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Abstract: Multiple myeloma (MM) is characterized by malignant proliferation of malignant plasma
cells; it is the second most common hematological malignancy associated with significant morbidity.
Genetic intricacy, instability, and diverse clinical presentations remain a barrier to cure. The treatment
of MM is modernized with the introduction of newer therapeutics agents, i.e., target-specific mono-
clonal antibodies. The currently available literature lacks the benefits of newer targeted therapy being
developed with an aim to reduce side effects and increase effectiveness, compared to conventional
chemotherapy regimens. This article aims to review literature about the current available monoclonal
antibodies, antibody-drug conjugates, and bispecific antibodies for the treatment of MM.

Keywords: multiple myeloma; immunotherapy; antibody; targeted therapy; antibody drug conjugate;
bispecific antibody

1. Introduction

Multiple myeloma (MM) is a malignant proliferation of plasma cells (PCs) that pro-
duces excess monoclonal immunoglobulins [1]. Myeloma cells prevent normal antibody
production, leading to the accumulation of abnormal monoclonal immunoglobulins that
compromise the body’s immune response, making it susceptible to infections. MM is the
second most common hematological malignancy, accounting for 13% of blood cancers [2].
PC dyscrasias include a wide range of diseases including an asymptomatic premalignant
proliferation of PCs such as monoclonal gammopathy of undermined significance (MGUS),
asymptomatic smoldering multiple myeloma (SMM), and symptomatic malignant diseases
such as MM and plasma cell leukemia with extensive end-organ damage [3,4]. Diagnosis
and follow-up can be challenging; not all MGUS develop into MM, and some do transform
to Waldenstrom’s macroglobulinemia, primary AL amyloidosis, POEMS syndrome, or a
lymphoproliferative disorder [5]. The rate of progression of PC disorder from MGUs to
MM or a related disorder is approximately 1% each year [6]. MM treatment is based on
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end-organ damage and markers of active disease [7]. As per the Surveillance, Epidemiology,
and End Results (SEER) data, with advancements in treatment options, the survival rates
have improved from 25% in 1975 to over 50% by 2011 and with further therapeutic options,
ten-year survival is possible [8]. The responses to treatment options and the survival
benefits of newly diagnosed multiple myeloma (NDMM) are heterogeneous, ranging from
2 to >10 years [9]. Remarkable advancements in the understanding of the pathophysiology
have revolutionized treatment options and patient outcomes. Preclinical studies focusing
on pathophysiology of MM have prompted the development of more effective targeted
therapies. However, genetic intricacy, instability, and diverse clinical presentations of MM
remain ongoing barriers to cure. The treatment of MM has been modernized with the
introduction of newer therapeutic agents, i.e., target-specific monoclonal antibodies. This
article aims to review the current available monoclonal antibodies (mAbs), Antibody-Drug
Conjugates (ADCs), and bispecific antibodies for the treatment of MM.

2. Role of Monoclonal Antibodies in RRMM

The underlying pathophysiology of MM formation, which involves immune dysregu-
lation, has led to investigational treatment strategies using mAbs targeting the myeloma
cells. The current standard for MM management involves mAb use in the majority of three-
drug regimens used for initial and subsequent therapy. mAbs are routinely used for both
NDMM and relapsed/refractory multiple myeloma (RRMM). RRMM definition is based
on the recommendation of International Myeloma Working Group (IMWG), as the disease
recurs after the initial response and manifests as the development of new plasmacytomas
or hypercalcemia, ≥25% increase of the urine or serum monoclonal protein (M-protein),
or the development of new hypercalcemia or plasmacytomas [10]. Relapse is defined as an
increase in bone marrow PCs in patients with the non-secretory disease. MM that becomes
progressive or non-responsive to therapy within 60 days of the last treatment and has
achieved a minimal response is defined as RRMM [11]. The safety and toxicity data while
using mAbs for MM treatment are given below (Table 1).

2.1. Daratumumab (Anti-CD38)

Daratumumab (anti-CD38) was the first mAb approved for MM treatment and has
been most extensively studied. The GEN501 and SIRIUS studies have investigated its use
as a single agent for RRMM [12,13]. Pooled post hoc analysis of both the trials reported
overall response rate (ORR) of 31.1%, progression-free survival (PFS) 4 months, with an
approximate overall survival (OS) of 20 months [14]. The frequency of grade ≥ 3 toxicity
reported in these studies was 2 to 8.9% with hypertension, pneumonia, and anemia found
to be the most common. Pomalidomide which upregulates CD38 expression was studied
in combination with daratumumab by Chari et al. in RRMM and demonstrated improved
ORR of 60%, PFS of 8.8 months, with an OS of 17.5 months [15]. Approximately 2 to
8% reported grade ≥ 3 toxicity, with dyspnea being the most common. The combination of
daratumumab with other agents led to promising results.

GRIFFIN, a phase II trial in NDMM, while evaluating daratumumab in combina-
tion with bortezomib, lenalidomide, and dexamethasone (Dara-VRd) demonstrated an
ORR of 99% vs. 91.8% and 24-month PFS of 95.8% vs. 89.8%, in daratumumab and the
control arm, respectively [16]. Although the frequency of grade ≥ 3 was higher in the
daratumumab group (thrombocytopenia 16.2% vs. 8.8%, neutropenia 41.4% vs. 21.6%, and
infections 90.9% vs. 61.8%), however, the rate of treatment discontinuation was lower in
the daratumumab group (15.2% vs. 20.6%). Noteworthy phase III trials for NDMM include
ALCYONE, MAIA, and CASSIOPEIA [17–19]. All of these showed ORR of greater than
90% in the daratumumab group whereas it ranged from 73.9 to 89.9% in the control arm. In
the ALCYONE trial, the 36-month OS was 78.0% vs. 67.9%, respectively. The most common
adverse events (AEs) included neutropenia (15–50%) and infections (14.7–32.1%) and these
were encountered more frequently in the daratumumab group in all studies. However,
except for infections, AEs were comparable in both groups.
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Similarly, three studies (phase III trials) evaluated the mAb combinations for RRMM [20–22].
CASTOR trial reported an ORR of 83.8% vs. 63.2% while the POLLUX study reported
92.9% vs. 76.4% in the daratumumab vs. control group, respectively. Similarly, PFS (in
months) in% in daratumumab vs. control group was 16.7 vs. 7.1 and 44.5 vs. 17.5 in
CASTOR and POLLUX studies, respectively. The CANDOR trial reported an ORR of
84% in the daratumumab group and 75% in the control group. Daratumumab is usually
administered via intravenous (IV) route and approximately half of the patients experience
infusion-related reactions (IRRs). Therefore, PAVO (a phase Ib trial), showed promising
findings when daratumumab was administered subcutaneously (SC) [23]. A phase III study,
COLUMBA, later confirmed better ORR of 41% vs. 37% and fewer IRRs (13% vs. 34%) in
SC vs. IV route, respectively [24]. The PLEIADES study showed that SC daratumumab
retained its efficacy when used in combination with other agents [25].

2.2. Isatuximab

Isatuximab is another mAb targeting CD38. Preliminary trials (phase I and II) showed
an ORR of 56 to 62.6% for RRMM patients [26–28]. GMMC-CONCEPT trial on NDMM
patients showed an ORR of 100%. The ICARIA-MM and IKEMA (phase III trials) showed
ORRs of 60% vs. 35% and 86.6% vs. 82.9% in isatuximab-combination vs. control group,
respectively, in RRMM patients [29,30]. In the ICARIA-MM study, PFS (months) was 11.5
for isatuximab vs. 6.5 in control group. Commonly reported AEs of grade 3 from these
studies included neutropenia (7.4–85%), respiratory infections (14–32.2%), thrombocytope-
nia (23.8–29.9%), and cardiac failure (4%). Newer anti-CD38 mAbs including MOR202 and
TAK-079 are under investigation for their anti-MM efficacy.

2.3. Elotuzumab (Anti-SLAMF7)

Elotuzumab (anti-SLAMF7) in the ELOQUENT-2 and ELOQUENT-3 trials showed
anti-MM activity in combination with other agents in RRMM patients [31,32]. ORR and PFS
were 79% vs. 66% and 19.4 vs. 14.9 in elotuzumab group vs. control group, respectively,
in ELOQUENT-2 study while these were 53% vs. 26% and 10.3 vs. 4.7 in ELOQUENT-3
trial, respectively. Neutropenia, infections, and hyperglycemia were the most common AEs
reported. Elotuzumab has the lowest IRRs and is a safe option for frail patients with MM.

2.4. Pembrolizumab (Anti-PD-1)

Pembrolizumab (anti-PD-1) when used in combination with other agents showed
initial promising results; however, safety concerns led to the cessation of its development
for MM. The KEYNOTE-023 and HP-00061522 trials enrolling RRMM patients showed
an ORR of 44% and 60%, respectively, while PFS was 7.2 and 17.4, respectively [33,34].
Neutropenia, hyperglycemia, and pneumonia were the most reported AEs. There are many
other mAbs that have not been approved by the FDA yet exhibit activity such as anti-CD-40,
anti-CD-38, and anti-CD74. Studies are underway evaluating the efficacy for anti-MM role
of such agents.
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Table 1. Monoclonal antibody summary of efficacy and grade 3 adverse events for the treatment of
multiple myeloma.

Monoclonal
Antibody

Study
Name/Phase

Single Agent vs.
Combination

Efficacy Most Common
Grade ≥ 3 Toxicity

(%)
ORR
(%)

PFS
(Months, %)

OS
(Months, %)

Daratumumab

GEN501 + SIRIUS
Phase II

[14]
Single agent 31.4% 19.6%

(3-year PFS)
20.5 m, 36.5%
(3-year OS)

Anemia (18%),
thrombocytopenia/neutropenia
(14%), hypertension (5%), back

pain/hypercalcemia (3%),
fatigue (3%)

Chari et al.
Phase I

[15]

Combination with
pomalidomide/
dexamethasone

60% 8.8 m 17.5 m, 66%
(1-year OS)

Neutropenia (78%),
anemia (28%), and
leukopenia (24%)

GRIFFIN
Phase II

[16]

Combination with
bortezomib/

lenalidomide/
dexamethasone

99% - -
Neutropenia (41.4%),

peripheral neuropathy/
diarrhea (7.1% each)

ALCYONE
Phase III

[17]

Combination with
bortezomib/
melphalan/
prednisone

90.9% 50.7%
(3-year PFS)

78%
(3-year OS)

Neutropenia (39.9%),
infections (23.1%), IRRs (4.9%)

MAIA
Phase III

[18]

Combination with
lenalidomide/

dexamethasone
92.9% - - Neutropenia (50%),

infections (32.1%), fatigue (8%)

CASSIOPEIA
Phase III

[19]

Combination with
bortezomib/
thalidomide/

dexamethasone

92.6% - -
Neutropenia (28%),

stomatitis (13%),
peripheral neuropathy (9%)

CASTOR
Phase III

[20]

Combination with
bortezomib/

dexamethasone
83.8% 60.7%

(1-year PFS) -
Thrombocytopenia (45.7%),

pneumonia (9.9%),
hypertension (6.6%)

POLLUX
Phase III

[21]

Combination with
lenalidomide/

dexamethasone
92.9% 85.7%

(1-year PFS)
92.1%

(1-year OS)

Neutropenia (55.5%),
pneumonia (15.2%),

diarrhea (9.9%)

CANDOR
Phase III

[22]

Combination with
carfilzomib/

dexamethasone
84% - -

Thrombocytopenia (24%),
respiratory infection (29%),

hypertension (18%)

PAVO
Phase Ib

[23]

Single agent
(SC route) 42.2% - -

Anemia (15.6%),
hypertension (8.9%),
pneumonia/RSV/

hyponatremia (4.4% each),
device-related infections (4.4%)

COLUMBA
Phase III

[24]

Single age
(SC vs. IV)

41% for SC vs.
37% for IV

5.6 m for SC vs.
6.1 m for IV. -

Anemia (13% SC vs. 14% IV),
neutropenia (13% SC vs. 8% IV),

thrombocytopenia
(13% in SC vs. IV),

pneumonia (3% SC vs. 4% IV)

PLEIADES
Phase II

[25]

SC in combination
with bortezomib/

lenalidomide/
dexamethasone

89.6%

Neutropenia (37.3%),
lymphopenia (22.4%),

thrombocytopenia (43.3%),
injection-site reactions (7.5%)

Isatuximab

TCD11863
Phase I

[26]

Combination with
lenalidomide/

dexamethasone
56% 8.5 m Neutropenia (60%),

pneumonia (9%), fatigue (7%)

TCD14079
Phase I

[27]

Combination with
pomalidomide/
dexamethasone

62.2% 17.6 m -

Neutropenia (84%),
pneumonia (18%),

fatigue/urinary tract
infection/traumatic
fracture (7% each),

syncope/dyspnea/hypertension
(7% each)

GMMC-
CONCEPT

Phase Ib
[28]

Combination with
carfilzomib/

lenalidomide/
dexamethasone

100% - -
Neutropenia (34%),
hypertension (12%),
cardiac failure (4%)

ICARIA-MM
Phase III

[29]

Combination with
pomalidomide/
dexamethasone

60% 11.5 m -
Neutropenia (85%),
pneumonia (16%),

dyspnea (4% vs. 1%)

IKEMA
Phase III

[30]

Combination with
carfilzomib/

dexamethasone
86.6% - -

Respiratory infections (32.2%),
cardiac failure (4%),

thrombocytopenia (29.9%),
neutropenia (19.2%)
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Table 1. Cont.

