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Abstract

Despite the introduction of new drugs, multiple myeloma (MM) still remains incurable. We previously reported that CD34*
MM cells, which are clonogenic and self-renewing, are therapy-resistant and persist as a major component of minimal
residual disease, expanding during relapse. To investigate the effects of immunotherapies such as immune-checkpoint inhibi-
tors, CAR-T therapy, and bispecific antibodies on CD34" MM cells, we analyzed immune profiles of both MM cells and T
cells from MM patients using microarrays and flow cytometry. Ingenuity pathway analysis revealed 14 out of 289 canonical
pathways were more active in CD34" MM cells compared to CD34™ cells, many of which were involved in inflammation
and immune responses. Notably, PD-1 signaling-related genes were highly expressed in CD34% MM cells. Among 10
immune-checkpoint molecules, CD34" cells more frequently expressed CD112, CD137L, CD270, CD275, and GAL9 than
CD34~ cells in both newly diagnosed and relapsed/resistant patients. In addition, CD4* and CD8* T cells more frequently
expressed TIGIT and CD137, suggesting that CD112/TIGIT and CD137L/CD137 interactions may suppress T-cell activity
against CD34" MM cells. Furthermore, our finding of higher FcRHS5 expression on CD34" MM cells is encouraging for
future research into the efficacy of FcRH5-targeted therapy in MM.
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Introduction

Multiple myeloma (MM) is a hematologic malignancy char-
acterized by the proliferation of clonal plasma cells in bone
marrow (BM). Early genetic mutations in post-germinal
center B/plasma cells are believed to cause myeloma devel-
opment. Additional chromosomal aberrations and mutations
further drive expansion of MM cell population [1, 2]. In
addition, the growth and survival of MM cells are posi-
tively or negatively regulated by tumor microenvironment
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(TME), which includes the extra cellular matrix and diverse
cell types such as stromal cells, osteoclasts, and immune
regulatory cells (T, B, NK cells, regulatory T cells [Tregs],
myeloid-derived suppressor cells [MDSC], macrophages,
and etc.) [3-7].

Recent advances in MM treatment, particularly the develop-
ment of novel drugs such as proteasome inhibitors (PIs; bort-
ezomib, carfilzomib, ixazomib), immunomodulatory drugs
(IMiDs; thalidomide, lenalidomide, pomalidomide), and
monoclonal antibodies (mAbs; daratumumab and isatuximab
targeting CD38, and elotuzumab targeting SLAMF7), have
greatly improved clinical outcomes. These drugs are highly
effective and can achieve deep responses (such as complete
remission [CR], immunophenotyptic CR, and molecular
CR) in many of MM patients. However, even in these favora-
ble states, therapy-resistant MM cells still remain in BM as
minimal residual disease (MRD), leading to relapse. After
repeated cycles of remission and relapse, most of the patients
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consequently succumb to the disease. So, eliminating residual
MM cells is critical to improve prognosis of MM [8, 9].

The advent of immune-checkpoint inhibitors (ICIs) has
revolutionized cancer treatment, garnering considerable inter-
est in their application for hematologic malignancies [10-12].
Hodgkin’s lymphoma and primary mediastinal B-cell lym-
phoma, in particular, has emerged as the most suitable target
diseases of ICIs, showing remarkable response rates and clini-
cal outcomes [13-16]. Although ICIs have demonstrated effi-
cacy in some clinical trials for MM, either as monotherapy or
in combination with other drugs, it has not been approved for
MM due to concerns about their limited efficacy and toxicity
[17]. Nevertheless, a growing body of evidence suggests that
the immune response plays a crucial role in clinical outcomes
in MM patients [18-20]. If appropriately tailored based on dis-
ease subtypes, patient characteristics, and/or immune profile of
MM cells, ICIs could undoubtedly provide substantial clinical
benefits for MM patients.

Our previously research found that CD34" MM cells
as being enriched in the side population (SP) of MM cells
(47.8% in SP MM cells vs. 2.11% in bulk MM cells) [21].
Unlike CD34™ MM cells, CD34" MM cells exhibited clo-
nogenic activity and long-term self-renewal activity in a
xenotransplantation model. While only 2.20% of MM cells
were CD34" in newly diagnosed MM (NDMM), this fraction
increased to 42.6% in MRD samples and 17.7% in refrac-
tory/relapsed MM (RRMM). In addition, cell cycle analy-
sis revealed that 24.7% of CD34* MM cells from NDMM
were in the therapy-resistant GO phase, this proportion
increased to 54.9% in MRD samples and decreased to 14.5%
in RRMM samples, reflecting their expansion [21]. These
results suggest that CD34* MM cells persist as MRD in a
quiescent state following effective treatment, or expand as
therapy-resistant cells in RRMM under conventional thera-
pies such as PIs and IMiDs [22]. So, new therapeutic strat-
egies targeting CD34" MM cells are necessary to further
improve clinical outcomes and potentially cure MM.

In addition to PIs, IMiDs, and antibody (Ab)-based drugs,
novel immune-based therapies, including ICIs, chimeric
antigen receptor T-cell (CAR-T) therapies [23, 24], and
bispecific Abs such as bispecific T-cell engagers, BiTEs)
[25-27] have shown efficacy in a subset of RRMM patients.
To enhance the effectiveness of these immune therapies, in
the present study, we sought to elucidate the immune profile
of CD34* MM cells in the present study.

