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Editorial on the Research Topic

Immunotherapy in Multiple Myeloma

HONORING THE PAST

Multiple myeloma (MM) is a hematological malignancy characterized by a high tendency to relapse
and to become drug resistant. In the past, melphalan was considered the standard of the treatment
for MM patients (1). Following, the introduction of thalidomide and the proteasome inhibitor
bortezomib leaded to a significant improvement of the survival of MM patients: however, none of
them reached the cure of the disease. These drugs introduced the concept of the treatment of MM
patients targeting not only the malignant clone but also the microenvironment (2). In addition,
the introduction of lenalidomide, a thalidomide derivative, expanded this concept by focusing to
the immune-microenvironment (2). More recently, the introduction of the monoclonal antibodies
(mAbs) seem to change the paradigm of MM treatment, highlighting the possibility to cure MM
patients by an immunotherapeutic approach (3).

Immunotherapy is part of a concept that goes back to the beginning of 1900. The “magic
bullet” opened the way to the objective of having a tool able to selectively eliminate target cells
and at the same to modulate the immune response in a beneficial way. It was necessary to wait for
several decades and apparently for unrelated findings coming from different fields before having
a picture able to frame the view outside a simple anecdotal hope. The objective was initially made
possible by combining results from basic science and the availability of mAbs, a reagent made of
a homogeneous population of immunoglobulins (Ig), the main difference from the conventional
antisera. mAb is hence able to recognize only a single epitope on the molecular target.

The second key event derived from the identification of a vast number of soluble factors, which
share the feature of transmitting signals in the context of similar or different cells (the interleukins).
Using this new tools, Reinherz et al. generated a panel of mAbs specific for surface molecules
located on the surface of human T lymphocytes (4). At the same time, Smith et al. made available
IL-2, a cytokine which made possible to expand clones of normal T lymphocytes (5). Combining
these approaches, Reinherz et al. (4) were able to define murine reagents specific for molecules
present on all T lymphocytes, while other ones were limited to subsets of the same cells. Another
set of mAbs recognized molecules only present in single lymphocytes (defined as idiotypic). These
findings modified the simplistic dogma that mAbs were only able to bind the target antigen and to
induce cell lysis. This lead to the definition of the concept of agonistic antibodies: the translational
inference is that the engagement by a mAb of selected domain of a molecule may surrogate the
effects induced by a natural ligand of the same receptor, even when the ligand was not known.

The definition of immune check points molecules lead to the preparation of panels of mAbs able
to induce or brake immune responses, according to distinct medical needs. The concept of immune
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modulation was further completed by the identification of
activator effector T and B cells, while other cell subsets
produce effects going in opposite directions (Treg, Breg, and
myeloid-derived suppressor cells are the most important). The
considerations derived from the dissection of the main steps
of immune cell defense were indirectly confirmed by studies
conducted on the different strategies of immune escape of
tumors. Indeed, it emerged that some tumors adopt escape
or camouflage strategies, which implement genetic programs
driving to metabolic reshaping, secretion of immunomodulatory
cytokines, or generation of tolerogenic substances, among
the others.

STUDYING THE PRESENT

At the moment, available to the medical community there is
a panel of therapeutic antibodies, which significantly modified
the fate of some diseases, especially neoplasies of hematological
origin. There is a general agreement that the therapeutic
effects are prevalently obtained by means of antibody-dependent
cellular cytotoxicity (ADCC), antibody-dependent cell-mediated
phagocytosis (ADCP), and complement-dependent cytotoxicity
(CDC), and concurrently by the induction of signals on cell
effectors (6). These effects may be enriched by other functions
exerted by the target molecule, such as the ability to lead to
generation of substrates able to induce immunomodulation. This
is the case when a molecule belongs to the family of ectoenzymes,
which now encompasses almost 5% of the entire surface molecule
express by leukocyte (6). Other mAbs were generated against
soluble molecules produced by both MM cells and the bone
microenvironment including sclerostin able to block MM-
derived bone destruction and in turn MM progression.

In the treatment of MM, the Food and Drug Administration
(FDA) approved daratumumab (DARA) and elotuzumab (Elo),
two monoclonal IgG-k mAbs, specific for CD38 and SLAMF7
(signaling lymphocytic activation molecule F7), respectively.
The approval was for the treatment of relapsed or refractory
MM (RRMM) patients, in combination with lenalidomide and
dexamethasone (7). CD38 is a transmembrane glycoprotein
highly expressed on MM cells that acts as both a receptor
and an ectoenzyme. It is also involved in the activation and
proliferation of immune cells (Morandi et al.). SLAMF7 is a
surface glycoprotein receptor expressed on plasma cells (PCs)
and on natural killer (NK) cells that is implicated in adhesion to
stromal cells and in the activation of NK cell effector function (8).

