl-1. This opens up the pos-
sibility of simultaneously targeting both Mcl-1 and Bcl-2 
[5–7].

Several studies have shown a relationship between 
t(11;14) or CCND1 rearrangement and high Bcl-2 overex-
pression [7–10]. The presence of CCND1 rearrangement is 
considered a bio-marker to predict response to Venetoclax 
or similar therapies. However, it is not clear if all cases with 
CCND1 rearrangement overexpress Bcl-2. The relationship 
between other cytogenetic abnormalities and the expression 
of Bcl-2 and Mcl-1 also needs to be systematically studied. 
Since cytogenetic abnormalities (CGA) often occur in com-
binations, their influence on the expression of Bcl-2/Mcl-1 
may also vary. These situations suggest the utility of mea-
suring Bcl-2 or Mcl-1 expression directly instead of rely-
ing on surrogate cytogenetic markers before starting these 
targeted therapies.

Previous studies have used BH3 profiling and ex-vivo 
sensitivity to predict response to therapy or have used 
immunohistochemistry (IHC), Western blotting, or real-
time quantitative PCR (RT-qPCR) to study Bcl-2 and Mcl-1 
expression, all of which face challenges during routine use 
and interpretation. Flow cytometry (FCM) provides a rapid 
and easily quantifiable method for measuring the expression 
of Bcl-2 and Mcl-1 in CPCs at diagnosis. We aimed to cor-
relate the intracellular expression of Bcl-2 and Mcl-1 in PCs 
by FCM with CGA and outcomes.

Methodology

A prospective study was conducted over a period of one 
and a half years between July 2021 and January 2023. In all 
cases suspected of MM, samples were collected in EDTA 
for morphological and FCM studies and in sodium heparin 
for cytogenetic studies. FCM analysis was performed on the 
BM sample to evaluate the immunophenotype and clonality 
of PCs, and further for intracellular Bcl-2 and Mcl-1 expres-
sion, as discussed below.

Interphase fluorescence in situ hybridization (iFISH)

iFISH testing was performed on PCs enriched using a CD138-
magnetic bead-based cell separation kit [EasySep™ Human 
CD138 positive selection kit II; Stemcell Technologies Inc, 
Canada] for deletion 17p13/TP53, t(4;14)(IgH::FGFR3), 
t(14;16)(IGH::MAF), CCND1 rearrangement, t(14;20)

(IGH::MAFB), and 1q21/1p32 (CSK1B/CDKN2C) abnor-
malities using dual-color FISH probes (XL probes, Meta-
systems, Germany). At least 100 PCs were counted, and a 
cut-off of 10% was used for translocations (with both break-
apart and dual fusion probes) and 20% for numerical abnor-
malities when assessing CGA using FISH, according to the 
European Myeloma Network recommendations [11].

Evaluation of clonality of PCs and further Bcl-2 and 
Mcl-1 expression by FCM

The EDTA-anticoagulated BM sample was processed 
within 24 h using the bulk lyse-stain-wash method. The 
clonality of PCs was tested using two tubes, each with 
ten antibodies: Tube 1 with CD45, CD38, CD138, CD19, 
CD200, CD27, CD56, CD81, surface kappa, and surface 
lambda light chains. Tube 2 with CD45, CD38, CD138, 
CD19, CD117, CD27, CD56, CD28, cytoplasmic kappa, 
and cytoplasmic lambda light chains. Samples with CPCs 
were further tested using two tubes with antibodies against 
CD45, CD38, CD138, CD19, CD3, anti-Bcl-2, and anti-
Mcl-1. The panel used in the assay is summarized in Sup-
plementary Table S1. The cells were first surface-stained 
with the antibodies mentioned above, except for anti-Bcl-2 
and anti-Mcl-1. After surface staining, the cells were perme-
abilized with the perm solution (FIX & PERM™ Cell Per-
meabilization Reagents; Invitrogen by ThermoFisher, USA) 
as per the manufacturer’s protocol. A small quantity of this 
surface-stained-permeabilized sample was used as a “nega-
tive tube”; the rest of the sample was used for intracellular 
staining with Alexa Fluor® 647 conjugated anti-Bcl-2 Anti-
body (clone 100; Biolegend, San Diego, California) and PE-
conjugated anti-human Mcl-1 antibody (clone LVUBKM; 
eBioscience™, ThermoFisher, USA). At least 1 million 
events were acquired using the Navios Ex flow cytometer 
(Beckman Coulter, USA), and the analysis was performed 
using Kaluza analysis software version 2.1 (Beckman Coul-
ter, USA).