Monoclonal
Antibody

Study
Name/Phase

Single Agent vs.
Combination

Efficacy Most Common
Grade ≥ 3 Toxicity

(%)
ORR
(%)

PFS
(Months, %)

OS
(Months, %)

Elotuzumab

ELOQUENT-3
Phase III

[31]

Combination with
pomalidomide/
dexamethasone

53% 10.3 m - Neutropenia/infections
(13% each), hyperglycemia (8%)

ELOQUENT-2
Phase III

[32]

Combination with
lenalidomide/

dexamethasone
79% 19.4 m 30%

Lymphopenia (79%),
infections (33%),

pneumonia (14%)

Pembrolizumab

KEYNOTE-023
Phase I

[33]

Combination with
lenalidomide/

dexamethasone
44% 7.2 m -

Neutropenia (27.4%),
hyperglycemia/pneumonia

(6.5% each), atrial fibrillation/
insomnia (3.2% each)

HP-00061522
Phase I/II

[34]

Combination with
pomalidomide/
dexamethasone

60% 17.4 m -
Neutropenia (42%),

hyperglycemia (21%), fatigue
(15%), pneumonia (15%)

Abbreviations: m: months; IRRs: infusion-related reactions; IV: intravenous; PFS: progression-free survival; RSV:
respiratory syncytial virus; ORR: overall response rate; OS: overall survival; SC: subcutaneous.

3. Antibody-Drug Conjugates (ADC)
3.1. Belantamab Mafodotin

B-cell maturation antigen (BCMA) is a cell surface protein expressed on PCs that has
shown promise as a potential candidate for targeted therapy of RRMM. BCMA has the
potential to maintain long-lived PC levels. Multiple studies have shown that BCMA−/−

mice are unable to produce naïve B cells and PCs; however, memory B-cell levels remain in-
tact [35–37]. BCMA levels are elevated in MM and may play a role in prognostication [38,39].
Additionally, BCMA levels progressively increase from MGUS to SMM to active MM [40].
Knowing that knocking out BCMA can inhibit the progression of PCs, we hypothesized
that disturbing BCMA may function as a therapeutic modality in MM. Tai et al. devel-
oped a novel anti-BCMA mAb which was identified as J60M. They evaluated J60M with a
drug conjugate, monomethyl auristatin E, an anti-microtubule drug that showed multiple
mechanisms of action against MM cells [41]. This ADC is named belantamab mafodotin
(anti-BCMA with a monomethyl auristatin F payload). This study subsequently led to the
DREAMM clinical trials, which were a multiphase clinical trial program to evaluate drug
efficacy, safety, dosing, and comparison to the standard of care in RRMM. This review will
focus primarily on efficacy and toxicity of ADCs including belantamab mafodotin (Table 2).

The DREAMM-1 clinical trial focused on patient satisfaction through to the end of
trial interview and the initial safety profile. Patients reported a mean satisfaction score of
7.9/10 using bone pain as their marker. The most common side effect was blurred vision
from keratopathy with 8/13 patients reporting resolution or improvement of symptoms
after end of trial [42]. The DREAMM-2 trial was a multicenter study that focused on
AEs and outcomes in intention-to-treat populations [43]. This study used the IMWG
consensus criteria to grade outcomes [44]. They concluded that among patients who
received belantamab mafodotin, 19% had a very good partial response (VGPR) in the low-
dose group (2.5 mg/kg), and a 20% “stringent complete (sCR) or complete response (CR)” in
the large-dose group (3.4 mg/kg). In terms of toxicity, most common AE in grades 3–4 was
keratopathy in 27% of patients in the lower-dose group, and 21% in the high-dose group.
Additionally, in low vs. high dose, thrombocytopenia occurred at 20% and 33%, anemia
occurred at 20% and 25%, respectively. The DREAMM-9 study focused on belantamab
mafodotin and compared it to the bortezomib, lenalidomide, and dexamethasone (VRd)
regimen which is the standard of care for transplant-eligible and transplant-ineligible
NDMM. They compared bortezomib or LBJ in combination with belantamab mafodotin.
AEs occurred in all 12 patients in this study, including thrombocytopenia, neutropenia,
and corneal events. Grade ≥ 3 AEs happened in 75% of the patients; all of them required
dose reduction and delay. All patients achieved a VGPR response at minimum with
25% achieving sCR and 42% achieving CR. The DREAMM-9 study is still being continued
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but preliminary data suggest that there are no new AEs and full efficacy will be evaluated
at the end of the entire study [45]. The DREAMM trials 4–10 are currently in progress and
will focus on comparing the standard of care regimens to belantamab and to other therapies
to develop multidrug therapeutic regimens [46].

A recent case series was published characterizing the response to belantamab mafodotin
and the corneal events associated with treatment [47]. Five patients were evaluated in
this study. Corneal events were common among several participants, including dry eyes,
photophobia, and keratopathy. All patients were prescribed ocular lubricants and steroid
eye drops. This is contrary to the DREAMM-2 study which reported no benefit from
administering prophylactic steroid eye drops for keratopathy; however, patients reported
relief of ocular symptoms. Ocular complaints seemed to be dose-dependent, and as such,
dose modification including delay and reduction played a role in improving corneal events.

Belantamab mafodotin is a novel therapy that has been approved by the FDA for
RRMM. Several clinical trials are still in place to determine the role of belantamab mafodotin
in current chemotherapy regimens. Further reviews will need to be conducted in the next
one to two years pending the completion of the numerous trials concurrently running.

3.2. Lorvotuzumab Mertansine

Lorvotuzumab mertansine (IMGN901; LM) is an anti–CD56-DM ADC that is com-
posed of humanized ant-CD56 antibody lorvotuzumab (huN901) which is linked to the
cytotoxic and anti-mitotic agent drug maytansinoid 1 (DM1) [48]. CD56 is a cell surface
glycoprotein originally identified as a neural cell adhesion molecule (NCAM, which plays
a role in cell adhesion and mediates cell-cell and cell-matrix interactions [49]. It is generally
not present in healthy PCs; however, its overexpression in malignant PCs has been iden-
tified in >78% of MM patients [50,51]. It has also been shown that CD56-negative MM is
associated with reduced bone destruction, increased frequency of extramedullary spread,
and plasma cell leukemia [52].

In vitro and in vivo testing of anti-CD56 antibodies such as humanized mAb huN901
showed potent anti-myeloma activity. In this preclinical study in mouse models, LM
impaired the survival of CD56-expressing MM cells in a dose-dependent manner by causing
cytotoxicity associated with G2-M cell cycle arrest and leading to apoptosis, while CD56-
negative tumor cells remained unharmed. These results support the clinical trials for the
antibody-drug conjugate LM, which targets CD56-positive MM cells [53]. Using the CD56
target, Benjamin et al. designed the anti-CD56 CAR-T-cells to target CD56 MM cells in
another preclinical study. These results demonstrated for the first time the impressive
anti-tumor effect of anti-CD56 targeted antigen receptors in a systemic xenograft model of
myeloma [54]. Phase I monotherapy trials by Chanan-Khan et al. for CD56-positive RRMM
showed an ORR of 7%. The toxicity profile was predictable as reported in other studies
and consisted mostly of peripheral neuropathy, fatigue, and cytopenia [55].

These encouraging preclinical results led to a phase I trial. In a study by Ailawadi
et al., LM was evaluated as a single agent in 37 RRMM CD56-positive patients (after failing
more than three prior treatments in 78% of patients). The maximum tolerated dose (MTD)
was 112 mg/m2 after two patients experienced dose-limiting toxicity (DLT) at 140 mg/m2,
symptoms including grade 3 fatigue and grade 3 renal failure. In total, 51% of patients
experienced treatment-related peripheral neuropathy (5.3% grade 3–4). The AE profiles
were manageable, with low incidence of AEs and no IRRs [56]. In a second phase 1 trial by
Berdeja et al., 44 patients with RRMM patients (after failing two prior lines of treatment;
33% lenalidomide refractory), were administered the combination of LM with lenalidomide
and dexamethasone in a four-week cycle. The combination therapy resulted in ORR of
59% with an sCR including eight patients with a VGPR or better and nine patients with
“partial remission”. The side effects profile again included neuropathy (mostly grade 2
or less) as the most common AE. The ORR of 59% was considered insufficient and dose-
related peripheral neuropathy was considered to be a significant AE, which led to the
discontinuation of further studies on this combination [57].



Antibodies 2022, 11, 22 7 of 19

In a phase I/II study, LM alone or in combination showed promising results against
CD56-positive MM which revealed additive to synergistic anti-MM effects using com-
bination therapy with lenalidomide, dexamethasone and bortezomib [58]. Lastly, CD56
CAR-T-cell therapy is being investigated, in combination with other antigens that are
present on MM cells. A clinical trial by Yanjie Hi on CAR-T-cell therapy in RRMM was ter-
minated due to difficulties in enrolment and questionable benefits (NCT03473496). Another
clinical trial (NCT03271632) is in the recruitment process.

3.3. HDP-101

HDP-101 is a newer class of anti-BCMA ADC named as antibody-targeted amanitin
conjugate (ATAC) that is fused to the RNA polymerase inhibitor amanitin via a non-
cleavable linker. BCMA is selectively present on the MM cells and hence is considered
an ideal target for amanitin-based ADCs [59]. Using a novel anti-BCMA ADC (HP-101),
Figueroa et al. determined the level of antibody-bound molecules against BCMA using
anti-BCMA (HDP-10). They demonstrated that upon binding to BCMA, ≥60% of bound
HDP-101 was internalized within 2 h in MM cell lines [60]. Based on the highly favorable
results from their study, HDP-101 was recently (May 2021) advanced to a phase I safety
assessment trial (NCT04879043) in RRMM patients. Amanitin is an extremely potent RNA
polymerase II inhibitor that impedes the cellular transcription even at very low concentra-
tions regardless of the proliferating or resting status of the cells, resulting in cell death [61].
This means that it is toxic even to resting MM cells; it is an important property given that a
large fraction of MM cells do not proliferate in many cases. This rare property is a clini-
cally important characteristic of HDP-101 and makes it superior to the other microtubule
inhibitors which mainly kill only proliferating cells [62]. Amanitin is chemically produced
from the deadly Amanita phalloides (“green death cap”) mushrooms [63].