Both DARA and Elo share the feature to recruit the immune
system to enhance cellular cytotoxicity directed against myeloma
cells (9). However, Elo acts only through NK cells and its
effects are improved in combination with immunomodulatory
drugs (IMiDs) as lenalidomide. On the other hand, DARA
and the newer isatuximab (Isa) shows a broad spectrum of
activity, including ADCC, ADCP, CDC, and possibly direct
induction of apoptosis on MM cells. Further, they exhibit
promising results even as a single-agent (9). Beyond mAbs
against surface molecules, several agents targeting immune
checkpoints (e.g., CTLA-4, LAG3, PD-1/PD-L1, ICOS) expressed
on immune cells have also been recently developed as a
therapeutic strategy to activate T-cell mediated anti-tumor

immunity (10). Specifically, the PD-1/PD-L1 axis has emerged
as a central immune checkpoint that controls anti-tumor
immune responses and plays a critical role in the metabolic
reprogramming of cancer cells within solid tumors. However,
its role in MM progression remains to be clarified. Discordant
results have been reported on PD-1/PD-L1 expression in MM
thus suggesting the need of a more precise definition of
PD-1/PD-L1 distribution in the context of cells within the
MM tumor microenvironment (Costa et al.). Interestingly,
the expression of immunecheckpoint molecules by osteoclast
has been recently underlined. However, single-agent studies
on PD-1/PD-L1 inhibitors have not demonstrated significant
responses in MM patients. On the other hand, other studies have
demonstrated the ability of lenalidomide to enhance anti-MM
immune activity mediated by PD-1/PD-L1 inhibition despite
high grade of toxicity (Jelinek et al.).

The use of mAbs in therapy now led to the observation
of antibody resistance, which may appear at different times.
Different approaches were designed in order to answer this
issue, which is of critical relevance in clinics. Hypothesis or
observations explaining the effects may be referred to down
modulation of the target molecule by the neoplastic cells. An
alternative is represented by a re-distribution of the target
molecule on selected surface domains (e.g., polar aggregation
or capping). Polar aggregation tends to coalescence the CD38
molecule with ectoenzymes involved in the production of
adenosine along with inhibitory complement receptors (CD46,
CD55, and CD59) and PD-L1. The availability now of a second
antibody with the same the same specificity but recognizing a
different epitope may be proposed when the resistance to the first
one is observed. This strategy is expected to bypass the resistance
mechanisms and to exert new mechanisms of therapeutic action.

TRYING TO DESIGN THE FUTURE

The design of innovative strategies in MM therapy is a
difficult challenge, since the disease has been adopted as a
model where different immunotherapeutic approaches are under
evaluation. For these reasons, we would like to focus to some
aspects, sometime not considered to design the future of the
immunotherapy in MM. Most details and complete authoritative
reviews may be found in the manuscripts of this Special Issue.

1) New target markers for mAb therapy. The efforts to identify
specific markers exclusively identifying human myeloma
cell surface has been quite disappointing. So far, a criteria
adopted is quantitative (e.g., for anti-CD38) or based on
clear receptorial features (e.g., for CS1 or SLAMF7). B
cell maturation antigen (BCMA) was recently adopted in
virtue of a quite restricted expression, along with APRIL,
one of its ligand. All the potential targets for antibody-
mediated therapy are summarized in a recent and complete
reviews (11, 12).

2) Cell-based therapies. Beside the mAb-mediated approaches
alone or as drug carriers or bispecific T cell engager, the
cellular approaches using genetically modified T lymphocytes
(CAR-T) or NK cells are expanding exponentially and
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analyzed (11). Such approaches are reviewed in papers of the
Special Issue.

3) Extension of NK cell life and activity. Strategies to extend the
life and performance of NK cells is one of the hot areas in
the field. Paiva group analyzed the gene profile obtained in
NK cells exposed to Isa: among the up-modulated appeared
CD137, an inducible molecule (also known as Tumor
Necrosis Factor Receptor Super Family-9, TNFRSF-9) (13).
For this molecule, there are available two different antibodies,
used for clinical trials. Their use combined with Isa aimed at
increasing the life span of NK cells produced unsatisfactory
results, at least in the model adopted (13). However, new
observations support the possibility of combinations between
therapeutic anti-CD38 and anti-CD137. The disappointing
results obtained in vivo with anti-CD137 mAbs (urelumab,
a human IgG4, and utomilumab, a human IgG2) were likely
attributable to negative effects mediated by their interactions
with FcRs (14). Now a construct with an arm made of a
recombinant trimetric form of the CD137 Ligand (TNFSF-9)
associated to the different tumor-associated molecules leads
to an in situ activation of CD8 cell co-stimulation, with
production of IFN-γ (15, 16).