Methods
Patient samples

A total of 34 MM patients (19 NDMM, 15 RRMM) were
included in this study. Patients’ characteristics are shown

@ Springer

Table 1 Characteristics of MM samples

NDMM (n=23) RRMM (n=20)

Median Age (range) 72 (48-91) 75 (61-84)
Sex, No. Male/Female 9/14 6/14
Myeloma type
IgG-x
IgG-A
IgA-x
IgA-A
BIP-x
BIP-A
1SS
I 2 2
I 4 7
I 17 11
Median % MM cells in BM 33.5(10.3-89.6) 6.7 (1.0-66.4)
(range)
G-banding
Normal 19 15
t(2:4) 1 0
(7;15) 1 0
t(11;18) 0 1
2 2
0 2

— = AN W W O
[ VS N UU S

Complex
NA
High risk CAs
Negative 10 1
17p del 2
1q gain 2 0
t(11;14) 1
NA 10 16
Treatment
None 23 0
PI treated 0 4
IMiD treated 0 7
PI-, IMiD treated 0 9
anti-CD38 Ab treated 0 0
ASCT 0 3
1

Median interval from the last NA
therapy to sample collection,
month (range)

MM Multiple myeloma, BM Bone marrow, NA Not anayzed, CAs
chromosomal abnormalities, P/ Proteosome inhibitor, /MiD Immu-
nomodulatory drug, Ab Antibody, ASCT Autologous stem cell trans-
plantation

in Table 1. Diagnosis, remission, relapse, and resistance
of these cases were defined by the International Myeloma
Working Group criteria. Mononuclear cells were isolated
from BM samples from MM patients. Normal healthy
BM samples were obtained from patients with the similar
median age to MM patients, who did not have hematologic
disease as a result of the screening. Mononuclear cells
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were isolated with Ficoll-Paque PLUS (GE Healthcare
Bio-Science AB, Uppsala, Sweden) and stored at Kindai
University Faculty of Medicine until use. All samples
were collected after obtaining the written informed con-
sent from the patients. This study was approved by the
ethics committee of our institute (Authorization Number:
24-017, -018) and conducted according to the Declaration
of Helsinki.

Flow cytometric analysis and cell sorting

After incubation with an FC blocking reagent, MM cells
were stained with the appropriate Abs as listed in the Sup-
plemental Methods for 30 min at 4 °C. Cytoplasmic immu-
noglobulin was detected with a BD Cytofix/Cytoperm Fixa-
tion/Permeabilization Solution Kit (BD Biosciences, San
Jose, USA). All flow cytometricy analyses and cell sorting
were performed on a BD FACS Ariallcell sorter instrument
(BD Biosciences).

Microarray analysis and gene set enrichment
analysis (GSEA)

RNA was extracted with PureLink® RNA Mini Kit (Thermo
Fisher Scientific Inc. Waltham, MA) according to the manu-
facturers’ protocol. Gene expression analysis was conducted
at Takara Bio Inc. (Shiga, Japan) using Agilent microarrays
(https://catalog.takara-bio.co.jp/jutaku/? _fsi=hI3HYjFg& _
fsi=hI3HY]jFg&_fsi=hl13HYjFg). The gene-expression pro-
filing was performed on mRNA samples using SurePrint G3
Human GE v3 8 x 60 K Microarray (Agilent Technologies,
Santa Clara, USA) to compare the gene signatures between
CD34" and CD34~ MM cells. GSEA was performed with
Ingenuity® Pathway Analysis (IPA) (QIAGEN KK, Tokyo,
Japan).

Network analysis with Ingenuity Pathway Analysis
(/PA) system

IPA system (Version 39,480,507, Ingenuity Systems; Qia-
gen, Venlo, Netherlands) uses a network generation algo-
rithm to segment the network map between molecules into
multiple networks and assign scores for each network [28,
29]. The score is generated based on hypergeometric dis-
tribution, where the negative logarithm of the significance
level is obtained by Fisher’s exact test at the right tail. For
canonical pathway analysis, the —log (P-value)>2 was
taken as threshold, the Z-score > 2 was defined as the thresh-
old of significant activation, while Z-score < —2 was defined
as the threshold of significant inhibition.

Statistical analysis

In all experiments, the results were presented as
means + standard error of the mean. Student’s  test or the
Wilcoxon signed-rank test was used to assess a statistical
difference between the two groups and one-way analysis of
variance was used to compare three or four groups. Multiple
comparisons were analyzed using the Bonferroni correction.
P values < 0.05 were treated as a statistical significance. A
Wilcoxon signed-rank test was used for paired group com-
parisons. The FlowJo software (version 10.7.1, Ashland,
Oregon, USA) was used for flow cytometry analysis. All
other statistical analyses were performed using Microsoft
Excel software (Microsoft 365, Microsoft, Redmond, WA)
and EZR package (version 1.54, Saitama Medical Center,
Jichi Medical University, Saitama, Japan).

Results

First, we examined the proportion of CD34" MM
cells within the total MM cell population (defined as
CD45-CD19~CD38*CD138™ cells) using 34-MM samples,
consisting of 19 NDMM and 15 relapsed/refractory MM
(RRMM) cases. As shown in Fig. 1, the median percentage
of CD34* MM cells was 1.5% (95% Confidence Interval
[CI] 0.72-4.15) in NDMM and 3.98% (95% C10.31-27.1) in
RRMM, showing a significant increase in the RRMM group.

Next, we performed gene-expression analysis on CD34*
and CD34~ MM cells MM cells from two NDMM patients
(Case 1 and Case 2, as shown in Supplementary Table 1).
The gene-expression profiles were analyzed using Gene Set
Enrichment Analysis (GSEA) for canonical pathway identi-
fication. Through IPA, we identified 14 out of 289 canonical
pathways that were significantly upregulated in CD34" MM
cells compared to CD34™ MM cells, with z-scores greater
than 2.0 (Supplementary Table 2), most of which were
involved in inflammation and/or immune reactions.

We further assessed the expression of genes involved in
PD-1 signaling, a critical pathway in anti-tumor immune
evasion. The analysis revealed that genes related to PD-1
signaling were significantly upregulated in CD34* MM cells
compared to CD34™ MM cells, with a normalized enrich-
ment score (NES) of 1.66 (>0, indicating significance) and
a false discovery rate (FDR) g-value of 0.009 (g <0.05, sig-
nificant) (Fig. 2).