Preclinical studies have demonstrated that even pico- or nanomolar concentrations of
HDP-101 are extremely cytotoxic to BCMA-positive myeloma cells and non-proliferating
primary MM cells isolated from RRMM irrespective of BCMA level of expression. HDP-101
treatment also caused significant dose-dependent tumor regression including complete
remission in mouse xenograft models with both subcutaneous and systemic MM [64].

In vivo studies in non-human primates have demonstrated favorable safety profiles
including mild to moderate increases in liver enzymes and LDH [65,66]. Deletion (del) of
17p involving the p53 tumor suppressor (TP53) gene is an adverse prognostic factor in MM.
A preclinical study performed by Singh et al. demonstrated efficacy of HDP-101 in cell
lines with a deletion of 17p.

The success of multiple preclinical and non-human studies led to the initiation of
in-human studies. Strassz et al. initiated the first-in-human study of HDP-101 which is
currently in progress [67]. Another clinical trial to assess the safety of HDP-101 in patients
with RRMM that started in May 2021 is under clinical evaluation in a phase I/II trial in
patients with RRMM (NCT04879043).

3.4. Anti-ICAM1

Intercellular cell adhesion molecule 1 (ICAM1) is highly expressed in the vast majority
of MM cells compared to that in normal cells. with the exception of progenitor cells,
ICAM1 expression is absent in most normal hematopoietic cells. PCs from patients already
treated with chemotherapy and with multidrug resistance phenotype also express higher
levels of ICAM-1 [68]. Naked anti-ICAM1 antibodies were active in preclinical studies
and safe in myeloma patients but showed limited clinical efficacy; thus, an anti-ICAM1
ADC was developed for better targeting MM cells. Potent anti-myeloma cytotoxicity
was displayed by anti-ICAM1 ADC in vitro and in vivo [69,70]. In a study conducted by
Hansson et al. (NCT010252060), BI-505, a human anti-ICAM-1 mAb, was evaluated for
safety and tolerability in advanced RRMM patients. Thirty-five patients with six prior lines
of therapy were enrolled and no objective response was observed. AEs were observed
in 97%. Grade 3 AEs were reported in 8% of patients. The most common treatment-related
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AEs were reversible IRRs, pyrexia, chills, and headache [71]. In a phase II study by Wichert
et al. (NCT01838369), efficacy of BI-505 was evaluated in patients with SMM, four patients
were enrolled, and three patients completed the first cycle, and no objective response
was reached [72]. In a study reported by Klausz et al., anti-ICAM-1 antibody MSH-TP
15 developed by engineering a fragmented crystallizable (Fc) part of the antibody improved
the recruitment of immune effector cells [73].

3.5. AMG 224

AMG 224 is a relatively naïve drug that is being investigated. AMG 224 consists of
an anti-human BCMA IgG1 antibody conjugated with mertansine (DM1), an anti-tubulin
maytansinoid, through a non-cleavable linker. Hans et al. conducted the first phase I
trial to investigate the safety and efficacy of AMG 224 in patients with RRMM [74]. The
final outcome of the study was an ORR of 23%. In this study, 5% sCR, 5% had a VGPR,
13% had a partial response (PR), and lastly, 15% had progression of the disease. In terms of
AEs, 31% developed grade 3 thrombocytopenia. The development of ocular complications
is the primary outcome of ADCs. In this study, no ocular events, however, were noted.
The authors noted that in comparison to belantamab mafodotin, AMG 224 had lower
incidence of ocular events, but higher incidence of thrombocytopenia [75]. This study
provides evidence to support the safety of AMG 224 and its ability to result in a significant
therapeutic response.

3.6. ABBV-838

ABBV-838 is an ADC comprising a humanized recombinant anti-CS1 immunoglobulin
G1κ conjugated to the cytotoxic monomethyl auristatin E (MMAE) [76]. In vivo mouse
models have shown that CS1 is a cell-surface glycoprotein that is expressed on myeloma
cells in >90% of cases. Anti-CS1 antibody staining of the bone marrow showed myeloma
and natural killer (NK) cells as the primary targets [77]. Furthermore, in vitro and in vivo
studies support this claim, showing that anti-CS1 antibodies inhibit MM cell binding to
stromal cells in the bone marrow and induce cellular cytotoxicity against the myeloma
cells [78,79]. This provides a proof of the concept that anti-CS1 antibodies have therapeutic
potential. Ravi et al. conducted a human phase I clinical trial of ABBV-838 [47]. The most
common AE reported was that 28% of the participants developed neutropenia and anemia.
Of note, 16% of patients developed corneal deposits, and 17.3% developed thrombocytope-
nia. In terms of efficacy, 8% achieved VGPR, 2.7% achieved PR, 69.3% had the best overall
response, and 18.7% of patients had progressive disease.

3.7. Anti-FcRH5

Fc receptor homolog 5 (FcRH5) is a cell surface antigen of unknown function that is
expressed only in mature B cells. MM cells express higher levels of FcRH5 than normal
B cells. Therefore, it is a potential site for targeted therapeutics. DFRF4539A is an anti-
FcRH5 mAb conjugated to monomethyl auristatin via a cleavable linker, a potent antimitotic
agent [80–82]. The drug showed limited activity in the phase I trial by Stewart et al. and high
incidence of toxicity. In this phase I trial (NCT01432353), DFRF4539A was administered to
patients as a single agent at 0.3–2.4 mg/kg every 3 weeks or 0.8–1.1 mg/kg weekly. About
95% of patients developed AEs; the most common AE was anemia, 26%, followed by
fatigue, 21%. Approximately 12% developed grade 3 AEs; the most common grade 3 AE
was neutropenia in 10% of patients; no deaths were reported [83]. Further investigation of
DFRF4539A was stopped owing to the limited activity observed in this study; currently,
no clinical trial is ongoing using DFRF4539A. FcRH5 may be a potential myeloma target in
the future in drugs that have other mechanisms of action when directed against FcRH5 and
hence may prove beneficial to patients with MM.
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Table 2. Antibody drug conjugates summary of efficacy and grade 3 adverse events for treatment of
multiple myeloma.

ADCs Study Name/Phase Single Agent vs. Combination
Efficacy

Most Common Grade ≥ 3 Toxicity
(%)ORR

(%)
PFS

(Months, Weeks)

Belantamab
mafodotin

DREAMM-2
Phase II

[43]

Single agent
(low vs. high dose) 31% vs. 34% 2.9 m vs. 4.9 m

Keratopathy (27% vs. 21%),
thrombocytopenia (20% vs. 33%),

anemia (20% vs. 25%)

DREAMM-9
Phase I

[45]

Single agent vs. standard
of care - - Thrombocytopenia/neutropenia

(100% each), keratopathy (100%)

Lorvotuzumab
mertansine

Chanan-Khan et al.
Phase I

[55]
Single agent 17.9% - Fatigue/weakness/peripheral

neuropathy/renal failure (1 each)

Ailawadi et al.
Phase I

[56]
Single agent - 26.1 weeks Fatigue (5.4%), areflexia/peripheral

neuropathy/neutropenia (2.7%)

Berdeja et al.
Phase I

[57]

Lorvotuzumab + lenalidomide/
dexamethasone 59% -

Tumor lysis syndrome (10%),
neutropenia/thrombocytopenia/

anemia (5% each),
hemolytic anemia/LDH increase

(5% each)

HDP-101
Strassz et al.
Phase I/IIa

[67]
Single agent (human) - - -

Anti-ICAM1
Hansson et al.

Phase 1
[69]

Single agent (human) - - -

AMG 224
Hans et al.

Phase I
[74]

Single agent 23% - Thrombocytopenia (31%)

ABBV 838
Ravi et al.

Phase I
[76]

Single agent 10.7% -
Neutropenia/anemia (28% each),

thrombocytopenia (17.3%),
keratopathy (16%)

Anti-FcRH5
Stewart et al.

Phase I
[81]

Single agent - -
Neutropenia/infections

(10.3% each), nervous system
disorder (7.7%)

Abbreviations: ADCs: antibody-drug conjugates; PFS: progression-free survival; m: months; ORR: overall
response rate; OS: overall survival.

4. Bispecific Antibodies (BiAbs)
4.1. Teclistamab

Teclistamab (also known as JNJ-64007957 or JNJ-7957) is another BCMA × CD3 bispe-
cific T-cell engager IgG4 antibody that was developed using Genmab DuoBody technology
and mediates T-cell-redirected killing of myeloma cells [84]. BCMA-expressing myeloma
cells showed a robust but specific elimination in preclinical studies (xenograft models,
myeloma cell models from heavily pretreated patients) when incubated with T cells and
teclistamab, therefore encouraging first-in-human clinical trial of teclistamab (MajesTEC-1,
NCT03145181) [85,86]. Although AMG-420 showed a potent clinical response in MM, it had
a shorter half-life necessitating continuous infusion for 4 weeks precluding its use in clinical
settings [87]. In contrast to AMG-420, teclistamab has a longer half-life with a sustainable
blood level up to 10 days and therefore can be administered as once-weekly convenient
dosing. MasjesTEC-1 was a single-arm phase I study completed in two phases in RRMM pa-
tients (median therapies: 6) to evaluate the recommended phase 2 dose (RP2D) and its safety
and efficacy at RP2D. Teclistamab was given either IV (biweekly cohort: 0.3–19.2 µg/kg,
once-weekly cohort: 19.2−720 µg/kg) or SC (once-weekly: 80−3000 µg/kg). One hundred
and fifty-seven enrollees (82% triple-refractory, 39% penta-refractory, and 92% refractory
to last therapy) in the trial had received at least a single dose of the drug either as IV
(n: 12 biweekly + 72 once-weekly: 84) or SC (n: 73). Two dose-limiting toxicities occurred
with IV doses (stage 4 delirium in one patient and stage 4 thrombocytopenia in the context
of CRS and DIC in second patient). RP2D identified was SC once-weekly at 1500 mg/kg in
40 patients (median age 63, range: 57–69, refractory to PI: 88%) after step-up doses and had
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no dose-limiting toxicity. Most common treatment AEs were CRS in 70% (no grade≥ 3) and
neutropenia in 65% (grade≥ 3: 40%) of patients at RP2D level. These percentages were 57%
(no grade ≥ 3) and 61% (grade ≥ 3: 48%), respectively, for the entire cohort of 157 patients.
The majority of these AEs occurred in step-up dosing or cycle 1. When CRS occurred at
RP2D, 35% and 13% of patients received tocilizumab and steroids as treatment, respectively.
Notably, teclistamab developed CRS after a median of one day whereas CRS occurred after
a median of two days in the SC formulation. CRS overall rate was 57% irrespective of
dose or route. Infusion-related reactions were 5% and occurred among those who received
teclistamab intravenously. Injection-related reactions, however, were reported only in the
SC route with occurrence in 42% of 73 patients. Those who received RP2D had an overall
response of 65%, VGPR of 58%, and CR 40%. Treatment discontinuations occurred at other
doses (6%) vs. none for RP2D.

A phase II study of MajesTEC-1 (NCT04557098) is ongoing with RP2D with the main
goal of ORR estimation before 30 December 2024 [88]. Evaluation of blood samples from
patients who showed a clinical response to teclistamab revealed lower soluble BCMA
(sBCMA) levels post-treatment [89]. Similarly, those who relapsed on teclistamab showed a
decline in soluble BCMA levels followed by an upward trend in sBCMA correlating with
relapse. Preclinical data also show that patients (evaluated bone marrow samples) who
were previously treated with daratumumab may have enhanced anti-myeloma activity
with teclistamab compared to other patients without previous daratumumab exposure.