The PCs were sequentially gated and identified using 
a combination of CD38, CD138, CD45, and side scatter 
(SSc). The percentage of Myeloma PCs (MPCs) positive for 
Bcl-2 and Mcl-1 was determined based on the cut-off estab-
lished using the “negative tube”. T cells were gated using 
CD3(positive), B cells were gated based on CD19(positive) 
and CD138(negative), and neutrophils were gated based 
on CD45 and SSc after excluding all mononuclear cells, 
including PCs, B cells, and T cells. The gating strategy is 
shown in Fig. 1. The expression levels of Bcl-2(Bcl-2MFI) 
and Mcl-1(Mcl-1MFI) on PCs, T cells, and neutrophils were 
estimated using median fluorescence intensity (MFI). The 
ratios of MFI expression of Bcl-2 and Mcl-1 on PCs and T 
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cells (Bcl-2MFIPC/T, Mcl-1MFIPC/T) and their ratios (Bcl-
2MFIPC/Mcl-1MFIPC) were also studied.

In addition, the study included 20 control samples, which 
consisted of lymphoma staging marrows and reactive bone 
marrows with plasmacytosis, but FCM showed non-clonal 
plasma cells (NPCs).

The various Bcl-2 and Mcl-1 parameters (Bcl-2MFI, 
Mcl-1MFI, Bcl-2MFIPC/T ratio, Mcl-1MFIPC/T ratio, and 
Bcl-2MFIPC/Mcl-1MFIPC ratios) were compared between 
MPCs and NPCs and also with iFISH cytogenetics (CG) 
using the Mann-Whitney U test or Kruskal-Wallis test. The 
expression levels were also categorized into dim, moderate, 
and strong, depending on MFI as < 25th percentile, between 
≥ 25th and ≤ 50th percentile, and > 50th percentile (of the 
values in our MM cohort), respectively. Overall survival 
(OS) and progression-free survival (PFS) were calculated 
using Kaplan-Meier Survival Curve analysis for cases with 
dim, moderate, and strong Bcl-2 and Mcl-1 expression lev-
els on MPCs. A two-tailed p-value < 0.05 was considered 
statistically significant for all tests.

All methods were conducted in accordance with the 
Declaration of Helsinki, and ethical clearance was obtained 
from the Institutional Ethics Committee (intramural) vide 
reference number: INT/IEC/2021/SP71618.

Results

During the study, FCM was performed in 143 BM samples 
(103 newly diagnosed MM/NDMM cases, 40 relapsed/
refractory MM/RRMM cases). The clinical and cytogenetic 
characteristics at diagnosis of MM cases is summarized in 
Table 1.

Comparison of Bcl-2MFI and Mcl-1MFI between 
MPCs, T cells, B cells, and neutrophils in MM samples

Bcl-2MFI (median 43,289; IQR 23,162 − 88,418) was sig-
nificantly higher in MPCs compared to T cells (median 
24,055; IQR 16,924 − 30,763; p < 0.001), B cells (median 
20,609; IQR 11,301 − 29,739; p < 0.001), and neutrophils 
(median 2,405; IQR 1,552-3,467; p < 0.001). Similarly, 
Mcl-1MFI (median 6,481; IQR 4,050 − 9,998) was sig-
nificantly higher in MPCs than in T cells (median 1,456; 
IQR 1,098 − 2,035; p < 0.001), B cells (median 1,247; IQR 
942-1,836; p < 0.001), and neutrophils (median 2,755; IQR 
2,040 − 3,420; p < 0.001). Median Bcl-2MFI and Mcl-1MFI 
were lowest in neutrophils and B lymphocytes, respectively 
(Supplementary Table S2 and Fig. 1).