In order to generate potent antibodies against tumor
cells and stimulating anti-tumor cell immunity, recently,
trifunctional natural killer (NK) cell engagers (targeting
NKp46 and CD16 onNK cells) and a tumor antigen on cancer
cells have been developed. This approach produced in vitro
more potent effects than the therapeutic antibodies used in
clinics to target the same tumor antigens (17).

4) FcR engagement and effects induced by target ligation. No
systematic analysis of this step was conducted on anti-
CD38 therapy to date. It is reasonable to expect that the
differences in structure between DARA and Isa (one full
human, the other one chimeric mAbs) may be reflected
on the interactions with the IgG FcRs. Results obtained
in vitro giving DARA-armed FcR+ cells instead of soluble
mAb is followed by a distinct membrane dynamics. Critical
here are the effects induced by antibody ligation on the
tumor target molecule. It is reported that this event may be
followed by internalization of the target/antibody complex or
externalization, followed by a release in the biological fluids
in the form of microvesicles.

5) Combination therapies. Part of actual therapeutic potential of
the different type of antibody approach may be improved
by using immune modulators or combination with other
mAbs (with similar or different specificities) or recombinant
constructs. A limit on the use of reagents targeting one
or two different molecules (surface targets or modulators
of the immune response) comes from the recent evidence
that the MM is characterized by a marked spatial genomic

heterogeneity, with an early phase with clonal sweeps
followed by a regional evolution in advanced stages of the
disease (18).
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Daniel Fuerst3, Taron Saribekyan3, Adnane Achour4,5, Tatyana Sandalova4,5,  
Ilaria Nardone1,2, Agnese Peri1,2, Alessandra Soriani1,2, Cinzia Fionda1,2, Elena Mariggiò6, 
Maria T. Petrucci6, Maria R. Ricciardi7, Joannis Mytilineos3, Marco Cippitelli1,2,  
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Fondazione, Rome, Italy, 3German Red Cross Blood Donor Services, Baden-Wuerttemberg-Hessia, Ulm, Germany,  
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Natural killer (NK) cells are immune innate effectors playing a pivotal role in the immu-
nosurveillance of multiple myeloma (MM) since they are able to directly recognize 
and kill MM cells. In this regard, among activating receptors expressed by NK cells, 
NKG2D represents an important receptor for the recognition of MM cells, being its 
ligands expressed by tumor cells, and being able to trigger NK cell cytotoxicity. The 
MHC class I-related molecule A (MICA) is one of the NKG2D ligands; it is encoded 
by highly polymorphic genes and exists as membrane-bound and soluble isoforms. 
Soluble MICA (sMICA) is overexpressed in the serum of MM patients, and its levels 
correlate with tumor progression. Interestingly, a methionine (Met) to valine (Val) 
substitution at position 129 of the α2 heavy chain domain classifies the MICA alleles 
into strong (MICA-129Met) and weak (MICA-129Val) binders to NKG2D receptor. 
We addressed whether the genetic polymorphisms in the MICA-129 alleles could 
affect MICA release during MM progression. The frequencies of Val/Val, Val/Met, and  
Met/Met MICA-129 genotypes in a cohort of 137 MM patients were 36, 43, and 22%, 
respectively. Interestingly, patients characterized by a Val/Val genotype exhibited the 
highest levels of sMICA in the sera. In addition, analysis of the frequencies of MICA-129 
genotypes among different MM disease states revealed that Val/Val patients had a 
significant higher frequency of relapse. Interestingly, NKG2D was downmodulated in 
NK cells derived from MICA-129Met/Met MM patients. Results obtained by structural 
modeling analysis suggested that the Met to Val dimorphism could affect the capacity 
of MICA to form an optimal template for NKG2D recognition. In conclusion, our findings 
indicate that the MICA-129Val/Val variant is associated with significantly higher levels of 
sMICA and the progression of MM, strongly suggesting that the usage of soluble MICA 
as prognostic marker has to be definitely combined with the patient MICA genotype.

Keywords: multiple myeloma, natural killer cells, nKg2D receptor, Mica polymorphism, predictive biomarker
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inTrODUcTiOn

Natural killer (NK) cells represent innate immune effectors 
playing a pivotal role in tumor surveillance. NK cell activation is 
regulated by a delicate balance between activating and inhibitory 
signals, with the latter being primarily transduced by receptors 
for MHC class I molecules (KIRs, CD94/NKG2A). Recognition of 
abnormal self on tumor cells triggers a number of non-MHC class 
I-restricted activating receptors, such as NK group 2D (NKG2D), 
DNAX accessory molecule-1 (CD226), and the natural cytotoxic-
ity receptors (1).