Two phase-1 dose-escalation studies (NCT04586426 and NCT04108195) are evalu-
ating the various combinations of teclistamab and talquetamab with or without daratu-
mumab and with or without pomalidomide. A phase III clinical trial (NCT05083169) is
comparing teclistamab-daratumumab combination with daratumumab-pomalidomide-
dexamethasone and daratumumab-bortezomib-dexamethasone [90].

4.2. CC-93269

CC-93269, previously known as EM801, is a trivalent (2:1) T-cell engager IgG antibody
which is a bispecific binder for the BCMA antigen on myeloma cells (bivalent binding)
and CD3 epsilon receptors on T cells (monovalent binding) [91]. The trivalent structure
of CC-93269 with simultaneous attachment to both BCMA and CD3+ epsilon receptors
causes T-cell myeloma cell interaction, activating CD3 downstream signaling pathways
and increasing the expression of CD25 and CD69, thereby releasing granzyme B and
proinflammatory cytokines such as IFN-γ or TNF-α [92]. These cytokines from redirected
T cells attack myeloma cells and induce apoptosis. Following the successful demonstration
of myeloma cell regression in animal and cell models, the first human trial (NCT03486067)
started in 2018 aiming to determine the best dose for myeloma patients [93]. Interim results
were presented in May 2020 with a cutoff date for data from 28 October 2019 [94]. Thirty
patients who received a median of 3.5 cycles (range: 1–12) had heavily pretreated and
refractory disease (median therapies: 5, range: 3–13, 88% refractory to immunomodulators
as last therapy, 77% refractory to daratumumab and proteasome inhibitors as last therapy)
with a median age of 64 years and median duration of 5.9 years following diagnosis.
None of the patients had previously received BCMA therapy. Treatment-emergent AEs
of grade 3–4 occurred in 73% of patients (n: 22) such as neutropenia (43%), anemia (37%),
thrombocytopenia (17%), and infections (30%). To be noted, CRS was quite common in the
trial, involving 77% (n: 23) of patients, and the majority of events occurred with the first or
second dose of CC-93269 (95.7% of events) [95]. Among the 22 patients with 37 CRS events,
30 events had a maximum grade of 1 or 2. The study already had CRS prophylaxis protocol
with dexamethasone before the first dose of CC-93269 and those with 6 mg or above. When
CRS occurred, 73% of events were treated with dexamethasone and 43% with tocilizumab.
One patient had died due to CRS and infection. That patient received first dose of 6 mg
and second dose of 10 mg on the 8th day of the cycle. ORR was 43%, and CR/sCR was
17%. Among a subpopulation of patients (n: 9) who received 10 mg of the drug, ORR was
89% with 44% of patients having sCR/CR. Therefore, the response was dose-dependent
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and improved at higher doses. About 11 responses remained stable during follow-up for
5.3 to 40.6 weeks. Among 13 patients with ORR, MRD-negativity was achieved in 92% of
patients. The trial is ongoing with the aim of determining the dose for phase II.

4.3. AMG 420

AMG 420 (Amgen), a bispecific T-cell engager (BiTE), formerly known as BI 836909,
targets BCMA on MM cells and causes T-cell-mediated lysis [96,97]. Topp et al. tested AMG
420 in 42 MM patients who had received a median of four prior therapies. They concluded
that this drug could be an emerging option for RRMM treatment. The doses were tested
from 6.5 to 800 mcg/day [98]. Data from this first-in-human, phase I dose-escalation study
(NCT02514239) indicated that at a maximum tolerated dose of 400 mcg/day, the ORR was
70%, including five CR, one VGPR, and one PR. The median time to response was 1 month.
Grade ≥ 3 treatment-related AEs included two cases of polyneuropathy and one case of
edema. Three out of forty-two patients experienced cytokine release syndrome (CRs) [99].
A dose of 800 mcg/day was considered non-tolerable because of one grade 3 event of CRS
and polyneuropathy.

However, AMG 420 has its limitation, i.e., a very short half-life that requires prolonged
IV infusion through central venous access. The short half-life, however, can help manage
treatment-emergent AEs such as CRS [100]. Further studies are warranted to investigate
whether Amgen is beneficial as an early line of therapy. Summary of efficacy and toxicity
of BiAbs including AMG 420 in multiple myeloma is given in Table 3.

4.4. PF-3135

PF-06863135, also called PF-3135 or elranatamab, is a bispecific humanized mAb
(IgG2a), which targets BCMA on MM cells and CD3 on T cells and subsequently causes
T-cell-mediated lysis of myeloma cells [101]. Its response has been assessed in patients
who have undergone multiple prior MM therapies. Based on the data from the phase I
trial (MagnetisMM-1), the results showed promising response rates and a manageable
safety profile. This dose-escalation study enrolled 30 patients who received PF-3515 dose
of 80–1000 mcg/kg weekly subcutaneously. G ≥3 AEs included lymphopenia (83%), neu-
tropenia (53%), anemia (50%), and thrombocytopenia (37%). The most common treatment-
related AE was lymphopenia in 83% of patients followed by CRS (grade 1–2) that occurred
in 73% of patients and was dose-dependent. Injection-site reactions occurred in 50% of
patients and were less than grade 2. The ORR was 70% at dose of ≥215 µg/kg. VGPR
occurred in seven patients, sCR in five patients, and PR/CR in one patient each. [102]. The
adverse effects were generally manageable. RP2 dose in this trial was 1000 mcg/k with
ORR of 83%. The SC route allowed the administration of higher doses without observing
the increased severity of CRS. Pfizer has initiated MagnetisMM-3, a phase II trial to evaluate
the efficacy and safety profile of this emerging drug.

4.5. REGN5458

Bispecific T-cell engagers (BiTE) is a novel subclass of BiAbs which have the func-
tion of binding to T cell and tumor cells, thereby engaging the T cells’ cytotoxic func-
tions in order to induce apoptosis of the cancerous cells [103]. Recently, a new drug,
REGN5458, a BCMA × CD3 bispecific antibody, a BiTE, has completed phase I/II trials
(NCT03761108) [104]. The study followed the standard 4 + 3 dose-increasing protocol and
included all patients that developed RRMM status post >3 systemic therapies. Significant
AEs (grades 3–4) occurred in 28.9% of patients, including infection (20%), anemia (8.9%),
lymphopenia (6.7%), one patient with acute kidney injury, one patient with syncope, and
one patient with transaminitis. ORR was achieved in 35.6% of patients across all doses and
60% at highest dose. VGPR was achieved in 81.3% and CR in 31.3%. Phase II of this trial is
currently enrolling and will reveal further details regarding the efficacy of this novel drug.

Of note, a study was recently performed by DiLillo et al. comparing the efficacy
of REGN5458 (BiTE) to BCMA-specific CAR-T-cells [105]. The question expressed was
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warranted since both therapeutics target the same BCMA receptor on the MM cells. In vivo
studies showed similar efficacy in their cytotoxic activity against the MM cells. The clear
difference between the two was the onset of action. REGN5458 showed a faster onset due to
ability to utilize the present T cells for its action versus BCMA-specific CAR-T-cells which
require time for activation and transit to the target site.

4.6. Talquetamab

GPRC5D (G protein–coupled receptor, class C group 5 member D) is an orphan
receptor expressed on malignant plasma cells in MM and is a potential target for chimeric
antigen receptor (CAR) T-cell therapy [106]. Talquetamab is an IgG Fc-domain containing
BiAbs targeting GPRC5D and CD3 [94]. A phase I trial is currently ongoing by Berdeja
et al. [107]. The study has enrolled almost 260 participants with RRMM so far. These
patients received talquetamab IV (0.5–180 µg/kg) or SC (5.0–800 µg/kg) once or twice a
week. The primary objective of the study is to identify RP2D and determine the AEs at that
dose. Data obtained on 8 February 2021 indicated that almost 174 patients had received
talquetamab by either IV or SC route. RP2D was identified as 405 µg/kg SC weekly with
10.0 and 60.0 µg/kg step-up doses. The median age of these patients was 61.5 years. The
most common grade ≥3 AEs include CRS (4%), neutropenia (54%), anemia (29%), and
infections (4%). The response rates at RP2D were as follows: ORR 63% and VGPR 50%.
Median time to first response was 1 month and median follow-up time was 6.2 months.
The study is currently evaluating the efficacy and safety of RP2D. Total duration of the
study is approximately 2 years [108]. Another dose escalation study with talquetamab
and teclistamab (Tal + Tec) combination has been ongoing for patients with RRMM. The
study is currently in phase I trial and participants will receive Tal + Tec with and without
daratumumab to identify the RP2D regimen [109]. In conclusion, these studies are expected
to explore the convenient SC and efficacious IV dosing of monotherapy or combination
therapy of talquetamab which is an interesting target for RRMM.

Table 3. Bispecific antibody summary of efficacy and grade 3 adverse events for treatment of multiple
myeloma.

Bispecific Antibody Study Name/Phase Single Agent vs.
Combination

Efficacy Most Common
Grade ≥ 3 toxicity

(%)
ORR
(%)

Teclistamab
MasjesTEC-1

Phase I
[86]

Single Agent 65%
Neutropenia (40%), anemia (27%),
thrombocytopenia (18%), fatigue

(2%)

CC-93269
Costa et al.

Phase I
[95]

Single agent 89%
Neutropenia (43%), anemia (37%),

infections (30%),
thrombocytopenia (17%)

AMG 420
Topp et al.

Phase I
[98]

Single agent 70%
Cytokine release syndrome (n = 3),

polyneuropathy (n = 2),
edema (n = 1)

PF-3135/Elranatamab
Levy et al.

Phase I
[102]

Single agent 33%
Lymphopenia (83%),

neutropenia (53%), anemia (50%),
thrombocytopenia (37%)

REGN5458
Madduri et al.

Phase I/II
[103]

single agent 35%

Infection (20%), anemia (8.9%),
lymphopenia (6.7%), AKI (n = 1),

syncope (n = 1), and
transaminitis (n = 1)

Talquetamab
Berdeja et al.

Phase 1
[107]

Single agent - CRS (4%), neutropenia (54%),
anemia (29%), and infections (4%)

Abbreviations: n: number of patients; ORR: overall response rate.
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5. CAR-T-Cell
5.1. Idecabtagene Vicleucel

Idecabtagene vicleucel (ide-cel) is a BCMA-directed CAR-T-cell therapy currently
under investigation for its role in RRMM. The KarMMa trial is a phase II trial that evaluated
the safety profile and efficacy of ide-cel. As in the other studies, this study included all
patients who failed three prior therapies. The regimen included a lymphodepletion phase
which included cyclophosphamide and fludarabine for three days; subsequently, ide-cel
was given for two days [110]. In this study, grade 3–4 AEs occurred in 99% of patients,
including neutropenia (89%), anemia (60%), thrombocytopenia (52%), leukopenia (39%),
dumped lymphopenia (27%), and febrile neutropenia (16%). CRS occurred in 5% of patients.
Neurotoxic effects occurred in 3% of patients. Of note, the authors do acknowledge that
the lymphodepleting chemotherapy given prior to ide-cel may have caused cytopenia.
Additionally, AE was not dose-dependent. The patients were divided into three subgroups
depending on doses 150, 300, 450 × 106 CAR + T cells. In response to this incremental
increase in dose, a CR was observed in 50%, 69%, and 81% of patients, respectively. As of
March 2022, the KarMMa trial provided significant evidence to support FDA approval of
ide-cel for RRMM [111].