We next compared the expression rates (%) of 10
immune-checkpoint molecules (CD86, CD112, CD137
ligand [L], CD200, CD270, CD274, CD275, CD319, HLA-
DR, and GAL9) between CD34% and CD34~ MM cells
from 19 NDMM patients using flow cytometry. As shown
in Fig. 3A, CD112, CD137L, CD275, CD270, and GAL9
were expressed at significantly higher rates in the CD34%
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Fig. 1 The median percentage of CD34* MM cells was significantly
higher in relapse/refractory (RR) than in newly diagnosed (ND) sam-
ples. A The schema of flow cytometry analysis on the representative
patient is shown. Dead cells and doublet samples were excluded.
Middle left panel gated CD38*CD138" and middle right panel gated
CD197CD45™ in MM samples was displayed, respectively. Cells

MM cell fraction compared to the CD34™ MM cell frac-
tion (P <0.01). No significant differences were observed in
the expression rates of the other molecules, and none of the
molecules were expressed at higher rates in the CD34™ MM
cells than in the CD34" MM cells. We then performed the
same analysis on 15 RRMM patients. As shown in Fig. 3B,
CD34" MM cells expressed CD112, CD137L, CD270,
CD275, HLA-DR, and GAL9 at significantly higher rates
than CD34™ MM cells (P <0.01).

To investigate the clinical significance of these molecules,
we compared their expression rates between NDMM and
RRMM in the CD34" MM cell fraction. However, none of
the molecules showed a significant difference in their expres-
sion rates between NDMM and RRMM (Supplementary
Fig. 1A).

We further analyzed the relationship between their
expression rates and clinical statuses, including newly diag-
nosed (ND, n=12), resistant to lenalidomide (R, n=23),
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NDMM RRMM
(n=19) (n=15)

gated with CD38*CD138*CD197CD45™ were defined as phenotypic
MM cells. B When MM cells were divided by CD34, % of CD34.*
MM cells in total MM cells was significantly higher in RRMM
(n=19) than in NDMM samples (n=15). Comparisons were done
using an unpaired, two-tailed student’s ¢ test (P =0.0043)

resistant to bortezomib (Bor, n=23), and resistant to both
lenalidomide and bortezomib (RBor, n=3), in the CD34"
MM population. The mean expression rates of these mol-
ecules did not correlate with resistance to Len and/or Bor
due to significant patient-to-patient variations (Supplemen-
tary Fig. 1B).

To gain further insights, we analyzed the expression
rates before and after Rd (lenalidomide and dexametha-
sone) treatment in a single patient (Case 9). The frequency
of HLA-DR™ cells was not affected by Rd treatment in either
CD34* or CD34~ MM cells (Fig. 4). While the expres-
sion of CD112, CD137L, CD270, CD275, and GAL9 was
barely detectable ion CD34~ MM cells both before and
after Rd treatment, these molecules were expressed in a
significant proportion of CD34* MM cells before treat-
ment. Notably, the fractions positive for CD137L, CD270,
and CD275 increased, while those positive for CD112 and
GAL9 decreased in the CD34* MM cell population after
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Fig.2 Gene-set enrichment analysis revealed that genes associated
with evasion of PD1 signaling are enriched in CD34+MM cells.
Doublet cells were excluded beads on FSC-W/FSC-H and SSC-W/
SSC-H values and 7-AAD stain solution was used for discrimina-
tion of dead cells from viable cells. After dividing doublets and dead
cells, CD387CD138*CD19 CD45~ MM cell fraction was gated
and CD34" MM cells were identified. We used isotype controls and
fluorescence-minus-one analyses to conduct gating and compensa-
tion. In this condition, we utilized 10 fluorescence intensity as the

Rd treatment. These results suggest a substantial difference
in the immune phenotype between CD34" and CD34~ MM
cells and indicate that the immune phenotype of CD34* MM
cells may be altered by MM treatment.

Based on the finding that CD112, CD137L, CD270,
CD275, HLA-DR, and GAL9 were more frequently
expressed on CD34" MM cells compared to CD34~ MM
cells in NDMM and/or RRMM, we next analyzed the expres-
sion of their corresponding partner molecules on BM CD3*
T cells in 5 NDMM patients and 5 healthy donors (HD)
using flow cytometry. The molecules analyzed on T cells
were as follows: TIGIT as the partner for CD112, CD137
for CD137L, BTLA for CD270, CD278 for CD275, LAG3
for HLA-DR, and Tim-3 for GAL9 [11].

Both CD4* and CD8" T cells from NDMM patients more
frequently expressed TIGIT and CD137 compared to those
from HD (P <0.001, Fig. 5A, B). In addition, CD4* T cells
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cut-off value of CD34 expression on MM cells (that is,>10° as
CD34"* cells and< 10! as CD34" cells). The same method was used
in all other experiments. Gene-set enrichment analysis (GSEA) for
the PD1sigmaling pathway in CD34% cells and < 10! as CD34™ cells.
The enrichment score (ES) was calculated according to the original
GSEA statistics. Significances are based on the false-discovery rate
(FDR <25%) and indicated by FDR (q value) in the insets of the
GSEA plots

but not CD8" T from NDMM expressed LAG3 more fre-
quently than those from HD (P <0.001 and not significant
[NS], respectively, Fig. 5E). In contrast, both CD4* and
CD8* T cells from HD more frequently expressed BTLA
than those from NDMM (P <0.001, Fig. 5C). No significant
differences were observed in the expression rates of CD278
or Tim-3 between NDMM and HD in either CD4* or CD8"
T cells (Fig. 5D, F). These results suggest that the anti-MM
activity of CD3* T cells against CD34" MM cells may be
suppressed through CD112/TIGIT and CD137L/CD137
interactions.