NKG2D is an activating receptor expressed on the surface of 
NK  cells, CD8+ T  cells, and subsets of CD4+ T  cells, invariant 
NKT  cells (iNKT), and γδ T  cells (1). NKG2D recognizes two 
families of ligands in humans: the MHC class I chain-related 
protein A/B (MICA/B) and the UL16-binding proteins (ULBP1-
6) (1). In general, healthy adult tissues do not express NKG2D 
ligands on the cell surface, but the expression levels of these 
molecules can be significantly induced by various physiological 
and pathological “stress” circumstances, including infection 
by different pathogens (1), cell division (2), and neoplastic 
transformation (3). Among all known NKG2D ligands, MICA 
is the most polymorphic non classical class I gene, with 104 
alleles identified to date (http://www.ebi.ac.uk/imgt/hla/, release 
3.25.0). Some MICA polymorphisms have raised a great interest 
since they can affect MICA biology. For instance, the MICA*008 
allele (rs67841474) contains a guanine (G) insertion that causes 
a premature stop codon that, in turn, crops 10 amino acids of 
the transmembrane domain as well as the cytoplasmic tail. In 
contrast to other MICA alleles that are shed as truncated soluble 
species after metalloproteinase-mediated cleavage, it is released 
from cells associated to exosomes (4). In addition, the single-
nucleotide polymorphism causing a valine (Val) to methionine 
(Met) modification at position 129 of the α2 heavy chain domain 
classifies these MICA alleles into high-affinity (MICA-129Met) 
and low-affinity (MICA-129Val) binders to NKG2D receptor 
(5). It has also been recently reported that MICA-129Met, 
characterized by stronger and faster NKG2D signaling, is able 
to trigger relatively higher NK cell cytotoxicity and IFNγ release 
accompanied by rapid downregulation of NKG2D (6). Significant 
differences in binding affinities of MICA alleles for NKG2D could 
have different effects on NK cell activation, in particular under 
conditions of suboptimal MICA expression.

Multiple myeloma (MM) is a clonal B cell malignancy charac-
terized by the expansion of plasma cells (PCs) in the bone marrow 
(BM) and is still an incurable disease with a median survival of few 
years. Its prognosis has been improved by the use of autologous 
hematopoietic stem cell transplantation (7) and new immuno-
chemotherapeutic approaches (8–10). NK cells play a pivotal role 
in MM immunosurveillance by exerting direct cytotoxic effects 
through a number of activating receptors, including NKG2D 
(11, 12). However, several mechanisms have been identified that 
permit the escape of tumors bearing NKG2D ligands, including 
their release by tumor cells through proteolytic cleavage (13–17) 
or exosome secretion (4). Furthermore, it has been demonstrated 
that MICA is transferred to NK  cells upon target conjugation 
and that this transfer is directly linked to molecular interactions 

between NKG2D and MICA, following accumulation of the 
ligand at the immunological synapse (18). Soluble MICA has 
been identified as an independent prognostic factor for the 
overall survival and progression-free survival of MM patients 
(19). In addition, endogenous anti-MICA antibodies and ligand 
shedding are critical determinants of host immunity during MM 
progression (20). It is, however, unknown whether functionally 
relevant polymorphisms of the MICA gene may also contribute 
to disease progression.

The aim of this study was to investigate the association of 
MICA genetic polymorphisms and MICA sera levels with 
progression of MM. Interestingly, our findings indicate that 
the MICA-129Met/Val dimorphism is associated with: (i) dif-
ferential expression of both soluble and cell-surface MICA,  
(ii) expression levels of NKG2D on ex vivo NK  cells isolated 
from the BM and peripheral blood (PBL) of MM patients, and 
(iii) the disease state.