5.2. Ciltacabtagene Autoleucel

Ciltacabtagene autoleucel (cilta-cel) is a BCMA-directed CAR T-cell therapy undergo-
ing phase Ib/II studies under the CARTITUDE-1 trial [112]. All the patients went through
lymphodepletion with cyclophosphamide and fludarabine prior to receiving cilta-cel. In
terms of efficacy, results are as follows: ORR of 97%, sCR of 80.4%, and VGPR of 95%. In
terms of significant AEs grade 3–4, neutropenia (85%), anemia (68%), leukopenia (61%), and
lymphopenia (50%) were exhibited. The 18-month PFS was 66% and OS 81%, a drop from
the 12 months PFS and OS. CARTITUDE-2 is a multi-cohort phase II study, conducted with
the intent to determine the effectiveness and safety of cilta-cel in various clinical settings
including NDMM, RRMM progressive disease after 1–3 first-line therapies and lenalido-
mide refractory, RRMM after failure of three therapies, RRMM early relapse after first-line
therapy, and s/p ASCT [113]. Currently, results from cohort A are available, patients who
had 1–3 prior therapies and were lenalidomide refractory. From cohort A, ORR is 95%,
CR is 85%, and VGPR is >95%. These findings are consistent with the CARTITUDE-1
study. Significant grades 3–4 AEs include neutropenia (95%), thrombocytopenia (35%),
anemia (45%), lymphopenia (60%), leukopenia (55%), and CRS (10%). Of note, all AEs
were manageable as outpatients. Cilta-cel was approved by the FDA on February 2022
for RRMM.

6. Conclusions

Understanding the biological mechanism involved in immune evasion of MM cells
has led to better disease understanding and immune therapy as a treatment option for
MM. The current practice for MM treatment involves immune therapy as a standard
approach for RRMM, and it is increasingly being used for NDMM and studies have shown
promising results. ADCs consisting of mAbs that carry a cytotoxic payload are directed
against various antigens that are very specific for MM cells and represent a targeted
chemotherapy approach. ADCs have demonstrated excellent efficacy, and the tumor-
directed approaches minimize toxicity to normal tissue. Bispecific Abs is another approach
for MM immune therapy that relies on activating the body’s immune system to trigger
the killing of neoplastic MM cells. It represents an effective treatment strategy for RRMM
patients; in the studies so far, mAbs have also shown favorable results with enhanced
efficacy profiles when combined with other anti-MM therapies. These have proven efficacy
in patients with both NDMM and RRMM. Immunotherapy can potentially halt disease
progression. Immune-directed strategies are being tested to prevent disease progression by
treating asymptomatic (but at high risk of progression) forms of SMM. Immunotherapy
has revolutionized the treatment paradigm for MM. Questions regarding the safety and
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tolerability of immunotherapy for MM once thought to be unresolved are eventually
finding answers. Immunotherapy continues to be an evolving arena of oncology as myriad
mAbs are being investigated in studies in order to seek FDA approval for both NDMM
and RRMM.

Author Contributions: Conceptualization, F.A.; writing W.T., A.W., D.F., Z.S., A.A., Q.-U.-A.A.,
Y.N.M., D.L. and F.A.; review and editing, W.T., A.W. and F.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: FA reports personal fees from Bristol Myers Squibb as a speaker and a fee from
Janssen pharmaceutical as an advisory board member; this fee was not related to the submitted work.
Without receiving direct funding, served as the local principal investigator for Allogene Therapeutics,
Celgene, GlaxoSmithKline, and Bristol Myers Squibb; has a consulting or advisory role for Seattle
Genetics, Incyte Corporation Speakers’ Bureau, Company: Incyte Corporation; receives travel and
accommodations expenses from Seattle Genetics, Incyte; receives honoraria from Incyte, Company:
Seattle Genetics; and received research funding from Seattle Genetics, Company: Celgene, Acetylon
Pharmaceuticals, Millennium, Astellas Pharma and AbbVie; and reports no other potential conflicts
of interest for this work. The other authors report no conflicts of interest for this work.

References
1. Joshua, D.E.; Bryant, C.; Dix, C.; Gibson, J.; Ho, J. Biology and therapy of multiple myeloma. Med. J. Aust. 2019, 210, 375–380.

[PubMed]
2. Riccomi, G.; Fornaciari, G.; Giuffra, V. Multiple myeloma in paleopathology: A critical review. Int. J. Paleopathol. 2019, 24, 201–212.

[PubMed]
3. Palumbo, A.; Anderson, K. Multiple myeloma. N. Engl. J. Med. 2011, 11, 1046–1060.
4. Landgren, O. Monoclonal gammopathy of undetermined significance and smoldering multiple myeloma: Biological insights and

early treatment strategies. Hematol. Am. Soc. Hematol. Educ. Program 2013, 2013, 478–487.
5. Kyle, R.A.; Therneau, T.M.; Rajkumar, S.V.; Larson, D.R.; Plevak, M.F. Long-term follow-up of 241 patients with monoclonal

gammopathy of undetermined significance: The Original Mayo Clinic series 25 years later. Mayo Clin. Proc. 2004, 7, 859–866.
6. Landgren, O.; Kyle, R.A.; Pfeiffer, R.M.; Katzmann, J.A.; Caporaso, N.E.; Hayes, R.B.; Dispenzieri, A.; Kumar, S.; Clark, R.J.; Baris,

D.; et al. Monoclonal gammopathy of undetermined significance (MGUS) consistently precedes multiple myeloma: A prospective
study. Blood 2009, 22, 5412–5417.

7. Rajkumar, S.V.; Dimopoulos, M.A.; Palumbo, A.; Blade, J.; Merlini, G.; Mateos, M.V.; Kumar, S.; Hillengass, J.; Kastritis, E.;
Richardson, P.; et al. International Myeloma Working Group updated criteria for the diagnosis of multiple myeloma. Lancet Oncol.
2014, 15, 538–548.

8. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2016, 1, 7–30.
9. Sonneveld, P.; Avet-Loiseau, H.; Lonial, S.; Usmani, S.; Siegel, D.; Anderson, K.C.; Chng, W.J.; Moreau, P.; Attal, M.; Kyle, R.A.;

et al. Treatment of multiple myeloma with high-risk cytogenetics: A consensus of the International Myeloma Working Group.
Blood 2016, 24, 2955–2962.

10. Rajkumar, S.V.; Harousseau, J.L.; Durie, B.; Anderson, K.C. Consensus Recommendations for the Uniform Reporting of Clinical
Trials: Report of the International Myeloma Workshop Consensus Panel 1. Blood 2011, 117, 4691–4695.

11. Anderson, K.C.; Kyle, R.A.; Rajkumar, S.V.; Stewart, A.K. Clinically Relevant End Points and New Drug Approvals for Myeloma.
Leukemia 2008, 2, 231–239.

12. Lokhorst, H.M.; Plesner, T.; Laubach, J.P.; Nahi, H.; Gimsing, P.; Hansson, M.; Minnema, M.C.; Lassen, U.; Krejcik, J.; Palumbo, A.;
et al. Targeting CD38 with Daratumumab Monotherapy in Multiple Myeloma. N. Engl. J. Med. 2015, 373, 1207–1219. [PubMed]

13. Lonial, S.; Weiss, B.M.; Usmani, S.Z.; Singhal, S.; Chari, A. Daratumumab Monotherapy in Patients with Treatment-Refractory
Multiple Myeloma (Sirius): An Open-Label, Randomised, Phase 2 Trial. Lancet 2016, 387, 1551–1560. [PubMed]

14. Usmani, S.Z.; Nahi, H.; Plesner, T.; Weiss, B.M.; Bahlis, N.J.; Belch, A.; Voorhees, P.M.; Laubach, J.P.; van de Donk, N.W.; Ahmadi,
T.; et al. Daratumumab monotherapy in patients with heavily pretreated relapsed or refractory multiple myeloma: Final results
from the phase 2 GEN501 and SIRIUS trials. Lancet Haematol. 2020, 6, e447–e455.

15. Chari, A.; Suvannasankha, A.; Fay, J.W.; Arnulf, B.; Kaufman, J.L.; Ifthikharuddin, J.J.; Weiss, B.M.; Krishnan, A.; Lentzsch, S.;
Comenzo, R.; et al. Daratumumab plus pomalidomide and dexamethasone in relapsed and/or refractory multiple myeloma.
Blood 2017, 8, 974–981.

http://www.ncbi.nlm.nih.gov/pubmed/31012120
http://www.ncbi.nlm.nih.gov/pubmed/30530292
http://www.ncbi.nlm.nih.gov/pubmed/26308596
http://www.ncbi.nlm.nih.gov/pubmed/26778538


Antibodies 2022, 11, 22 15 of 19

16. Voorhees, P.M.; Kaufman, J.L.; Laubach, J.; Sborov, D.W. Daratumumab, Lenalidomide, Bortezomib, and Dexamethasone for
Transplant-Eligible Newly Diagnosed Multiple Myeloma: The Griffin Trial. Blood 2020, 136, 936–945.

17. Mateos, M.V.; Cavo, M.; Blade, J.; Dimopoulos, M.A. Overall Survival with Daratumumab, Bortezomib, Melphalan, and
Prednisone in Newly Diagnosed Multiple. Lancet 2020, 395, 132–141.

18. Facon, T.; Kumar, S.; Plesner, T.; Orlowski, R.Z. Daratumumab Plus Lenalidomide and Dexamethasone for Untreated Myeloma.
N. Engl. J. Med. 2019, 380, 2104–2115.

19. Moreau, P.; Attal, M.; Hulin, C.; Arnulf, B.; Belhadj, K.; Benboubker, L.; Béné, M.C.; Broijl, A.; Caillon, H.; Caillot, D.; et al. Borte-
zomib, Thalidomide, and Dexamethasone with or without Daratumumab before and after Autologous Stem-Cell Transplantation
for Newly Diagnosed Multiple Myeloma (Cassiopeia): A Randomised, Open-Label, Phase 3 Study. Lancet 2019, 394, 29–38.

20. Palumbo, A.; Chanan-Khan, A.; Weisel, K.; Nooka, A.K. Daratumumab, Bortezomib, and Dexamethasone for Multiple Myeloma.
N. Engl. J. Med. 2016, 375, 754–766.

21. Dimopoulos, M.A.; Oriol, A.; Nahi, H.; San-Miguel, J. Daratumumab, Lenalidomide, and Dexamethasone for Multiple Myeloma.
N. Engl. J. Med. 2016, 375, 1319–1331. [PubMed]

22. Dimopoulos, M.; Quach, H.; Mateos, M.V.; Landgren, O. Carfilzomib, Dexamethasone, and Daratumumab Versus Carfilzomib and
Dexamethasone for Patients with Relapsed or Refractory Multiple Myeloma (Candor): Results from a Randomised, Multicentre,
Open-Label, Phase 3 Study. Lancet 2020, 396, 186–197. [PubMed]

23. Usmani, S.Z.; Nahi, H.; Mateos, M.V.; van de Donk, N.W.C.J. Subcutaneous Delivery of Daratumumab in Relapsed or Refractory
Multiple Myeloma. Blood 2019, 134, 668–677. [PubMed]

24. Mateos, M.V.; Nahi, H.; Legiec, W.; Grosicki, S. Subcutaneous Versus Intravenous Daratumumab in Patients with Relapsed
or Refractory Multiple Myeloma (Columba): A Multicentre, Open-Label, Non-Inferiority, Randomised, Phase 3 Trial. Lancet
Haematol. 2020, 7, e370–e380. [PubMed]

25. Chari, A.; Rodriguez-Otero, P.; McCarthy, H.; Suzuki, K. Subcutaneous Daratumumab Plus Standard Treatment Regimens in
Patients with Multiple Myeloma across Lines of Therapy (Pleiades): An Open-Label Phase I Study. Br. J. Haematol. 2021, 192,
869–878. [PubMed]

26. Martin, T.; Baz, R.; Benson, D.M.; Lendvai, N. A Phase 1b Study of Isatuximab Plus Lenalidomide and Dexamethasone for
Relapsed/Refractory Multiple Myeloma. Blood 2017, 129, 3294–3303.

27. Mikhael, J.; Richardson, P.; Usmani, S.Z.; Raje, N. A Phase 1b Study of Isatuximab Plus Pomalidomide/Dexamethasone in
Relapsed/Refractory Multiple Myeloma. Blood 2019, 134, 123–133.