To gain insight into the efficacies of currently utilized
CAR-T therapies and bispecific Abs, both of which engage
T cells and MM cells through the binding of CD3 on T
cells to the specific antigens on MM cells, such as BCMA
[30, 31], GPRCS5D [32, 33], and FcRH5 (also known as
FcRL5) [34, 35], we examined their expression on CD34"
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Fig.3 Several immune-checkpoint molecules were more frequently
expressed on CD34" MM cells compared to CD34~ MM cells. Com-
parison of the frequency (%) of positive cells of several immune-
checkpoint molecules on CD34" MM and CD34.” MM in A NDMM
(n=12) and B RRMM (n=15). The immune-checkpoint molecules
examined were CD112, CD86, CD275, GAL9, CD270, CD274,
HLA-DR, CD319, CD137L, and CD200. Plots (generated using

and CD34™ MM cells from 4 NDMM patients. As shown in
Fig. 6A, FcRHS5 expression levels (MFI) were significantly
higher on CD34" MM cells compared to CD34~ MM cells
(P <0.05), while GPRC5D was more intensely expressed on
CD34~ MM cells than CD34* MM cells (p <0.05) (Fig. 6B).
There was no significant difference in BCMA expression
between CD34% and CD34~ MM cells (Fig. 6C). Based
solely on their expression levels, it can be considered that
Abs targeting FcRH5 might be more effective against CD34*
MM cells compared to CD34™ MM cells, while those target-
ing GPRCS5D might be less effective for this cell population.
However, this hypothesis needs to be confirmed through
clinical trials.

Discussion

We previously reported CD34" MM cells constitute only
2.20% of total MM cells in NDMM patients, but this fraction
increased to 42.6% of MRD samples from MM patients, who
achieved good responses (equal to or deeper than very good
partial remission) [21]. Also, CD34" MM cells accounted

@ Springer

B RRMM (n=15)

CD86 CDh112 CD137L CD200 CD270
NS * % * % NS *
1000 _— 100 — — | 1000 —— — 100 T
T #0 - 20 | T leo 80 | 807 —
E 60 60 a0 o 60 |
o
2 4 [— L
L 20 % . 20 1
[ — 0L ol— — — o = —
CD34" CD34* CD34 CD34* CD34 CD34* CD34 CD34* CD34 CD34*
CD274 CD275 CD319 HLA-DR GAL9
NS *% NS KKK * kK
80 - 100 o 1000 — — 100{ = 80 -
— 1 Bl 801 —— |
X 60 & 807 — —— — ~ |® i
% 60 60
z 40 — 60 i o 40 [ —
E 40 - 40
= o
Q — | a0 20

20 207

0 0 20 0t 01

CD34- CD34* CD34" CD34* (D34 CD34* CD34 CD34* CD34 CD34*

EZR package (version 1.54)) show the range of data values obtained.
Top and bottom whiskers, values of the top and bottom 25% of the
cases, respectively; boxed area, interquartile range and the significant
P values between groups; horizontal black line, median value e; cir-
cles, outlying values (as defined by EZR). Comparisons were done
using an unpaired, two-tailed student’s ¢ test (*P<.05, **P<.01,
*#%P < .001, NS Not significant)

for 17.7% of the RRMM cell population. However, in the
current study, CD34% MM cells constituted only 3.98% of
the RRMM population (Fig. 1), which seems inconsistent
with our previous findings. Moreover, in this study, the
patient-to-patient variation was substantial, ranging from
0.32% to 27.1%. We hypothesize that this discrepancy, along
with the large variation, may stem from differences in the
timing of sample collection from RRMM patients. CD34*
MM cells are more immature than CD34™ MM cells and are
capable of generating CD34™ MM cells in xenotransplanta-
tion models [21, 22]. Thus, we believe that CD34" MM cells
represent a more critical target population than CD34™ MM
cells and should be eliminated to improve the prognosis of
MM and potentially achieve a cure.

Recent studies have elucidated that increased expression
of PD-L1 on MM cells, as well as PD-1 and CTLA-4 on
T cells, is associated with unfavorable outcomes in MM
patients [17]. These findings have sparked interest in inves-
tigating the potential of ICIs as a novel therapeutic approach
against MM. However, despite promising preclinical ration-
ales, several clinical studies have yielded negative results.
In the KEYNOTE 013 phase Ib trial, pembrolizumab
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Fig.4 Immune phenotype on CD34" MM cells would be altered by treatment. The expression rates of CD112, CD137L, CD270, CD275, HLA-
DR, and GAL9 on CD34* and CD34~ MM cells in a representative patient (case 12) before and after the treatment with lenalidomide was shown

monotherapy failed to induce a response in any of the 30
patients with relapsed/refractory MM (RRMM), with a
median progression-free survival (PES) of only 2.7 months
[36]. Similarly, in a phase I study of nivolumab monotherapy
for RRMM, no patients achieved a response, and the median
PFES was 2.5 months [37].

Preclinical studies have shown that ICIs combined with
IMiDs demonstrate synergistic effects, prompting numerous
trials evaluating the efficacy and safety of the ICI and IMiD
combination [38]. However, these combinations did not
lead to improvements in clinical outcomes for MM patients,
including overall response rates, progression-free survival,
and overall survival. Furthermore, the increased frequency
of serious adverse events has been a significant concern
[39-42]. To utilize ICIs more effectively, we analyzed the
immune profile of CD34* and CD34~ MM cells. Our results
revealed that CD34" MM cells exhibited high expression of
CD112, CD137L, CD270, CD275, HLA-DR, and GALS9.
In addition, CD4" and CD8™ T cells from NDMM patients
more frequently expressed TIGIT and CD137.