Fig. 1 Flow cytometric analysis showing sequential gating strategy 
used in the analysis of intracellular Bcl-2 and Mcl-1 expression in 
plasma cells/PC, T lymphocytes and polymorphs. Bivariate dot plots 
“a” to “e” demonstrate the initial gating strategy to identify the puri-
fied plasma cells (PCs) based on the CD45, CD38, CD138 and side 
scatter. “f and g”: B and T lymphocytes are identified based on CD45 
positive with low side scatter and bright expression of CD19 and CD3, 
respectively. “h”: Polymorphs are identified by using boolean gate 

Viable AND (NOT MNCs). In bivariate dot plots “i” and “k” FMO 
threshold is applied on PCs unstained for Bcl-2 and Mcl-1. Dot plots 
“j” and “l” show expression of Bcl-2 and Mcl-1 on PCs based on FMO 
applied on unstained PCs. Histograms “m” to “r” represent median 
fluorescence intensity (MFI) of expression of Bcl-2 and Mcl-1 on 
PCs, T-cells, and polymorphs, respectively. MNC-mononuclear cells, 
FMO-fluorescence minus one, PC-plasma cells

 

1 3



Annals of Hematology

Comparison of Bcl-2MFI and Mcl-1MFI, and various 
ratios between control samples and MM samples

Bcl-2MFI, Mcl-1MFI, Bcl-2MFIPC/T, Mcl-1MFIPC/T, and 
Bcl-2MFIPC/Mcl-1 MFIPC were compared between MPCs 
in MM samples and NPC in controls. Bcl-2MFI (median: 
43,289 vs. 22,355; p = 0.011), Bcl-2MFIPC/T (1.9 vs. 0.9; 
p = 0.002), Mcl-1MFIPC/T (4.3 vs. 3; p = 0.002), and Bcl-
2MFIPC/Mcl-1MFIPC (7.1 vs. 3.2; p = 0.010) were sig-
nificantly higher in MPCs compared to NPCs. However, 
there was no statistically significant difference in Mcl-
1MFI between MPCs and NPCs (median: 6,481 vs. 6,273; 
p = 0.829). Overall, Bcl-2 and Mcl-1 expression was signifi-
cantly higher in MPCs than in NPCs, and the ratio of Bcl-2 
to Mcl-1 expression (Bcl-2MFIPC/Mcl-1MFIPC) was also 
significantly different in MPCs compared to NPCs (Supple-
mentary Table S3 and Fig. 2, plot a-e).

Comparison of Bcl-2MFI and Mcl-1MFI, and various 
ratios between NDMM and RRMM cases

Bcl-2MFI (median 43,711 vs. 42,699; p = 0.51), Mcl-1MFI 
(median 6,542 vs. 6,450; p = 0.84), Bcl-2MFIPC/T (1.9 vs. 
2.1; p = 0.68), Mcl-1MFIPC/T (4.2 vs. 4.4; p = 0.96), and Bcl-
2MFIPC/Mcl-1MFIPC (7.9 vs. 5.2; p = 0.27) did not show 
significant differences between NDMM and RRMM cases.

Impact of isolated CG abnormalities on Bcl-2MFI, 
Mcl-1MFI, and various ratios

We studied the frequencies of CCND1-rearrangement 
(CCND1-r), IGH::FGFR3 (FGFR3-r), IGH::MAF (MAF-
r), gain1q21, del1p32, and delTP53 occurring as isolated 
CGA or in combinations. Patients had zero, one, two, and 
three CG abnormalities in 40 (29.97%), 59 (41.25%), 37 
(25.87%), and 7 (4.89%) cases (Supplementary Table 
S4). First, we restricted the analysis to cases with a sin-
gle CG change to eliminate the influence of multiple CG 
abnormalities.

We had only one case with isolated MAF-r, and PCs in 
that case showed very high values for Bcl-2MFI (132,699), 
Bcl-2MFIPC/T (5.3), and Bcl-2MFIPC/Mcl-1MFIPC (63.5); 
and very low Mcl-1MFI (2,088).