28. Leypoldt, L.; Besemer, B.B.; Asemissen, A.M.; Hänel, M. Isatuximab, Carfilzomib, Lenalidomide, and Dexamethasone (Isa-Krd) in
Front-Line Treatment of High-Risk Multiple Myeloma: Interim Analysis of the Gmmg-Concept Trial. Leukemia 2021, 36, 885–888.

29. Attal, M.; Richardson, P.G.; Rajkumar, S.V.; San-Miguel, J. Isatuximab Plus Pomalidomide and Low-Dose Dexamethasone Versus
Pomalidomide and Low-Dose Dexamethasone in Patients with Relapsed and Refractory Multiple Myeloma (Icaria-Mm): A
Randomised, Multicentre, Open-Label, Phase 3 Study. Lancet 2019, 394, 2096–2107.

30. Moreau, P.; Dimopoulos, M.A.; Mikhael, J.; Yong, K. Isatuximab, Carfilzomib, and Dexamethasone in Relapsed Multiple Myeloma
(Ikema): A Multicentre, Open-Label, Randomised Phase 3 Trial. Lancet 2021, 397, 2361–2371.

31. Dimopoulos, M.A.; Dytfeld, D.; Grosicki, S.; Moreau, P. Elotuzumab Plus Pomalidomide and Dexamethasone for Multiple
Myeloma. N. Engl. J. Med. 2018, 379, 1811–1822. [PubMed]

32. Lonial, S.; Dimopoulos, M.; Palumbo, A.; White, D. Elotuzumab Therapy for Relapsed or Refractory Multiple Myeloma. N. Engl.
J. Med. 2018, 373, 621–631.

33. Mateos, M.V.; Orlowski, R.Z.; Ocio, E.M.; Rodríguez-Otero, P. Pembrolizumab Combined with Lenalidomide and Low-Dose
Dexamethasone for Relapsed or Refractory Multiple Myeloma: Phase I Keynote-023 Study. Br. J. Haematol. 2019, 186, e117–e121.
[PubMed]

34. Badros, A.; Hyjek, E.; Ma, N.; Lesokhin, A. Pembrolizumab, Pomalidomide, and Low-Dose Dexamethasone for Re-
lapsed/Refractory Multiple Myeloma. Blood 2017, 130, 1189–1197.

35. Elgueta, R.; de Vries, V.C.; Noelle, R.J. The immortality of humoral immunity. Immunol. Rev. 2010, 236, 139–150.
36. O’Connor, B.P.; Raman, V.S.; Erickson, L.D.; Cook, W.J.; Weaver, L.K.; Ahonen, C.; Lin, L.L.; Mantchev, G.T.; Bram, R.J.; Noelle, R.J.

BCMA is essential for the survival of long-lived bone marrow plasma cells. J. Exp. Med. 2004, 199, 91–97.
37. Xu, S.; Lam, K.P. B-cell maturation protein, which binds the tumor necrosis factor family members BAFF and APRIL, is dispensable

for humoral immune responses. Mol. Cell. Biol. 2001, 21, 4067–4074.
38. Claudio, J.O.; Masih-Khan, E.; Tang, H.; Gonçalves, J.; Voralia, M.; Li, Z.H.; Nadeem, V.; Cukerman, E.; Francisco-Pabalan, O.;

Liew, C.C.; et al. A molecular compendium of genes expressed in multiple myeloma. Blood 2002, 100, 2175–2186.
39. Tai, Y.T.; Li, X.F.; Breitkreutz, I.; Song, W.; Neri, P.; Catley, L.; Podar, K.; Hideshima, T.; Chauhan, D.; Raje, N.; et al. Role of

B-cell-activating factor in adhesion and growth of human multiple myeloma cells in the bone marrow microenvironment. Cancer
Res. 2006, 66, 6675–6682.

40. Carpenter, R.O.; Evbuomwan, M.O.; Pittaluga, S.; Rose, J.J.; Raffeld, M.; Yang, S.; Gress, R.E.; Hakim, F.T.; Kochenderfer, J.N. B-cell
maturation antigen is a promising target for adoptive T-cell therapy of multiple myeloma. Clin. Cancer Res. 2013, 19, 2048–2060.

41. Tai, Y.T.; Mayes, P.A.; Acharya, C.; Zhong, M.Y.; Cea, M.; Cagnetta, A.; Craigen, J.; Yates, J.; Gliddon, L.; Fieles, W.; et al. Novel
anti–B-cell maturation antigen antibody-drug conjugate (GSK2857916) selectively induces killing of multiple myeloma. Blood
2014, 123, 3128–3138. [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/27705267
http://www.ncbi.nlm.nih.gov/pubmed/32682484
http://www.ncbi.nlm.nih.gov/pubmed/31270103
http://www.ncbi.nlm.nih.gov/pubmed/32213342
http://www.ncbi.nlm.nih.gov/pubmed/33216361
http://www.ncbi.nlm.nih.gov/pubmed/30403938
http://www.ncbi.nlm.nih.gov/pubmed/31090915
http://www.ncbi.nlm.nih.gov/pubmed/24569262


Antibodies 2022, 11, 22 16 of 19

42. Eliason, L.; Opalinska, J.; Martin, M.L.; Correll, J.; Gutierrez, B.; Popat, R. DREAMM-1 Patient perspectives from the first-in-human
study of single-agent belantamab mafodotin for relapsed and refractory multiple myeloma (RRMM). J. Clin. Oncol. 2020, 38,
e20531.

43. Lonial, S.; Lee, H.C.; Badros, A.; Trudel, S.; Nooka, A.K.; Chari, A.; Abdallah, A.O.; Callander, N.; Lendvai, N.; Sborov, D.; et al.
Belantamab mafodotin for relapsed or refractory multiple myeloma (DREAMM-2): A two-arm, randomised, open-label, phase 2
study. Lancet Oncol. 2020, 21, 207–221. [PubMed]

44. Kumar, S.; Paiva, B.; Anderson, K.C.; Durie, B.; Landgren, O.; Moreau, P.; Munshi, N.; Lonial, S.; Bladé, J.; Mateos, M.V.; et al.
International Myeloma Working Group consensus criteria for response and minimal residual disease assessment in multiple
myeloma. Lancet Oncol. 2016, 17, e328–e346. [PubMed]

45. Usmani, S.Z.; Alonso, A.A.; Quach, H.; Koh, Y.; Guenther, A.; Min, C.K.; Zhou, X.L.; Kaisermann, M.; Mis, L.M.; Williams, D.;
et al. DREAMM-9: Phase I Study of Belantamab Mafodotin Plus Standard of Care in Patients with Transplant-Ineligible Newly
Diagnosed Multiple Myeloma. Blood 2021, 138, 2738.

46. Nooka, A.K.; Manteca, M.V.M.; Bahlis, N.; Weisel, K.; Oriol, A.; Alonso, A.A.; Suvannasankha, A.; Holkova, B.; Luptakova, K.;
Fecteau, D.; et al. Dreamm-4: Evaluating safety and clinical activity of belantamab mafodotin (belamaf) in combination with
pembrolizumab in patients with relapsed/refractory multiple myeloma (RRMM). Hematol. Rep. 2020, 12. [CrossRef]

47. Popat, R.; Warcel, D.; O’Nions, J.; Cowley, A. Characterization of response and corneal events with extended follow-up after
belantamab mafodotin (GSK2857916) monotherapy for patients with relapsed multiple myeloma: A case series from the first-
time-in-human clinical trial. Haematologica 2020, 105, e261–e263.

48. Whiteman, K.R.; Johnson, H.A.; Mayo, M.F.; Audette, C.A.; Carrigan, C.N.; LaBelle, A.; Zukerberg, L.; Lambert, J.M.; Lutz, R.J.
Lorvotuzumab mertansine, a CD56-targeting antibody-drug conjugate with potent antitumor activity against small cell lung
cancer in human xenograft models. MAbs 2014, 6, 556–566.

49. Thiery, J.P.; Brackenbury, R.; Rutishauser, U.; Edelman, G.M. Adhesion among neural cells of the chick embryo. II. Purification
and characterization of a cell adhesion molecule from neural retina. J. Biol. Chem. 1977, 252, 6841–6845.

50. Sahara, N.; Takeshita, A.; Shigeno, K.; Fujisawa, S.; Takeshita, K.; Naito, K.; Ihara, M.; Ono, T.; Tamashima, S.; Nara, K.; et al.
Clinicopathological and prognostic characteristics of CD56-negative multiple myeloma. Br. J. Haematol. 2002, 117, 882–885.

51. Van Camp, B.; Durie, B.G.; Spier, C.; De Waele, M.; Van Riet, I.; Vela, E.; Frutiger, Y.; Richter, L.; Grogan, T.M. Plasma cells in
multiple myeloma express a natural killer cell-associated antigen: CD56 (NKH-1; Leu-19). Blood 1990, 76, 377–382.

52. Ely, S.A.; Knowles, D.M. Expression of CD56/neural cell adhesion molecule correlates with the presence of lytic bone lesions in
multiple myeloma and distinguishes myeloma from monoclonal gammopathy of undetermined significance and lymphomas
with plasmacytoid differentiation. Am. J. Pathol. 2002, 160, 1293–1299.

53. Tassone, P.; Gozzini, A.; Goldmacher, V.; Shammas, M.A.; Whiteman, K.R.; Carrasco, D.R.; Li, C.; Allam, C.K.; Venuta, S.;
Anderson, K.C.; et al. In vitro and in vivo activity of the maytansinoid immunoconjugate huN901-N2′-deacetyl-N2′-(3-mercapto-
1-oxopropyl)-maytansine against CD56+ multiple myeloma cells. Cancer Res. 2004, 64, 4629–4636. [PubMed]

54. Benjamin, R.; Condomines, M.; Gunset, G.; Sadelain, M. Abstract 3499: CD56 targeted chimeric antigen receptors for immunother-
apy of multiple myeloma. Cancer Res. 2012, 72, 3499.

55. Chanan-Khan, A.; Wolf, J.L.; Garcia, J.; Gharibo, M.; Jagannath, S.; Manfredi, D.; Sher, T.; Martin, C.; Zildjian, S.H.; O’Leary, J.;
et al. Efficacy Analysis From Phase I Study of Lorvotuzumab Mertansine (IMGN901), Used as Monotherapy, In Patients with
Heavily Pre-Treated CD56-Positive Multiple Myeloma—A Preliminary Efficacy Analysis. Blood 2010, 116, 1962.

56. Ailawadhi, S.; Kelly, K.R.; Vescio, R.A.; Jagannath, S.; Wolf, J.; Gharibo, M.; Sher, T.; Bojanini, L.; Kirby, M.; Chanan-Khan, A. A
Phase I Study to Assess the Safety and Pharmacokinetics of Single-agent Lorvotuzumab Mertansine (IMGN901) in Patients with
Relapsed and/or Refractory CD-56-positive Multiple Myeloma. Clin. Lymphoma Myeloma Leuk. 2019, 19, 29–34.

57. Berdeja, J.; Hernandez-Ilizaliturri, F.; Chanan-Khan, A.; Patel, M. Phase I Study of Lorvotuzumab Mertansine (LM, IMGN901) in
Combination with Lenalidomide (Len) and Dexamethasone (Dex) in Patients with CD56-Positive Relapsed or Relapsed/Refractory
Multiple Myeloma (MM). Blood 2012, 120, 728.

58. Richardson, P.; Weller, E.; Lonial, S.; Jakubowiak, A.J. Lenalidomide, bortezomib, and dexamethasone combination therapy in
patients with newly diagnosed multiple myeloma. Blood 2010, 116, 679–686.

59. Bruins, W.S.C.; Zweegman, S.; Mutis, T.; van de Donk, N.W.C.J. Targeted Therapy with Immunoconjugates for Multiple Myeloma.
Front. Immunol. 2020, 11, 1155.