resUlTs

MICA-129Val allele is associated  
With higher amount of soluble Mica  
in the sera of MM Patients
Soluble MICA has been proposed as a prognostic marker in 
MM since its levels correlate with tumor progression (19). 
However, the generation of soluble MICA can be affected by 
polymorphisms, regulating cell-surface expression, altering 
the efficacy of cleavage, and favoring MICA recruitment into 
exosome-like vesicles (4, 16, 21, 22). At first, we investigated 
whether soluble NKG2D ligands other than MICA in the  
sera derived from a cohort of MM patients at different disease 
states, namely MGUS (monoclonal gammopathy of unde-
termined significance), smoldering, onset, and relapse, were 
associated with MM progression. As shown in Figure  1A, 
we established that only soluble MICA but not other soluble 
NKG2D ligands including MICB and ULBP1-3 (data not 
shown) were associated to MM progression. Since we con-
firmed the importance of soluble MICA, we further explored 
whether MICA polymorphism could affect the amount of 
soluble MICA as well as MM progression. Therefore, MICA 
genotype was examined by isolating PBMCs DNA from a cohort 
of 137 MM patients at different disease states (Figure S1A in 
Supplementary Material). We also identified the sequence 
of a new MICA allele and the name MICA*085 has been 
officially assigned by the WHO Nomenclature Committee for 
factors of the HLA System. MICA alleles were further clas-
sified in three subgroups, MICA-129Val/Val, MICA-129Val/
Met, and MICA-129Met/Met (Tables  1 and 2). Similarly to 
other studies (6, 23–25), the frequencies of MICA-129Val/Val, 
MICA-129Val/Met, and MICA-129Met/Met genotypes were 
36, 42, and 22%, respectively (Figure S1B in Supplementary 
Material). Remarkably, the analysis of MICA-129 genotype 
frequencies among different MM states revealed that MICA-
129Val/Val patients displayed a significantly higher percent-
age of relapse (Figure  1B; Figure S1C in Supplementary 
Material). In contrast, the frequencies of MICA-129Val/Met 
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FigUre 1 | MICA-129Val allele is associated with higher amount of sMICA in the sera of multiple myeloma (MM) patients. (a) Sera derived from healthy donors, 
MGUS, and MM patients at different state disease were analyzed for the presence of soluble MICA through a specific enzyme-linked immunosorbent assay. Total 
number of patients, 97 (healthy, n = 5, MGUS, n = 16, smoldering, n = 22, onset, n = 26, relapse, n = 32). (B) Frequency distribution of MICA-129 genotypes 
among different MM disease states. χ2 test with n − 1 degrees of freedom was performed. (c,D) sMICA is associated with the presence of the MICA-129 valine  
(Val) allele in MM patients. Total number of patients analyzed, n = 91 (Val/Val, n = 37; Val/Met, n = 36; Met/Met, n = 18).
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and MICA-129Met/Met genotypes were similar throughout 
all the different disease states (Figure 1B). Interestingly, MM 
patients characterized by the MICA-129Val/Val genotype 
also exhibited the highest levels of soluble MICA in the sera 
(Figure 1C). Consequently, correlation of soluble MICA with 
MM progression was observed only in the presence of the 
MICA-129Val allele (Figure  1D). We further explored the 

outcome of patients in response to the therapy among different 
MICA-129 genotypes (Figures 2A–C). As shown in Figure 2A, 
a similar response to chemotherapy was observed among the 
three genotypes. Interestingly, we observed that the highest 
frequency of relapse was developed by MICA-129Val/Val 
patients also after chemotherapeutic treatment (Figure  2B) 
suggesting that MICA polymorphism impacts on MM relapse.
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TaBle 2 | Patient characteristics.

Patients 
characteristics

Val/Val Val/Met Met/Met

Gender
Male 25 31 13
Female 24 26 18

Age mean (range) 70 (47–83) 65(41–83) 62 (41–87)

% of PCs
mean (range)

MGUS 3 (1–10)
Smoldering 16 
(5–38)
Onset 29 (11–45)
Relapse 27 (4–90)

MGUS 4 (1–9)
Smoldering 18 
(4–40)
Onset 36 (7–90)
Relapse 29 (5–58)

MGUS 3 (1–10)
Smoldering 26 
(13–58)
Onset 29 (2–52)
Relapse 33 (4–54)

PCs, plasma cells; Val, valine; Met, methionine.

TaBle 1 | MICA genotype and 129 polymorphism in patients at different disease state.