After isolated MAF-r, cases with isolated CCND1-r 
(n = 4) had the highest median values for Bcl-2MFI (50,117), 
Bcl-2MFIPC/T (2.5), and Bcl-2MFIPC/Mcl-1MFIPC (9.8); 
while cases with isolated FGFR3-r (n = 5) had the lowest 
values for Bcl-2MFI (19,307), Bcl-2MFIPC/T (0.8), and also 
showed a lower Bcl-2MFIPC/Mcl-1MFIPC (5.9). MPCs with 
only gain1q21 (n = 41) had the highest Mcl-1MFI (6,462) 
and Mcl-1MFIPC/T (4.4), and the lowest Bcl-2MFIPC/Mcl-
1MFIPC (5.3). The cases without any of the six mentioned 

Comparison of Bcl-2MFI versus Mcl-1MFI in PCs in 
MM samples

A median of 6.05 × 10^5 events (IQR: 3.04 × 10^5 to 
12.6 × 10^5) were acquired. The percentage of CPCs among 
all viable cells, as measured by FCM, ranged from 0.06 to 
89.8% (median: 9.13%; IQR: 3.4-24.1%). The median per-
centage of MPCs expressing Bcl-2 and Mcl-1 was 96.9% 
(IQR: 89.6-99.1%) and 78.8% (IQR: 33-96%), respectively. 
Additionally, more than 90% of MPCs expressed Bcl-2 in 
74% (n = 106) of cases and Mcl-1 in 39.2% (n = 56) of cases. 
The median (IQR) of Bcl-2 MFI and Mcl-1 MFI in MPCs 
was 43,289 (23,162 − 88,418) and 6,481 (4,050 − 9,998), 
respectively. Bcl-2 MFI was significantly higher than Mcl-1 
MFI (p < 0.001) in MPCs.

Table 1 Characteristics at diagnosis of patients with MM who under-
went testing for Bcl-2 and Mcl-1 (n = 143)
Characteristics Summary 

measure
Age, years, median (IQR) 59 (50–66)
Female sex, n (%) 60 (42)
Hemoglobin, gm/dL, median (IQR) 8.5 

(7.2–10.4)
Anemia, n (%) 108 (75.5)
Total leukocyte count, x109/L, median (IQR) 7.1 

(5.5–9.6)
Platelet count, x109/L, median (IQR) 180 

(117–254)
Platelet count < 150 × 109/L, n (%) 55 (38.5)
Serum Albumin, mg/dL (n = 137), median (IQR) 3.6 

(2.9–4.1)
Serum β2 microglobulin, mg/L, (n = 111), median 
(IQR)

9.3 
(4.8–17.4)

Serum creatinine ≥ 2 g/dL (n = 141), n (%) 60 (42.5)
Serum calcium ≥ 11 mg/dL (n = 139), n (%) 17 (12.2)
Elevated LDH (n = 117), n (%) 60 (51.3)
Plasma cells % in peripheral blood, median (IQR) 0 (0–1.0)
Number of cases with circulating plasma cells in 
peripheral blood, n (%)

47 (32.9)

Absolute plasma cell count in peripheral blood, median 
(IQR)

0 (0-5.5)

Number of cases with plasma cell leukemia (≥ 5% 
plasma cells in peripheral blood), n (%)

14 (9.8)

Bone marrow plasma cell percentage, median (IQR) 45 (27–66)
Amyloidosis, n (%) 7 (4.9)
Bone marrow fibrosis, n (%) 9 (6.3)
Cytogenetic abnormalities, n (%)
t(4;14)(p16;q32)IGH::FGFR3 29 (20.3)
CCND1 rearrangement 8 (5.6)
t(14;16)(q32;q23)IGH::MAF 3 (2.1)
1q21 gain (≥ 3 copies) 76 (53.1)
1q21 amp (> 3 copies) 29 (20.2)
1p32 deletion 17 (11.9)
TP53del 21 (14.7)
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gain1q21 cases (Supplementary Table S6). Thus, FGFR3-
r cases with associated gain1q21, have significantly higher 
expression of Bcl-2 and Mcl-1 than FGFR3-r cases without 
associated gain1q21. CCND1-r with gain 1q21 was seen in 
3 cases (1 case also showed additional delTP53). However, 
none of the MFI parameters showed significant differences 
between MPCs of cases with CCND1-r with (n = 3) or with-
out gain1q21 (n = 5) (Supplementary Table S7).