TIGIT (T-cell immunoglobulin and ITIM domains) is
expressed on T cells and NK cells and acts as an inhibi-
tory receptor by binding to its ligands: CD112 (also known
as PVRL2 or NECTIN2), CD155 (PVR), and CD113
(PVRL3 or NECTIN3) [43]. Among these, CD155 has a

higher affinity for TIGIT compared to CD112, making it
the primary ligand for TIGIT. TIGIT competes with CD226
(DNAM1) for binding to both CD155 and CD112 [44]. By
engaging these ligands, TIGIT inhibits T-cell activity and is
involved in or related to T-cell exhaustion [45]. In addition,
TIGIT enhances the function of Tregs [46, 47], indicating
its immunosuppressive role in cancer biology.

In this study, we found that TIGIT was expressed at
higher levels on both CD4" and CD8* T cells from MM
patients compared to those from HD. Our results align with
previous findings from the previous mouse model, where the
frequency of TIGIT* CD8* T cells was positively correlated
with tumor burden, while the frequency of CD226" CD8*
T cells showed a negative correlation [48]. In this mouse
model, both anti-TIGIT and anti-PD-1 antibodies signifi-
cantly prolonged remission after stem cell transplantation.
In addition, in another study, anti-TIGIT antibody treatment
significantly reduced tumor volume by restoring CD8*
T-cell function, thereby improving survival in treated mice
[49]. However, it is important to note that in this model, anti-
PD-1 Ab treatment did not show a survival benefit compared
to controls.

Based on these preclinical data, anti-TIGIT mAbs are
being investigated in several phase 1/2 clinical trials, either
as monotherapy or in combination with anti-PD-1/PD-L1
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Fig.5 CD8.* T-cell subsets in the bone marrow of NDMM showed
high expression of TIGIT and CD137. CD3 T cells were isolated
using magnetic separators for cell separation, and immune-checkpoint
molecules on T cells subsets were analyzed by Flow cytometry. The
immune-checkpoint molecules on the T cell side correspond to TIGIT
with CD112 (A), CD137 with CD137L (B), BTLA with CD270 (C),
CD278 with CD275 (D), LAG3 with HLA-DR (E), and Tim-3 with

Abs or chemotherapy, for the treatment of malignant lym-
phoma and MM [50, 51]. In the present study, we found
that PD-1 pathways were more active in CD34% MM cells
compared to CD34™ MM cells, while CD112 was expressed
at similar levels on both CD34% and CD34~ MM cells. Thus,
further analysis is required to evaluate the efficacy of anti-
TIGIT mAbs, with or without PD-1/PD-L1 blockade, on
CD34* and CD34~ MM cells to clarify the significance of
the enhanced PD-1 pathways in CD34* MM cells.

It has been reported that there is a difference in CD137L
expression between MGUS and MM, with significantly
increased expression in the MM group [52]. However, we
found that CD137L expression was upregulated on CD34*
MM cells, but hardly detectable on CD34™ MM cells, indi-
cating the heterogeneity of MM cells in terms of CD137L
expression. Furthermore, it has been reported that CD137L
expression decreased in patients who achieved good
responses (partial response [PR] or better) after treatment
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GAL9 (F) in CD4 and CDS8 T cells, respectively. We examined the
expression rates of their immune checkpoints on the surface of T cells
in the bone marrow of 5 NDMM patients and 5 healthy donors as
controls. Data are presented as mean + SEM. Comparisons were done
using an unpaired, two-tailed student’s ¢ test (*P<.05, **P<.0l,
*##%P <. 001, NS Not significant)

[52], suggesting that CD137L may be involved in the devel-
opment of MM and could contribute to therapy resistance.

On the other hand, CD137 is expressed on various
immune cells, including T and NK cells, and acts as a
potent costimulatory molecule of the tumor necrosis factor
receptor (TNFR) superfamily, which is expressed on acti-
vated cells [53, 54]. In addition, we found that CD137 was
detected on both CD4* and CD8* T cells from NDMM
patients, while it was scarcely detected on those from HD.
CD137 signaling in T cells promotes their clonal expan-
sion, differentiation, and survival, thereby enhancing
the anti-cancer activity of T cells. Moreover, a CD137
agonist has been reported to augment the anti-PD-1 Ab-
mediated restoration of exhausted CD8* T cells [55].
Based on these results, two phase 1 clinical trials using
mADbs against CD137 (urelumab and utomilumab) were
conducted in advanced cancer patients (including those
with B-cell non-Hodgkin lymphoma). However, these
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Fig.6 Differential expression of antigens targeted by bispecific Abs
in multiple myeloma on CD34* MM cells. The expression of the
antigens targeted by the bispecific Abs against MM was compared
between CD34* MM cells and CD34~ MM cells. The results from
the representative patient are shown (A—C, upper, Red-filled line and
blue-filled line, expression of each molecule on CD34" MM cells
and CD34~ MM cells, respectively; gray-filled areas, isotype control

trials were halted due to severe hepatotoxicity in the case
of urelumab and low efficacy in the case of utomilumab
[56]. Regarding MM, anti-CD137 agonistic mAb treatment
significantly reduced systemic tumor burden in a murine
syngeneic disseminated myeloma model (5STGM1), which
closely resembles human MM [57, 58], suggesting the
potential utility of anti-CD137 agonistic mAbs. Further
comprehensive studies are necessary to elucidate the roles
of the enhanced expression of CD137L on CD34* MM
cells and CD137 on T cells in the context of anti-MM
immune responses. Also, further efforts are required to
improve the efficacy and ensure the safety of anti-CD137
agonistic mAbs.