MgUs patients
Mica genotype-129 
polymorphism

smoldering patients
Mica genotype-129 
polymorphism

Onset patients
Mica genotype-129 
polymorphism

relapse patients
Mica genotype-129 
polymorphism

002:01/018:01 Met/Met 002:01/018:01 Met/Met 009:01/018:01 Val/Met 085/085 Val/Val
008:01/016 Val/Val 018:01/018:01 Met/Met 002:01/18:01 Met/Met 002:01/008:01 Met/Val
004/012:01 Val/Met 008:01/008:01 Val/Val 004/009:02 Val/Val 002:01/016 Met/Val
016/019 Val/Val 017/019 Met/Val 004/008:01 Val/Val 004/016 Val/Val
008:01/018:01 Val/Met 008:01/011 Val/Met 002:01/010:01 Met/Val 009:01/009:01 Val/Val
002:01/018:01 Met/Met 002:01/018:01 Met/Met 004/008:01 Val/Val 002:01/004 Met/Val
001/018:01 Met/Met 006/008:01 Val/Val 010:01/017 Val/Met 002:01/018:01 Met/Met
006/008:01 Val/Val 009:01/018:01 Val/Met 008:01/018 Val/Met 009:01/009:01 Val/Val
002:01/011 Met/Met 001/018:01 Met/Met 008:01/008:01 Val/Val 016/019 Val/Val
009:01/018:01 Val/Met 002:01/018:01 Met/Met 027/027 Val/Val 008:01/009:01 Val/Val
010:01/018:01 Val/Met 009:01/009:01 Val/Val 008:01/010:01 Val/Val 008:01/009:01 Val/Val
008:01/011 Val/Met 010:01/012:01 Val/Met 004/004 Val/Val 008:01/019 Val/Val
009:01/018:01 Val/Met 004/008:01 Val/Val 004/008:01 Val/Val 009:01/016 Val/Val
004/018:01 Met/Val 008.01/018:01 Val/Met 008:01/018:01 Val/Met 008:01/009:01 Val/Val
002:01/008:01 Val/Met 004/008:01 Val/Val 004/016 Val/Val 002:01/004 Met/Val
004/008:01 Val/Val 002:01/047 Met/Met 002:01/018:01 Met/Met 009:02/018:01 Val/Met
002:01/008:01 Met/Val 009:01/009:02 Val/Val 008:01/018:01 Val/Met 004/009:02 Val/Val
004/011 Val/Met 008:01/009:01 Val/Val 007:01/016 Met/Val 008:01/016 Val/Val
002:01/017 Met/Met 008:01/012:01 Val/Met 004/008:01 Val/Val 001:01/018 Met/Met
002:01/008:01 Met/Val 011/018:01 Met/Met 012:01/018 Met/Met 001/002:01 Met/Met
008:01/008:01 Val/Val 006/008:01 Val/Val 002:01/004 Met/Val 002:01/007:01 Met/Met
008:01/012:01 Val/Met 008:01/010:01 Val/Val 006/009:01 Val/Val 008:01/018:01 Val/Met
002:01/009:02 Met/Val 002:01/004 Met/Val 008:01/018:01 Val/Met 009:01/018:01 Val/Met
011/012:01 Met/Met 002:01/009:01 Met/Val 008:01/018:01 Val/Met 009:01/016 Val/Val
009:01/016 Val/Val 002:01/018:01 Met/Met 002:01/002:01 Met/Met 002:01/018:01 Met/Met
004/016 Val/Val 002:01/008:01 Met/Val 002:01/012:01 Met/Met 004/008:01 Val/Val
002:01/018:01 Met/Met 009:02/018:01 Val/Met 002:01/016 Met/Val 007:01/008:01 Met/Val
002:01/007:01 Met/Met 018:01/027 Met/Val 008:01/010:01 Val/Val
011/047 Met/Met 001/008:01 Met/Val 002:01/007:01 Met/Met
008:01/016 Val/Val 002:01/018:01 Met/Met 009:01/016 Val/Val
004/011 Val/Met 007:01/008:01 Met/Val 001/016 Met/Val

002:01/008:01 Met/Val 002:01/016 Met/Val
009:01/009:01 Val/Val 008:01/016 Val/Val
001/004 Met/Val 002:01/016 Met/Val
006/018:01 Val/Met 008:01/010:01 Val/Val
007:01/009:01 Met/Val 009:01/016 Val/Val
002:01/018:01 Met/Met 008:01/009:01 Val/Val
004/018:01 Val/Met 002:01/010:01 Met/Val

018:01/018:01 Met/Met
002:01/008:01 Met/Val
008:01/017 Val/Met
009:01/018:01 Val/Met
002:01/008:01 Met/Val

Val, valine; Met, methionine.
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We asked whether MICA cell-surface expression levels on 
primary malignant PCs isolated from patients could be related 
to the MICA genotype. As shown in Figures  3A–C, MICA 
expression on malignant PCs, was significantly higher in 
MICA-129Val/Val MM patients compared to MICA-129Met/
Met MM patients, thus suggesting that the increased amount 
of soluble MICA in the sera of MICA-129Val/Val patients 
could be related to an higher expression of this allelic variant. 
Finally, we further classified MICA alleles into MICA short  
and long, based on the presence of the truncated MICA*008 
allelic variant, but no differences regarding soluble MICA 
serum levels and the correlation with the disease state were 
found (data not shown).
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FigUre 2 | Patient outcome related to MICA-129 genotype. (a) Response to therapeutic treatment of multiple myeloma (MM) patients (Onset and Relapse).  
VGPR, very good partial response; PR, partial response; SD, stable disease; PD, partial disease, CR, complete remission. (B) Frequency of relapse development  
in MM patients after chemotherapy. χ2 test, p = 0.0413. (c) Frequency of deceased patients in MM patients after chemotherapy. Total patients, n = 74; Val/Val, 
n = 26; Val/Met, n = 32; Met/Met, n = 16. Abbreviations: Val, valine; Met, methionine.
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MICA-129Met allele is associated With  
an increased nKg2D Downmodulation  
on nK cells isolated From Patients
We next investigated whether MICA-129 polymorphism was 
also associated with different levels of NKG2D expression in MM 
patients. To this aim, NKG2D expression levels on ex vivo NK cells 
isolated from either PBL or BM of MM patients were evaluated. 
Cells were stained with anti-human CD45, -CD56, -CD3, -CD138 
mAbs, along with mAbs specific for NKG2D and DNAM-1 
activating receptors. After CD138 (corresponding to PCs) gate 
exclusion, analysis was performed on CD45+CD56+CD3− total 
NK  cells. Interestingly, our results demonstrate that NKG2D 
was significantly reduced on NK  cells derived from MICA-
129Met/Met patients compared to both MICA-129Val/Val 
and MICA-129Val/Met patients (Figures  4A,B). Indeed, the 
MICA-129Met allele that has a higher affinity to NKG2D, is able 
to induce significantly stronger downmodulation of NKG2D in 
both NK and CD8 T lymphocytes (6). Importantly, the expres-
sion levels of DNAM-1, used as control, were similar among all 
three different genotypes (Figures 4A,B), indicating that NKG2D 