Overall impact of CG abnormalities on Bcl-2MFI and 
Mcl-1MFI and various ratios

Bcl-2MFI, Mcl-1MFI, Bcl-2MFIPC/T, Mcl-1MFIPC/T, and 
Bcl-2MFIPC/Mcl-1MFIPC were compared in cases without or 
with CGA irrespective of presence or absence of other asso-
ciated abnormalities [CCND1-r (n = 8), FGFR3-r (n = 29), 
MAF-r (n = 3), gain1q21 (n = 76), del1p32 (n = 17), and 
delTP53 (n = 21)]. Bcl-2MFI (median-56,312 vs. 42,909) 
and Bcl-2MFIPC/T (3.1 vs. 1.9) were higher in patients with 
CCND1-r (versus all other CGA) though they did not show 
statistical significance. Mcl-1MFI (median-3,826 vs. 6,559; 
p = 0.020) and Mcl-1MFIPC/T (2.2 vs. 4.4; p < 0.001) were 
significantly lower, while Bcl-2MFIPC/Mcl-1MFIPC was 

CG changes had values comparable to those with CCND1-r: 
Bcl-2MFI (56,633), Bcl-2MFIPC/T (2.4), and Bcl-2 MFIPC/
Mcl-1MFIPC (9.6).

Thus, after excluding a single case with MAF-r, Bcl-2  
expression was highest in CCND1-r, lowest in FGFR3-r, 
while Mcl-1 expression was highest in isolated gain1q21 
(Supplementary Table S5 and Fig. 2, plot f-j).

Impact of the association of gain1q21 with CCND1-r 
and FGFR3-r

We studied the impact of the association of gain1q21, a 
secondary CG abnormality, with a standard (CCND1-r) 
and a high-risk CG abnormality (FGFR3-r). FGFR3-r with 
gain1q21 was seen in 21 cases (Out of 21 cases, three cases 
each also showed either delTP53 or del1p32). Bcl-2MFI 
(median 88,418 vs. 21,752; p = 0.024), Mcl-1MFI (median 
10,223 vs. 4,499; p = 0.005), Bcl-2MFIPC/T (2.6 vs. 1.2; 
p = 0.028), and Mcl-1MFIPC/T (5 vs. 3.6; p = 0.013) showed 
significantly higher values in MPCs from cases with FGFR3-
r plus gain1q21 (n = 21) compared to MPCs in FGFR3-r 
cases without gain1q21 (n = 8). Bcl-2MFIPC/Mcl-1MFIPC 
(8 vs. 6.2; p = 0.626) was also higher in FGFR3-r plus 

Fig. 2 Box and Whisker plots comparing the Bcl-2MFI PC, Mcl-1MFI 
PC, Bcl-2MFIPC/T, Mcl-1MFI1PC/T, Bcl-2MFIPC/Mcl-1MFIPC among 
various categories. Plots “a” to “e” compare Bcl-2MFI PC, Mcl-
1MFI PC, Bcl-2MFIPC/T, Mcl-1MFI1PC/T, Bcl-2MFIPC/Mcl-1MFIPC in 
myeloma PCs/MPCs in MM cases and non-clonal PCs/NPC in control 
cases. Plots “f” to “j” shows impact of isolated cytogenetic abnormali-

ties (FGFR3-r, MAF-r, CCND1-r, delTP53, gain1q21, 1q21amp and 
del1p32) on Bcl-2MFI PC, Mcl-1MFI PC and various ratios. Plots 
“k” to “o” compare the Bcl-2MFI PC, Mcl-1MFI PC, Bcl-2MFIPC/T, 
Mcl-1MFI1PC/T, Bcl-2MFIPC/Mcl-1MFIPC in MPCs in cases with and 
without CCND1-r. Plots “p” to “t” compare these parameters in cases 
with and without gain1q21

 