60. Figueroa-Vazquez, V.; Ko, J.; Breunig, C.; Baumann, A.; Giesen, N.; Pálfi, A.; Müller, C.; Lutz, C.; Hechler, T.; Kulke, M.; et al.
HDP-101, an Anti-BCMA Antibody-Drug Conjugate, Safely Delivers Amanitin to Induce Cell Death in Proliferating and Resting
Multiple Myeloma Cells. Mol. Cancer Ther. 2021, 20, 367–378.

61. Yu, B.; Jiang, T.; Liu, D. BCMA-targeted immunotherapy for multiple myeloma. J. Hematol. Oncol. 2020, 13, 125. [PubMed]
62. Pahl, A.; Lutz, C.; Hechler, T. Amanitins and their development as a payload for antibody-drug conjugates. Drug Discov. Today

Technol. 2018, 30, 85–90. [PubMed]
63. Matinkhoo, K.; Pryyma, A.; Todorovic, M.; Patrick, B.O.; Perrin, D.M. Synthesis of the Death-Cap Mushroom Toxin α-Amanitin. J.

Am. Chem. Soc. 2018, 140, 6513–6517. [PubMed]
64. Singh, R.K.; Jones, R.J.; Shirazi, F.; Hong, S.; Wang, H.; Wan, J.; Kuitase, I.; Pahl, A.; Orlowski, R.Z. HDP-101, a Novel BCMA-

targeted Antibody Conjugated to α-Amanitin, is Active against Myeloma with Preferential Efficacy against Pre-clinical Models of
Deletion 17p. Clin. Lymphoma Myeloma Leuk. 2019, 19, e152.

http://www.ncbi.nlm.nih.gov/pubmed/31859245
http://www.ncbi.nlm.nih.gov/pubmed/27511158
https://www.pagepress.org/journals/index.php/hr/article/view/8919
http://www.ncbi.nlm.nih.gov/pubmed/15231675
http://www.ncbi.nlm.nih.gov/pubmed/32943087
http://www.ncbi.nlm.nih.gov/pubmed/30553524
http://www.ncbi.nlm.nih.gov/pubmed/29561592


Antibodies 2022, 11, 22 17 of 19

65. Abramson, H.N. Immunotherapy of Multiple Myeloma: Promise and Challenges. Immunotargets Ther. 2021, 10, 343–371.
66. Cho, S.-F.; Anderson, K.C.; Tai, Y.-T. Targeting B Cell Maturation Antigen (BCMA) in Multiple Myeloma: Potential Uses of

BCMA-Based Immunotherapy. Front. Immunol. 2018, 9, 1821. [CrossRef]
67. Strassz, A.; Raab, M.S.; Orlowski, R.Z.; Kulke, M.; Schiedner, G.; Pahl, A. A First in Human Study Planned to Evaluate Hdp-101,

an Anti-BCMA Amanitin Antibody-Drug Conjugate with a New Payload and a New Mode of Action, in Multiple Myeloma.
Blood 2020, 136, 34.

68. Schmidmaier, R.; Mörsdorf, K.; Baumann, P.; Emmerich, B.; Meinhardt, G. Evidence for cell adhesion-mediated drug resistance of
multiple myeloma cells in vivo. Int. J. Biol. Markers 2006, 21, 218–222.

69. Sherbenou, D.W.; Su, Y.; Behrens, C.R.; Aftab, B.T.; de Acha, O.P.; Murnane, M.; Bearrows, S.C.; Hann, B.C.; Wolf, J.L.; Martin,
T.G.; et al. Potent Activity of an Anti-ICAM1 Antibody–Drug Conjugate against Multiple Myeloma. Clin. Cancer Res. 2020, 26,
6028–6038.

70. Veitonmäki, N.; Hansson, M.; Zhan, F.; Sundberg, A.; Löfstedt, T.; Ljungars, A.; Li, Z.-C.; Martinsson-Niskanen, T.; Zeng, M.;
Yang, Y.; et al. A human ICAM-1 antibody isolated by a function-first approach has potent macrophage-dependent antimyeloma
activity in vivo. Cancer Cell 2013, 23, 502–515.

71. Hansson, M.; Gimsing, P.; Badros, A.; Niskanen, T.M.; Nahi, H.; Offner, F.; Salomo, M.; Sonesson, E.; Mau-Sørensen, M.; Stenberg,
Y.; et al. A phase I dose-escalation study of antibody BI-505 in relapsed/refractory multiple myeloma. Clin. Cancer Res. 2015, 21,
2730–2736. [PubMed]

72. Wichert, S.; Juliusson, G.; Johansson, Å.; Sonesson, E.; Teige, I.; Wickenberg, A.T.; Frendeus, B.; Korsgren, M.; Hansson, M.
A single-arm, open-label, phase 2 clinical trial evaluating disease response following treatment with BI-505, a human anti-
intercellular adhesion molecule-1 monoclonal antibody, in patients with smoldering multiple myeloma. PLoS ONE 2017, 12,
e0171205.

73. Klausz, K.; Cieker, M.; Kellner, C.; Rösner, T.; Otte, A.; Krohn, S.; Lux, A.; Nimmerjahn, F.; Valerius, T.; Gramatzki, M.; et al.
Fc-engineering significantly improves the recruitment of immune effector cells by anti-ICAM-1 antibody MSH-TP15 for myeloma
therapy. Haematologica 2021, 106, 1857. [PubMed]

74. Lee, H.C.; Raje, N.S.; Landgren, O.; Upreti, V.V.; Wang, J.; Avilion, A.A.; Hu, X.; Rasmussen, E.; Ngarmchamnanrith, G.; Fujii, H.;
et al. Phase 1 study of the anti-BCMA antibody-drug conjugate AMG 224 in patients with relapsed/refractory multiple myeloma.
Leukemia 2021, 35, 255–258.

75. Trudel, S.; Lendvai, N.; Popat, R.; Voorhees, P.M.; Reeves, B.; Libby, E.N.; Richardson, P.G.; Hoos, A.; Gupta, I.; Bragulat, V.; et al.
Antibody-drug conjugate, GSK2857916, in relapsed/refractory multiple myeloma: An update on safety and efficacy from dose
expansion phase I study. Blood Cancer J. 2019, 9, 37.

76. Vij, R.; Nath, R.; Afar, D.E.; Mateos, M.V.; Berdeja, J.G.; Raab, M.S.; Guenther, A.; Martínez-López, J.; Jakubowiak, A.J.; Leleu,
X.; et al. First-in-Human Phase I Study of ABBV-838, an Antibody–Drug Conjugate Targeting SLAMF7/CS1 in Patients with
Relapsed and Refractory Multiple Myeloma. Clin. Cancer Res. 2020, 26, 2308–2317.

77. Hsi, E.D.; Steinle, R.; Balasa, B.; Szmania, S.; Draksharapu, A.; Shum, B.P.; Huseni, M.; Powers, D.; Nanisetti, A.; Zhang, Y.; et al.
CS1, a potential new therapeutic antibody target for the treatment of multiple myeloma. Clin. Cancer Res. 2008, 14, 2775–2784.

78. Tai, Y.-T.; Dillon, M.; Song, W.; Leiba, M.; Li, X.-F.; Burger, P.; Lee, A.I.; Podar, K.; Hideshima, T.; Rice, A.G.; et al. Anti-CS1
humanized monoclonal antibody HuLuc63 inhibits myeloma cell adhesion and induces antibody-dependent cellular cytotoxicity
in the bone marrow milieu. Blood 2008, 112, 1329–1337.

79. Gish, K.; Kim, H.; Power, R.; Fox, M.; Hickson, J.; McGonigal, T.; Chao, D.; Sho, M.; Singh, H.; Tarcsa, E.; et al. Preclinical
evaluation of ABBV-838, a first-in-class anti-CS1 antibody-drug conjugate for the treatment of multiple myeloma. In Proceedings
of the 21st European Hematology Association Congress, Copenhagen, Denmark, 9–12 June 2016.

80. McMillan, A.; Warcel, D.; Popat, R. Antibody-drug conjugates for multiple myeloma. Expert Opin. Biol. Ther. 2021, 21, 889–901.
81. Stewart, A.K.; Krishnan, A.Y.; Singhal, S.; Boccia, R.V.; Patel, M.R.; Niesvizky, R.; Chanan-Khan, A.A.; Ailawadhi, S.; Brumm,

J.; Mundt, K.E.; et al. Phase I study of the anti-FcRH5 antibody-drug conjugate DFRF4539A in relapsed or refractory multiple
myeloma. Blood Cancer J. 2019, 9, 17.

82. Elkins, K.; Zheng, B.; Go, M.; Slaga, D.; Du, C.; Scales, S.J.; Yu, S.-F.; McBride, J.; De Tute, R.; Rawstron, A.; et al. FcRL5 as a target
of antibody-drug conjugates for the treatment of multiple myeloma. Mol. Cancer Ther. 2012, 11, 2222–2232. [PubMed]

83. Shah, U.A.; Mailankody, S. Emerging immunotherapies in multiple myeloma. BMJ 2020, 370, m3176. [PubMed]
84. Pillarisetti, K.; Powers, G.; Luistro, L.; Babich, A.; Baldwin, E.; Li, Y.; Zhang, X.; Mendonça, M.; Majewski, N.; Nanjunda, R.; et al.

Teclistamab is an active T cell–redirecting bispecific antibody against B-cell maturation antigen for multiple myeloma. Blood Adv.
2020, 4, 4538–4549.

85. Frerichs, K.A.; Broekmans, M.E.; Soto, J.A.M.; van Kessel, B.; Heymans, M.W.; Holthof, L.C.; Verkleij, C.P.; Boominathan, R.;
Vaidya, B.; Sendecki, J.; et al. Preclinical activity of JNJ-7957, a novel BCMA × CD3 bispecific antibody for the treatment of
multiple myeloma, is potentiated by daratumumab. Clin. Cancer Res. 2020, 26, 2203–2215.

86. Usmani, S.Z.; Garfall, A.L.; van de Donk, N.W.C.J.; Nahi, H.; San-Miguel, J.F.; Oriol, A.; Rosinol, L.; Chari, A.; Bhutani, M.; Karlin,
L.; et al. Teclistamab, a B-cell maturation antigen× CD3 bispecific antibody, in patients with relapsed or refractory multiple
myeloma (MajesTEC-1): A multicentre, open-label, single-arm, phase 1 study. Lancet 2021, 665–674.

87. Sanchez, L.; Dardac, A.; Madduri, D.; Richard, S.; Richter, J. B-cell maturation antigen (BCMA) in multiple myeloma: The new
frontier of targeted therapies. Ther. Adv. Hematol. 2021, 12, 2040620721989585. [PubMed]

http://doi.org/10.3389/fimmu.2018.01821
http://www.ncbi.nlm.nih.gov/pubmed/25712687
http://www.ncbi.nlm.nih.gov/pubmed/32499243
http://www.ncbi.nlm.nih.gov/pubmed/22807577
http://www.ncbi.nlm.nih.gov/pubmed/32958461
http://www.ncbi.nlm.nih.gov/pubmed/33796236


Antibodies 2022, 11, 22 18 of 19

88. A Study of Teclistamab, in Participants with Relapsed or Refractory Multiple Myeloma (MajesTEC-1). NCT04557098. Available
online: https://clinicaltrials.gov/ct2/show/NCT04557098 (accessed on 18 March 2022).

89. Girgis, S.; Lin, S.X.W.; Pillarisetti, K.; Verona, R.; Vieyra, D.; Casneuf, T.; Fink, D.; Miao, X.; Chen, Y.; Stephenson, T.; et al. P-001:
Modulation of soluble B-cell maturation antigen levels in patients with relapsed and/or refractory multiple myeloma after
treatment with teclistamab and talquetamab. Clin. Lymphoma Myeloma Leuk. 2021, 21, S39–S40.