In this study, we clarified the immune profiles of both
CD34" and CD34~ MM cells. These findings provide val-
uable insights for selecting optimal immunotherapy tar-
gets in MM. Our results also suggest that ICIs targeting
CD112/TIGIT and CD137L/CD137 interactions might be
promising in MM treatment. However, more comprehen-
sive studies and clinical trials are essential to validate our
hypothesis.

CD34-MM CD34* MM

CD34- MM CD34* MM

AD staining on whole MM cells). The Mean fluorescence intensities
(MFiIs) of bispecific Ab-related markers (BCMA, GPRC5D, FcRHS)
in CD34" MM cells and CD34.” MM cells are indicated (n=4).
(A-C, lower) The MFIs of representative patients are shown in a his-
togram. Data are presented as mean+ SEM. Comparisons were done
using an unpaired, two-tailed student’s ¢ test (*P <.05, NS Not signifi-
cant)

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12185-024-03867-0.

Acknowledgements The authors thanks K Furukawa and A Nakamura
for technical help, S Kurashimo for assistance with flow cytometric
studies, T Ueda for great help with GSEA, and all staff at Department
of Hematology and Rheumatology, the Kindai University Faculty of
Medicine.

Declarations

Conflict of interest K.S. received personal fees from ONO PHAR-
MACEUTICAL CO., LTD., Janssen Pharmaceutical K.K, Takeda
Pharmaceutical Company Limited, Sanofi, and Bristol-Myers Squibb
(Celgene). Y.M. received personal fees from AbbVie GK, NIPPON
SHINYAKU CO., LTD., and Alexion Pharmaceuticals, Inc. H.H. re-
ceived personal fees from Pfizer Japan Inc., CSL Behring, and Takeda
Pharmaceutical Company Limited. H.T. received grants from JSPS
KAKENHI, ONO PHARMACEUTICAL CO., LTD., and Kyowa
Kirin Co., Ltd.; personal fees from Bristol-Myers Squibb (Celgene),
Novartis Pharmaceuticals, ONO PHARMACEUTICAL CO., LTD.,
Janssen Pharmaceutical K.K, Takeda Pharmaceutical Company Lim-
ited., Sanofi, Meiji Seika Pharma Co., Ltd., Otsuka Pharmaceutical
Co., Ltd., and Adaptive Biotechnologies. S.R. received personal fees
from Chugai Pharmaceutical Co., Ltd., Eisai Co., Ltd., Bristol-Myers

@ Springer


https://doi.org/10.1007/s12185-024-03867-0

98

A. Fukui-Morimoto et al.

Squibb (Celgene), Janssen Pharmaceutical K.K, Takeda Pharmaceu-
tical Company Limited., and Amgen BioPharma K.K., and Mundip-
harma K.K. .M. received grants from ONO PHARMACEUTICAL
CO., LTD., NIPPON SHINYAKU CO., LTD., Kyowa Kirin Co.,
Ltd., Sumitomo Dainippon Pharma Co., Ltd., Shionogi & Co., Ltd.,
TEIJIN PHARMA LIMITED., Boehringer Ingelheim, Sanofi, Chugai
Pharmaceutical Co., Ltd., Eisai Co., Ltd., MSD K.K, ASAHI KASEI
PHARMA CORPORATION, Astellas Pharma Inc., Takeda Pharma-
ceutical Company Limited., Japan Blood Products Organization, NI-
HON PHARMACEUTICAL CO., LTD, DAIICHI SANKYO COM-
PANY, TAIHO PHARMACEUTICAL CO., LTD., Mitsubishi Tanabe
Pharma Corporation, Nippon Kayaku Co.,Ltd., CSL Behring, Mun-
dipharma K.K, AYUMI Pharmaceutical Corporation, Eli Lilly Japan
K.K., and Actelion Pharmaceuticals Japan Ltd.,; personal fees from
Bristol-Myers Squibb (Celgene), Novartis Pharmaceuticals, ONO
PHARMACEUTICAL CO., LTD., Janssen Pharmaceutical K.K, NIP-
PON SHINYAKU CO.,LTD., Shionogi & Co., Ltd., Astellas Pharma
Inc., Takeda Pharmaceutical Company Limited., DAIICHI SANKYO
COMPANY, AbbVie GK, and Amgen BioPharma K.K. The remain-
ing authors declare no competing financial interests. The remaining
authors declare no competing financial interests.

Ethical approval All samples were collected after obtaining the
approval of the ethics committee of our institute (Authorization Num-
ber: 24-017, -018) and the written informed consent from the patients.
This study was conducted according to the Declaration of Helsinki.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. van de Donk NWCJ, Pawlyn C, Yong KL. Multiple myeloma.
Lancet. 2021;397(10272):410-217.

2. Forster S, Radpour R, Ochsenbein AF. Molecular and immunolog-
ical mechanisms of clonal evolution in multiple myeloma. Front
Immunol. 2023;6(14):1243997.

3. Garcia-Ortiz A, Rodriguez-Garcia Y, Encinas J, et al. The role of
tumor microenvironment in multiple myeloma development and
progression. Cancers (Basel). 2021;13(2):217.

4. Swamydas M, Murphy EV, Ignatz-Hoover JJ, Malek E, Driscoll
JJ. Deciphering mechanisms of immune escape to inform immu-
notherapeutic strategies in multiple myeloma. J] Hematol Oncol.
2022;15(1):17.

5. Ho M, Xiao A, Yi D, Zanwar S, Bianchi G. Treating multiple
myeloma in the context of the bone marrow microenvironment.
Curr Oncol. 2022;29(11):8975-9005.

6. Giannotta C, Autino F, Massaia M. The immune suppressive
tumor microenvironment in multiple myeloma: The contri-
bution of myeloid-derived suppressor cells. Front Immunol.
2023;13:1102471.

7. Cencini E, Sicuranza A, Ciofini S, et al. Tumor-associ-
ated macrophages in multiple myeloma: key role in disease

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

biology and potential therapeutic implications. Curr Oncol.
2023;30(7):6111-33.