downmodulation is an event likely associated to MICA-129 dimor-
phism. Decreased NKG2D expression on MICA-129Met/Met 
patients was also observed on NK cell subsets expressing low and 
high levels of CD16 as shown in Figures S2A,B in Supplementary 
Material. These results suggest that NKG2D downmodulation 
in MM patients depends essentially on MICA genotype and it 
is not associated with soluble MICA levels. To further support 
this observation, sera containing different amounts of soluble 
MICA (derived from patients carrying at least one Val allele) were 
incubated with PBL derived from healthy donors and NKG2D 
expression was evaluated after 16 h by immunofluorescence and 
FACS analysis by gating on CD56+CD3− NK cells. As shown in 
Figure  5, we did not observe a significant correlation between 
the levels of soluble MICA and the extent of NKG2D reduction.

residue Met129 is essential for 
appropriate Positioning of the α2–1 helix 
for nKg2D recognition
Two crystal structures of MICA have been hitertho determined, 
one alone (26) and the other in complex with its receptor NKG2D 
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FigUre 3 | MICA cell-surface expression on malignant plasma cells (PCs) resulted higher in MICA-129Val/Val patients. Total cells derived from the bone marrow 
(BM) of patients at different disease states were stained with isotypic cIg or anti-MICA together with anti-CD38 and anti-CD138 mAbs. (a) MICA expression was 
analyzed by gating CD38+/CD138+ cells. (B) Representative histograms of different patients are reported. Values indicated in each histogram represent the ratio 
between the MFI value of MICA divided by the MFI value of the isotypic cIg. Solid gray histogram: cIg; black line: MICA. (c) Total number of patients analyzed, 
n = 50 (Val/Val = 23, Val/Met n = 18, Met/Met = 9) that were smoldering (n = 10), onset (n = 19), and relapse (n = 21). Abbreviations: Val, valine; Met, methionine.
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(27). At first sight, MICA resembles classical MHC class I (MHC-
I) molecules with three extracellular domains (α1, α2, and α3), 
a transmembrane segment that can vary significantly between 
different MICA alleles, and a carboxy-terminal cytoplasmic 

tail. However, in contrast to MHC-I, MICA does not bind to 
the β2microglobulin and does not present peptides in the cleft. 
Comparison of the two structures revealed that the receptor-free 
form of MICA is disordered within a section of the α2 region 
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FigUre 4 | MICA-129Met allele is associated with an increased NKG2D downmodulation on natural killer (NK) cells gated from patients. Total cells derived from the 
bone marrow (BM) or the peripheral blood (PBL) derived from patients at different disease states (including smoldering, onset, and relapse) were stained with antibodies 
against CD45, CD138, CD56, and CD3. NKG2D or DNAM-1 expression was evaluated by gating on NK cells (CD45+CD138−CD3− CD56+). (a) Representative 
histograms are shown. (B) Values reported represent the MFI values of NKG2D or DNAM-1 subtracted from the MFI value of the isotypic cIg or the percentage of 
NKG2D and DNAM-1. Total number of patients analyzed, n = 40 (Val/Val = 19, Val/Met n = 13, Met/Met = 8). Abbreviations: Val, valine; Met, methionine.

Zingoni et al. MICA-129 Dimorphism in MM

Frontiers in Immunology | www.frontiersin.org May 2018 | Volume 9 | Article 926

corresponding to residues 152 to 161, essential for NKG2D 
recognition (27) (Figure 6A). Interestingly, the crystal structure 
of MICA in complex with NKG2D revealed that these nine 
MICA residues, which link the helices α2–1 and α2–2, are ordered 
upon binding to NKG2D (Figure 6B). The crystal structures also 
revealed that residue Met129 is localized at the end of the small 