1 3



Annals of Hematology

Impact of stage of MM on Bcl-2MFI and Mcl-1MFI 
and various ratios

The stage (as per the second revision of International Stag-
ing System/R2-ISS) [12] was known in 94/103 NDMM 
cases and were stages I, II, III, and IV in 2, 4, 51, and 37 
cases respectively. Bcl-2 MFI and MCL-1 MFI and ratios 
were compared between Stage I + II vs. III + IV using 
the Mann-Whitney U test. Median Bcl-2 MFI (44990 vs. 
41185, p = 0.60), Mcl-1 MFI (6411 vs. 6371, p = 0.84), 
Bcl-2 MFIPC/T (1.9 vs. 1.7, p = 0.60), Mcl-1MFIPC/T (4.3 vs. 
3.2, p = 0.10) and Bcl-2 MFIPC/Mcl-1MFIPC (7.8 vs. 7.3, 
p = 0.86) were higher in stage III + IV compared to stage 
I + II cases, but the differences were not statistically sig-
nificant. Similarly, there was no significant difference when 
stage I + II + III was compared with stage IV.

Discussion

Our study aimed to correlate the intracellular expression 
of Bcl-2 and Mcl-1 by FCM with cytogenetic characteris-
tics in MM. This analysis involved NDMM, RRMM, and 
control samples, attempting to understand the relationship 
between these two targetable apoptosis regulators and dis-
ease characteristics.

The BELLINI trial demonstrated Venetoclax’s efficacy in 
RRMM with t(11;14) or high Bcl-2 expression [13], while 
another study linked its effectiveness to high Bcl-2 and low 
Bcl-XL or Mcl-1 levels [14]. Venetoclax is preferred for 
CCND1-r patients, but resistance due to Mcl-1 or Bcl-XL 
co-expression necessitates combining it with their inhibitors 
in ongoing studies [4–6, 14, 15].

Gupta et al. [16] demonstrated Venetoclax resistance 
persists after CCND1 knockdown, suggesting t(11;14) and 
CCND1 aren’t direct response determinants. Flow-based 
Bcl-2 prediction scores can identify Venetoclax-sensitive 
cases independently of t(11;14). Nahi et al. [8] and Kumar et 
al. [10] showed increased BCL2/MCL1 and BCL2/BCL2-
XL ratios predict Venetoclax response, with the latter con-
firming this correlation in t(11;14) patients using mRNA 
expression ratios.

MM, being heterogeneous in terms of expression of 
pro and anti-apoptotic markers, is likely to have variable 
responses to BH3 mimetics. Thus, an objective measure-
ment method is crucial. BH3 profiling or ex vivo Venetoclax 
sensitivity testing may best predict apoptotic pathway-tar-
geted therapy responses and identify CCND1-r negative 
MM targetable by BH3 mimetics [17, 18]. Previous stud-
ies used IHC, Western Blot, or RT-qPCR [19], each with 
limitations: IHC is subjective and affected by various fac-
tors, Western blot is clinically cumbersome, and RT-qPCR 

significantly higher (11.9 vs. 6.8; p = 0.012) in MPCs with 
CCND1-r (versus all other CGA) (Fig. 2, plot k-o). Overall, 
the Bcl-2/Mcl-1 ratio remained higher in cases with CCND1-
rirrespective of influence by other CG abnormalities.

MPCs with gain1q21 (versus all other CGA) showed 
significantly higher Mcl-1MFI (median-7,385 vs. 5,980; 
p = 0.04) compared to MPCs without gain1q21. Mcl-
1MFIPC/T (4.5 vs. 3.8; p = 0.067) was higher, and Bcl-
2MFIPC/Mcl-1MFIPC (5.7 vs. 8.5; p = 0.077) was lower in 
MPCs with gain1q21 though the difference was not sig-
nificantly different. Mcl-1MFIPC/T was significantly high in 
MPCs with amplification of 1q21 (≥ 3 copies) (5.3 vs. 4.2; 
p = 0.008) (Fig. 2,plot p-t). These findings are consistent 
with a significantly high expression of Mcl-1 in MPCs with 
gain1q21/1q21 amplification. None of the MFI parameters 
showed significant differences between MPCs with or with-
out FGFR3-r, MAF-r, delTP53, or del1p32 (Supplementary 
Table S8).