90. A Study of Teclistamab in Combination with Daratumumab Subcutaneously (SC) (Tec-Dara) Versus Daratumumab SC, Pomalido-
mide, and Dexamethasone (DPd) or Daratumumab SC, Bortezomib, and Dexamethasone (DVd) in Participants with Relapsed or
Refractory Multiple Myeloma (MajesTEC-3). Available online: https://clinicaltrials.gov/ct2/show/NCT05083169 (accessed on
18 March 2022).

91. Seckinger, A.; Delgado, J.A.; Moser, S.; Moreno, L.; Neuber, B.; Grab, A.; Lipp, S.; Merino, J.; Prosper, F.; Emde, M.; et al. Target
expression, generation, preclinical activity, and pharmacokinetics of the BCMA-T cell bispecific antibody EM801 for multiple
myeloma treatment. Cancer Cell 2017, 31, 396–410.

92. Verkleij, C.P.; Bruins, W.S.; Zweegman, S.; van de Donk, N. Immunotherapy with Antibodies in Multiple Myeloma: Monoclonals,
Bispecifics, and Immunoconjugates. Hemato 2021, 1, 116–130.

93. Costa, L.J.; Wong, S.W.; Bermudez, A.; de la Rubia, J.; Mateos, M.V.; Ocio, E.M.; Rodriguez-Otero, P.; San-Miguel, J.; Li, S.;
Sarmiento, R.; et al. First clinical study of the B-cell maturation antigen (BCMA) 2 + 1 T cell engager (TCE) CC-93269 in patients
(pts) with relapsed/refractory multiple myeloma (RRMM): Interim results of a phase 1 multicenter trial. Blood 2019, 134, 143.

94. Swan, D.; Routledge, D.; Harrison, S. The evolving status of immunotherapies in multiple myeloma: The future role of bispecific
antibodies. Br. J. Haematol. 2021, 196, 488–506. [PubMed]

95. Costa, L.J.; Wong, S.W.; Bermudez, A.; De la Rubia, J.; Mateos, M.V.; Ocio, E.M.; Rodríguez-Otero, P.; San Miguel, J.; Li, S.;
Sarmiento, R.; et al. Interim results from the first phase 1 clinical study of the B-cell maturation antigen (BCMA) 2 + 1 T cell
engager (TCE) CC-93269 in patients (PTS) with relapsed/refractory multiple myeloma (RRMM). EHA Libr. 2020, 295025, S205.

96. Hipp, S.; Tai, Y.T.; Blanset, D.; Deegen, P.; Wahl, J.; Thomas, O.; Rattel, B.; Adam, P.J.; Anderson, K.C.; Friedrich, M. A novel
BCMA/CD3 bispecific T-cell engager for the treatment of multiple myeloma induces selective lysis in vitro and in vivo. Leukemia
2017, 31, 1743–1751. [PubMed]

97. Ross, S.L.; Sherman, M.; McElroy, P.L.; Lofgren, J.A.; Moody, G.; Baeuerle, P.A.; Coxon, A.; Arvedson, T. Bispecific T cell engager
(Bite®) antibody constructs can mediate bystander tumor cell killing. PLoS ONE 2017, 12, e0183390.

98. Topp, M.S.; Duell, J.; Zugmaier, G.; Attal, M.; Moreau, P.; Langer, C.; Krönke, J.; Facon, T.; Salnikov, A.V.; Lesley, R.; et al.
Anti–b-cell maturation antigen bite molecule amg 420 induces responses in multiple myeloma. JCO 2020, 38, 775–783.

99. Shah, N.; Chari, A.; Scott, E.; Mezzi, K.; Usmani, S.Z. B-cell maturation antigen (Bcma) in multiple myeloma: Rationale for
targeting and current therapeutic approaches. Leukemia 2020, 34, 985–1005.

100. Huehls, A.M.; Coupet, T.A.; Sentman, C.L. Bispecific T-cell engagers for cancer immunotherapy. Immunol. Cell. Biol. 2015, 93,
290–296.

101. Lesokhin, A.M.; Levy, M.Y.; Dalovisio, A.P.; Bahlis, N.J.; Solh, M.; Sebag, P.F.M.; Jakubowiak, A.; Jethava, M.Y.S.; Costello, C.L.;
Chu, M.P.; et al. Preliminary Safety, Efficacy, Pharmacokinetics, and Pharmacodynamics of Subcutaneously (SC) Administered
PF-06863135, a B-Cell Maturation Antigen (BCMA)-CD3 Bispecific Antibody, in Patients with Relapsed/Refractory Multiple
Myeloma (RRMM). Blood 2020, 136, 8–9.

102. Levy, M.; Bahlis, N.; Raje, N.; Costello, C.; Dholaria, B.; Solh, M.; Tomasson, M.; Dube, H.; Damore, M.; Lon, H.K.; et al. MM-379:
MagnetisMM-1: A Study of Elranatamab (PF-06863135), a B-Cell Maturation Antigen (BCMA)-Targeted, CD3-Engaging Bispecific
Antibody, for Patients with Relapsed or Refractory Multiple Myeloma (MM). Clin. Lymphoma Myeloma Leuk. 2021, 21, S439.

103. Brischwein, K.; Schlereth, B.; Guller, B.; Steiger, C.; Wolf, A.; Lutterbuese, R.; Offner, S.; Locher, M.; Urbig, T.; Raum, T.; et al.
MT110: A novel bispecific single-chain antibody construct with high efficacy in eradicating established tumors. Mol. Immunol.
2006, 43, 1129–1143.

104. Madduri, D.; Rosko, A.; Brayer, J.; Zonder, J.; Bensinger, W.I.; Li, J.; Xu, L.; Adriaens, L.; Chokshi, D.; Zhang, W.; et al. REGN5458,
a BCMA × CD3 Bispecific Monoclonal Antibody, Induces Deep and Durable Responses in Patients with Relapsed/Refractory
Multiple Myeloma (RRMM). Blood 2020, 136, 41–42.

105. DiLillo, D.J.; Olson, K.; Mohrs, K.; Meagher, T.C.; Bray, K.; Sineshchekova, O.; Startz, T.; Kuhnert, J.; Retter, M.W.; Godin, S.; et al.
A BCMA × CD3 bispecific T cell–engaging antibody demonstrates robust antitumor efficacy similar to that of anti-BCMA CAR
T cells. Blood Adv. 2021, 5, 1291–1304. [PubMed]

106. Smith, E.L.; Harrington, K.; Staehr, M.; Masakayan, R.; Jones, J.; Long, T.J.; Ng, K.Y.; Ghoddusi, M.; Purdon, T.J.; Wang, X.; et al.
GPRC5D is a target for the immunotherapy of multiple myeloma with rationally designed CAR T cells. Sci. Transl. Med. 2019, 11,
485.

107. Berdeja, J.G.; Krishnan, A.Y.; Oriol, A.; van de Donk, N.W.; Rodríguez-Otero, P.; Askari, E.; Mateos, M.V.; Minnema, M.C.; Costa,
L.J.; Verona, R.; et al. Updated results of a phase 1, first-in-human study of talquetamab, a G protein-coupled receptor family C
group 5 member D (GPRC5D) × CD3 bispecific antibody, in relapsed/refractory multiple myeloma (MM). J. Clin. Oncol. 2021, 39,
40–41.

108. A Phase 1/2, First-in-Human, Open-Label, Dose Escalation Study of Talquetamab, a Humanized Gprc5d × CD3 Bispecific
Antibody, in Subjects with Relapsed or Refractory Multiple Myeloma. Available online: https://clinicaltrials.gov/ct2/show/
NCT03399799 (accessed on 18 March 2022).

https://clinicaltrials.gov/ct2/show/NCT04557098
https://clinicaltrials.gov/ct2/show/NCT05083169
http://www.ncbi.nlm.nih.gov/pubmed/34472091
http://www.ncbi.nlm.nih.gov/pubmed/28025583
http://www.ncbi.nlm.nih.gov/pubmed/33651100
https://clinicaltrials.gov/ct2/show/NCT03399799
https://clinicaltrials.gov/ct2/show/NCT03399799


Antibodies 2022, 11, 22 19 of 19

109. A Phase 1b Dose Escalation Study of the Combination of the Bispecific T Cell Redirection Antibodies Talquetamab and Teclistamab
in Participants with Relapsed or Refractory Multiple Myeloma. Available online: https://clinicaltrials.gov/ct2/show/NCT04586
426 (accessed on 18 March 2022).

110. Munshi, N.C.; Anderson, L.D., Jr.; Shah, N.; Madduri, D.; Berdeja, J.; Lonial, S.; Raje, N.; Lin, Y.; Siegel, D.; Oriol, A.; et al.
Idecabtagene vicleucel in relapsed and refractory multiple myeloma. N. Engl. J. Med. 2021, 384, 705–716.

111. Sharma, P.; Kanapuru, B.; George, B.; Lin, X.; Xu, Z.; Bryan, W.W.; Pazdur, R.; Theoret, M.R. FDA Approval Sum-
mary: Idecabtagene Vicleucel for Relapsed or Refractory Multiple Myeloma. Clin. Cancer Res. 2022. Available on-
line: https://aacrjournals.org/clincancerres/article-abstract/doi/10.1158/1078-0432.CCR-21-3803/678442/FDA-Approval-
Summary-Idecabtagene-Vicleucel-for?redirectedFrom=fulltext (accessed on 18 March 2022).

112. Martin, T.; Usmani, S.Z.; Berdeja, J.G.; Jakubowiak, A.; Agha, M.; Cohen, A.D.; Hari, P.; Avigan, D.; Deol, A.; Htut, M.; et al.
Updated Results from CARTITUDE-1: Phase 1b/2Study of Ciltacabtagene Autoleucel, a B-Cell Maturation Antigen-Directed
Chimeric Antigen Receptor T Cell Therapy, in Patients with Relapsed/Refractory Multiple Myeloma. Blood 2021, 138, 549.

113. Cohen, Y.C.; Cohen, A.D.; Delforge, M.; Hillengass, J.; Goldschmidt, H.; Weisel, K.; Raab, M.-S.; Scheid, C.; Schecter, J.M.; De
Braganca, K.C.; et al. Efficacy and Safety of Ciltacabtagene Autoleucel (Cilta-cel), a B-Cell Maturation Antigen (BCMA)-Directed
Chimeric Antigen Receptor (CAR) T-Cell Therapy, in Lenalidomide-Refractory Patients with Progressive Multiple Myeloma after
1-3 Prior Lines of Therapy: Updated Results from CARTITUDE-2. Blood 2021, 138, 3866.

https://clinicaltrials.gov/ct2/show/NCT04586426
https://clinicaltrials.gov/ct2/show/NCT04586426
https://aacrjournals.org/clincancerres/article-abstract/doi/10.1158/1078-0432.CCR-21-3803/678442/FDA-Approval-Summary-Idecabtagene-Vicleucel-for?redirectedFrom=fulltext
https://aacrjournals.org/clincancerres/article-abstract/doi/10.1158/1078-0432.CCR-21-3803/678442/FDA-Approval-Summary-Idecabtagene-Vicleucel-for?redirectedFrom=fulltext

	Introduction 
	Role of Monoclonal Antibodies in RRMM 
	Daratumumab (Anti-CD38) 
	Isatuximab 
	Elotuzumab (Anti-SLAMF7) 
	Pembrolizumab (Anti-PD-1) 

	Antibody-Drug Conjugates (ADC) 
	Belantamab Mafodotin 
	Lorvotuzumab Mertansine 
	HDP-101 
	Anti-ICAM1 
	AMG 224 
	ABBV-838 
	Anti-FcRH5 

	Bispecific Antibodies (BiAbs) 
	Teclistamab 
	CC-93269 
	AMG 420 
	PF-3135 
	REGN5458 
	Talquetamab 

	CAR-T-Cell 
	Idecabtagene Vicleucel 
	Ciltacabtagene Autoleucel 

	Conclusions 
	References