Rodriguez-Otero P, Paiva B, San-Miguel JF. Roadmap to cure
multiple myeloma. Cancer Treat Rev. 2021;100:102284.
Rajkumar SV. Multiple myeloma: 2024 update on diagno-
sis, risk-stratification, and management. Am J Hematol.
2024;99(9):1802-24.

. Ok CY, Young KH. Checkpoint inhibitors in hematological malig-

nancies. J Hematol Oncol. 2017;10(1):103.

Sun W, Hu S, Wang X. Advances and clinical applications of
immune checkpoint inhibitors in hematological malignancies.
Cancer Commun (Lond). 2024. https://doi.org/10.1002/cac2.
12587.

Meng L, Wu H, Wu J, et al. Mechanisms of immune check-
point inhibitors: insights into the regulation of circular RNAS
involved in cancer hallmarks. Cell Death Dis. 2024;15(1):3.
Ansell SM, Lesokhin AM, Borrello I, et al. PD-1 blockade with
nivolumab in relapsed or refractory Hodgkin’s lymphoma. N
Engl J Med. 2015;372(4):311-9.

Younes A, Santoro A, Shipp M, et al. Nivolumab for classi-
cal Hodgkin’s lymphoma after failure of both autologous
stem-cell transplantation and brentuximab vedotin: a multi-
centre, multicohort, single-arm phase 2 trial. Lancet Oncol.
2016;17(9):1283-94.

Armand P, Shipp MA, Ribrag V, et al. Programmed death-1
blockade with pembrolizumab in patients with classical hodg-
kin lymphoma after brentuximab vedotin failure. J Clin Oncol.
2016;34(31):3733-9.

Armand P, Rodig S, Melnichenko V, et al. Pembrolizumab in
relapsed or refractory primary mediastinal large B-cell lymphoma.
J Clin Oncol. 2019;37(34):3291-9.

Chakrabarti R, Siegel D, Biran N. The evolving role of checkpoint
inhibitors in multiple myeloma. Clin Lymphoma Myeloma Leuk.
2024;52152-2650(24):00293-303.

Minnie SA, Hill GR. Immunotherapy of multiple myeloma. J Clin
Invest. 2020;130(4):1565-75.

Boussi LS, Avigan ZM, Rosenblatt J. Immunotherapy for the treat-
ment of multiple myeloma. Front Immunol. 2022;13:1027385.
Liu Z, Xu X, Liu H, et al. Immune checkpoint inhibitors for multi-
ple myeloma immunotherapy. Exp Hematol Oncol. 2023;12(1):99.
Serizawa K, Tanaka H, Ueda T, et al. CD34+ myeloma cells with
self-renewal activities are therapy-resistant and persist as MRD
in cell cycle quiescence. Int ] Hematol. 2022;115(3):336-49.
Gunes EG, Gunes M, Yu J, Janakiram M. Targeting cancer stem
cells in multiple myeloma. Trends Cancer. 2024;10(8):733—48.
Lindo L, Wilkinson LH, Hay KA. Befriending the Hostile Tumor
Microenvironment in CAR T-Cell Therapy. Front Immunol.
2021;11:618387.

Holstein SA, Grant SJ, Wildes TM. Chimeric antigen receptor
T-cell and bispecific antibody therapy in multiple myeloma: mov-
ing into the future. J Clin Oncol. 2023;41(27):4416-29.

Ravi G, Costa LJ. Bispecific T-cell engagers for treatment of mul-
tiple myeloma. Am J Hematol. 2023;98(Suppl 2):S13-21.
Parrondo RD, Ailawadhi S, Cerchione C. Bispecific antibodies for
the treatment of relapsed/refractory multiple myeloma: updates
and future perspectives. Front Oncol. 2024;14:1394048.

Swan D, Murphy P, Glavey S, Quinn J. Bispecific antibodies in
multiple myeloma: opportunities to enhance efficacy and improve
safety. Cancers (Basel). 2023;15(6):1819.

Thomas S, Bonchev D. A survey of current software for network
analysis in molecular biology. Hum Genomics. 2010;4(5):353-60.
Calvano SE, Xiao W, Richards DR, et al. A network-based
analysis of systemic inflammation in humans. Nature.
2005;437(7061):1032-7.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/cac2.12587
https://doi.org/10.1002/cac2.12587

CD34" and CD34~ MM cells show different immune-checkpoint molecule expression profiles:... 99

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Shah N, Chari A, Scott E, et al. B-cell maturation antigen (BCMA)
in multiple myeloma: rationale for targeting and current therapeu-
tic approaches. Leukemia. 2020;34(4):985-1005.

Raje N, Berdeja J, Lin Y, et al. Anti-BCMA CAR T-cell therapy
bb2121 in relapsed or refractory multiple myeloma. N Engl J Med.
2019;380(18):1726-37.

Mailankody S, Devlin SM, Landa J, et al. GPRC5D-Targeted CAR
T Cells for Myeloma. N Engl J Med. 2022;387(13):1196-206.
Smith EL, Harrington K, Staehr M, et al. GPRC5D is a target for
the immunotherapy of multiple myeloma with rationally designed
CAR T cells. Sci Transl Med. 2019;11(485):eaau7746.

Li J, Stagg NJ, Johnston J, et al. Membrane-proximal epitope
facilitates efficient T cell synapse formation by Anti-FcRHS/
CD3 and is a requirement for myeloma cell killing. Cancer Cell.
2017;31(3):383-95.

Jiang D, Huang H, Qin H, et al. Chimeric antigen receptor T cells
targeting FCRHS provide robust tumour-specific responses in
murine xenograft models of multiple myeloma. Nat Commun.
2023;14(1):3642.