Dim, moderate, and strong expression of Bcl-2 or 
Mcl-1 and correlation with CG abnormalities

Bcl-2MFI, Mcl-1MFI, Bcl-2MFIPC/T, Mcl-1MFIPC/T, and 
Bcl-2MFIPC/Mcl-1MFIPC were categorized into dim, mod-
erate, and strong, depending on MFI as < 25th percentile, 
between ≥ 25th and ≤ 50th percentile, and > 50th percen-
tile, respectively in our study group. Irrespective of the 
parameter, 25% (n = 36) of cases showed dim Bcl-2 or 
Mcl-1 expression. 25% (n = 36 for Bcl-2MFI, Mcl-1MFI, 
Bcl-2MFIPC/T, and Bcl-2MFIPC/Mcl-1MFIPC, n = 37 for 
Mcl-1MFIPC/T) showed moderate Bcl-2 or Mcl-1 expression 
and rest 50% cases showed strong expression. Both dim 
and moderate Bcl-2 or Mcl-1 expression was seen in 25% 
(n = 36) cases each and rest 50% of cases showed strong 
expression.

Bcl-2 MFIPC/T was moderate to strong in 100% of cases 
with MAF-r and CCND1-r. It was moderate to strong in 75%, 
69%, 66.7%, and 52.9% of cases with gain1q21, FGFR3-
r, delTP53, and del1p32, respectively. Mcl-1MFIPC/T was 
moderate to strong in 100% of MAF-r cases and 82.4% 
of del1p32 cases. It was moderate to strong in 85.8%, 
82.8%, 76.3%, and 25% of cases with delTP53, FGFR3-r, 
gain1q21, and CCND1-r, respectively (Supplementary Table 
S9). Considering Bcl-2 MFIPC/Mcl-1MFIPC, a moderate to 
strong Bcl-2 expression relative to Mcl-1 was seen in 100% 
of CCND1-r cases and 73.7%, 72.4%, 66.7%, 66.7%, and 
64.7% of cases with gain1q21, FGFR3-r, MAF-r, delTP53, 
and del1p32, respectively. None of the patients in our series 
received Venetoclax, as it is still not an approved therapy for 
upfront or relapsed MM; hence, a correlation with response 
to Bcl-2 inhibitors was beyond the current study’s scope.
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showed the sensitivity of gain1q21 positive MM cells to 
Mcl-1 inhibitors [29]. Though FGFR3-r had the lowest Bcl-2 
expression, both Bcl-2 and Mcl-1 expression increased sig-
nificantly with the acquisition of gain1q21. This is probably 
one of the mechanisms of resistance to therapy in FGFR3-r 
MM.

A moderate to strong Bcl-2 relative to Mcl-1(indicated 
by Bcl-2MFIPC/Mcl-1MFIPC ratio) was seen in 100% of 
CCND1-r and 65–74% of cases with other CG abnormali-
ties indicating potential utility of Bcl-2 inhibitors in these 
cases as well. At the same time, 25% had a dim Bcl-2MFI or 
Mcl-1MFI with uncertainty regarding the influence of either 
Bcl-2 or Mcl-1 inhibitors.

The straightforward and objective implementation of 
FCM to measure these markers facilitates the study of their 
expression patterns and their response to Bcl-2 or Mcl-1 tar-
geted therapy in clinical trials. This approach is more reli-
able than relying solely on CG abnormalities. Such studies 
enhance our understanding of the utility of these therapies, 
especially in cases with low or absent expression of Bcl-2 
or Mcl-1. Additionally, the MFI of Bcl-2 or Mcl-1 on CPCs, 
relative to other cells (such as neutrophils), may help guide 
dosage titration.

However, our study has limitations. The relatively small 
number of patients in most CG groups restricts a compre-
hensive exploration of the impact of multiple CG abnor-
malities on Bcl-2 or Mcl-1 expression. Though our cohort 
who underwent Bcl-2 and Mcl-1 testing had predomi-
nantly CPCs in bone marrow samples, MFI expression was 
not studied specifically on CPCs due to the lack of other 
immunophenotypic markers, including cytoplasmic kappa 
and cytoplasmic lambda, in the same tube. A recent study 
highlighted poor prognosis in patients with co-occurrence 
of del(13q) and gain(1q21) [30]. This group was also not 
studied as we did not test for del(13q) in our cohort. Fur-
thermore, BH3-mimetics were not used in our patients, 
preventing direct correlation with Bcl-2 or Mcl-1 expres-
sion. Despite these limitations, we demonstrate the utility of 
FCM in objectively measuring Bcl-2 and Mcl-1 expression. 
While we found the highest expression of Bcl-2 in CCND1-
r and Mcl-1 in gain/amplification of 1q21, these findings are 
not exclusive to those CG abnormalities. Moderate to strong 
Bcl-2 or Mcl-1 expression is also observed in 65–74% of 
MM cases with other CG abnormalities and 25% of cases 
showed dim to absent expression of one or more of these 
markers.