Ribrag V, Avigan DE, Green DJ, et al. Phase 1b trial of pembroli-
zumab monotherapy for relapsed/refractory multiple myeloma:
KEYNOTE-013. Br J Haematol. 2019;186(3):e41-4.

Lesokhin AM, Ansell SM, Armand P, et al. Nivolumab in patients
with relapsed or refractory hematologic malignancy: preliminary
results of a phase Ib study. J Clin Oncol. 2016;34(23):2698-704.
Lee BH, Park Y, Kim JH, et al. PD-L1 expression in bone marrow
plasma cells as a biomarker to predict multiple myeloma progno-
sis: developing a nomogram-based prognostic model. Sci Rep.
2020;10(1):12641.

Usmani SZ, Schjesvold F, Oriol A, et al. Pembrolizumab plus
lenalidomide and dexamethasone for patients with treatment-naive
multiple myeloma (KEYNOTE-185): a randomised, open-label,
phase 3 trial. Lancet Haematol. 2019;6(9):e448-58.

Badros A, Hyjek E, Ma N, et al. Pembrolizumab, pomalidomide,
and low-dose dexamethasone for relapsed/refractory multiple
myeloma. Blood. 2017;130(10):1189-97.

Mateos MV, Orlowski RZ, Ocio EM, et al. Pembrolizumab com-
bined with lenalidomide and low-dose dexamethasone for relapsed
or refractory multiple myeloma: phase I KEYNOTE-023 study.
Br J Haematol. 2019;186(5):e117-21.

Mateos MV, Blacklock H, Schjesvold F, et al. Pembrolizumab
plus pomalidomide and dexamethasone for patients with relapsed
or refractory multiple myeloma (KEYNOTE-183): a randomised,
open-label, phase 3 trial. Lancet Haematol. 2019;6(9):e459-69.
Jin S, Zhang Y, Zhou F, et al. TIGIT: A promising target to over-
come the barrier of immunotherapy in hematological malignan-
cies. Front Oncol. 2022;12:1091782.

El-Sherbiny YM, Meade JL, Holmes TD, et al. The requirement
for DNAM-1, NKG2D, and NKp46 in the natural killer cell-medi-
ated killing of myeloma cells. Cancer Res. 2007;67(18):8444-9.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Carbone E, Neri P, Mesuraca M, et al. HLA class I, NKG2D,
and natural cytotoxicity receptors regulate multiple myeloma cell
recognition by natural killer cells. Blood. 2005;105(1):251-8.
Fuhrman CA, Yeh WI, Seay HR, et al. Divergent phenotypes of
human regulatory T cells expressing the receptors TIGIT and
CD226. J Immunol. 2015;195(1):145-55.

Fourcade J, Sun Z, Chauvin JM, et al. CD226 opposes TIGIT to
disrupt Tregs in melanoma. JCI Insight. 2018;3(14):e121157.
Minnie SA, Kuns RD, Gartlan KH, et al. Myeloma escape after
stem cell transplantation is a consequence of T-cell exhaustion and
is prevented by TIGIT blockade. Blood. 2018;132(16):1675-88.
Guillerey C, Harjunpéd H, Carrié N, et al. TIGIT immune check-
point blockade restores CD8+ T-cell immunity against multiple
myeloma. Blood. 2018;132(16):1689-94.

Florou V, Garrido-Laguna I. Clinical Development of Anti-TIGIT
Antibodies for Immunotherapy of Cancer. Curr Oncol Rep.
2022;24(9):1107-12.

Shapira-Frommer R, Niu J, Perets R, et al. The KEY VIBE pro-
gram: vibostolimab and pembrolizumab for the treatment of
advanced malignancies. Future Oncol. 2024. https://doi.org/10.
1080/14796694.2024.2343272.

Chengcheng Fu, Yan S, Depei Wu. Expression and clinical
significance of CD137L in multiple myeloma cells. Blood.
2016;128(22):5616.

Makkouk A, Chester C, Kohrt HE. Rationale for anti-CD137 can-
cer immunotherapy. Eur J Cancer. 2016;54:112-9.

Pichler AC, Carrié N, Cuisinier M, et al. TCR-independent CD137
(4-1BB) signaling promotes CD8+--exhausted T cell proliferation
and terminal differentiation. Immunity. 2023;56(7):1631-1648.
el0.

Qiao Y, Qiu Y, Ding J, et al. Cancer immune therapy with PD-
1-dependent CD137 co-stimulation provides localized tumour
killing without systemic toxicity. Nat Commun. 2021;12(1):6360.
Chester C, Sanmamed MF, Wang J, Melero 1. Immunotherapy
targeting 4—1BB: mechanistic rationale, clinical results, and future
strategies. Blood. 2018;131(1):49-57.

Murillo O, Arina A, Hervas-Stubbs S, et al. Therapeutic antitumor
efficacy of anti-CD137 agonistic monoclonal antibody in mouse
models of myeloma. Clin Cancer Res. 2008;14(21):6895-906.
Gullo C, Koh LK, Pang WL, et al. Inhibition of proliferation and
induction of apoptosis in multiple myeloma cell lines by CD137
ligand signaling. PLoS ONE. 2010;5(5):e10845.

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

@ Springer


https://doi.org/10.1080/14796694.2024.2343272
https://doi.org/10.1080/14796694.2024.2343272

	CD34+ and CD34− MM cells show different immune-checkpoint molecule expression profiles: high expression of CD112 and CD137 ligand on CD34+ MM cells
	Abstract
	Introduction
	Methods
	Patient samples
	Flow cytometric analysis and cell sorting
	Microarray analysis and gene set enrichment analysis (GSEA)
	Network analysis with Ingenuity Pathway Analysis (IPA) system
	Statistical analysis

	Results
	Discussion
	Acknowledgements 
	References