Our study highlights the potential of measuring Bcl-2 and 
Mcl-1 expression levels in CPCs and other cells using FCM, 
providing rapid quantification compared to traditional meth-
ods. Combining this approach with cytogenetic character-
ization could improve therapeutic decisions targeting Bcl-2 

measures mRNA, not protein expression. FCM has been 
used in chronic lymphocytic leukemia studies [19–21] to 
study apoptotic markers. We thus employed FCM to study 
intracellular Bcl-2 and Mcl-1 expression, correlating with 
CGA and focusing on the influence of multiple CGAs.

We analysed Bcl-2 and Mcl-1 expression using five FCM 
parameters: Bcl-2MFI, Mcl-1MFI, Bcl-2MFIPC/T, Mcl-
1MFIPC/T, and Bcl-2MFIPC/Mcl-1MFIPC. The latter three 
reduce measurement bias and assess relative expression 
levels of Bcl-2 and Mcl-1 with each other [22]. Bcl-2 and 
Mcl-1 were significantly higher in PCs but also present in 
other cell types. Lowest Bcl-2 in neutrophils may explain 
Venetoclax-induced neutropenia [23].

MPCs showed significantly higher Bcl-2 expression than 
NPCs, consistent with previous studies [24, 25] and indi-
cate aberrant upregulation of these anti-apoptotic proteins 
in MM. Though Mcl-1 expression was higher in MPCs 
(suggested by Mcl-1MFIPC/T) than in NPCs, there was a 
significant difference in the expression of Bcl-2 vs. Mcl-1 
(suggested by Bcl-2MFIPC/Mcl-1MFIPC) in MPCs com-
pared to NPCs, indicating the importance of targeting Bcl-2 
over Mcl-1.

No significant differences were found between NDMM 
and RRMM, contrary to some studies [8, 26]. This discrep-
ancy might be due to CG heterogeneity or late NDMM pre-
sentation (as suggested by a high frequency of gain1q21 in 
53% of cases) in our cohort.

Bcl-2 and Mcl-1 expression varied across CG groups. 
When we analyzed cases with single CG abnormalities 
(among CCND1-r, FGFR3-r, MAF-r, delTP53, gain1q21, 
and del1p32), a case with MAF-r showed the highest 
expression of both Bcl-2 and Mcl-1. Apart from that, Bcl-2 
expression was highest in CCND1-r, lowest in FGFR3-r, 
while Mcl-1 expression was highest in gain1q21. Further, 
among all cases (which will include the combined influence 
of all CG abnormalities), the Mcl-1 expression remained 
significantly lower, and Bcl-2 expression relative to Mcl-1 
expression (Bcl-2MFIPC/Mcl-1MFIPC ratio) remained sig-
nificantly higher in cases with CCND1-r. Overall these find-
ings are consistent with the previous report [10].

Bcl-2 expression was highest in CCND1-r and remained 
so even when associated with other CG changes. A study 
by Cleynen et al. [27] showed no significant difference in 
BCL2/ MCL1 ratio in cases with and without t(11;14) but 
found significantly higher BCL2/ BCL2L1 ratio. However, 
Interestingly, they highlighted that a high BCL2/BCL2L1 
ratio was also frequently seen in a subgroup of non-t(11;14) 
patients.

Patients with gain and amplification of 1q21 showed 
significantly higher median Mcl-1MFI and Mcl-1PC/T ratio, 
explainable by the gain of gain of MCL1 locus mapping 
to chromosome 1q21 [28]. Previously, Slomp et al. also 
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and Mcl-1, potentially improving outcomes and overcom-
ing resistance in MM patients.
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