β8-strand, far away from the MICA/NKG2D interface. This resi-
due forms, together with Trp127, Phe110, Phe117, and Leu118, a 
hydrophobic base on which the helix α2–1 docks (Figure 6C). The 
importance of such hydrophobic nucleus for the correct folding 
and orientation of a helix has been previously demonstrated (28). 
The hydrophobic residues Leu138, Ala139, Met140, and Val142 
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FigUre 5 | Soluble MICA levels in the serum of multiple myeloma (MM) patients carrying the Val allele do not correlate with change in NKG2D expression.  
Peripheral blood derived from healthy donors were incubated for 16 h with medium alone or serum derived from MGUS or MM patients at different disease states 
carrying at least one Val allele and containing variable levels of soluble MICA. Cells were harvested and NKG2D expression was evaluated by gating on CD3−CD56+ 
natural killer (NK) cells. (a) A representative experiment is shown. (B) Values reported on y axis represent the MFI value of NKG2D subtracted from  
the MFI value of the isotypic cIg (high panel) or the percentage of NKG2D positive cells (lower panel) and were correlated with soluble MICA levels of each patient  
as indicated on x axis. Total number of serum patients analyzed, n = 16 (3 MGUS, 6 smoldering, 6 onset, 1 relapse).
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on the α2–1 helix face and interact with the β-sheet docking site 
described above (Figure 6C). The large and hydrophobic residue 
Met129 is at the heart of this putative nucleating site, forming van 
der Waals interactions with residues Gln136, Ala139, and Met140 
all localized on the α2–1 helix (Figure 6C).

The clear differences in binding affinity between the two MICA 
variants and NKG2D have been previously suggested to be due to 
conformational changes (5). However, this is in our opinion unlike 
since comparison of the crystal structure of MICB (30) which 
comprises a Val residue at position 129, with the crystal structure 
of MICA-129Met, reveals the similarity of their conformations 
(Figure 6D). Instead, molecular modeling analysis indicated that 

replacement of residue Met129 with the much smaller Val residue 
removes at least three van der Waals interactions between the α2–1 
helix and the β-sheet on which it docks, and generates a solvent 
accessible cavity in this hydrophobic core. Furthermore, com-
parative analysis of the two crystal structures of MICA indicates 
that the α2–1 helix rotates slightly upon NKG2D binding around 
the contact between Met129 and Ala139, resulting in significant 
movements at both ends of this helix (Figure 6E). Mutation of 
residue Met129, which we believe acts a lever stop for the helix 
α2–1 to build the conformation optimal for the NKG2D binding, 
would clearly have a significant impact on the direction and tilt-
ing of the helix. Thus, the Met to Val dimorphism could affect 
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FigUre 6 | Residue Met129 is essential for appropriate positioning of the α2–1 helix for NKG2D recognition. (a) The crystal structure of the free form of MICA is 
colored according to its secondary structure, with helices, β-strands and loops in red, yellow, and green, respectively. Only the α1 and α2 regions of MICA are 
displayed. The region comprising residues 152–161 and which is not visible in the electron density due to disorder, is indicated by a dashed line. All atoms forming 
residue Met129 are indicated as balls with oxygen, nitrogen, sulfur, and carbon atoms colored in red, blue, orange, and yellow, respectively. (B) The crystal structure  
of the MICA/NKG2D complex reveals that the flexible 152–161 region (in blue) is stabilized through interactions with NKG2D. The two subunits of NKG2D receptor 
are displayed in green and cyan. Residue Met129 is localized far away from the MICA/NKG2D interface. (c) Residue Met129 plays a key role within a hydrophobic 
core formed between helix α2–1 and several β-sheet residues that surround and interact with Met129. The van der Waals interactions formed between Met129 and 
residues (in red) on the helix α2–1 are indicated by green dashed lines. (D) Superposition of the α1α2 domains of MICA and MICB, in pink and cyan, respectively, 
reveals that Met129 in MICA and Val129 in MICB take the same position and orientation, and demonstrates that MICA-129Met/Val dimorphism does not affect the 
conformation of the two MIC alleles (29). (e) The MICA α2–1 helix rotates following complex formation with NKG2D. Both ends of free MICA (red) are deviating  
from their position in the complex with NKG2D (orange), by 1.5 and 2.0 Å at the N- and C-termini, respectively.
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the MICA transition from disorder to form an optimal template 
for NKG2D recognition, providing a reasonable, although still 
hypothetical, explanation for the difference in the binding capac-
ity of the two MICA variants to NKG2D.

DiscUssiOn

In this study, we investigated the association of MICA genetic 
polymorphisms and sera levels with the progression of MM. 
Interestingly, our findings indicate that the MICA-129Met/Val 
dimorphism is associated with: (i) differential expression of both 

soluble and cell surface MICA, (ii) expression levels of NKG2D 
on ex vivo NK cells isolated from the BM and PBL of MM patients, 
and (iii) the disease state.

Polymorphisms of MICA have been largely investigated 
for their role in infections, autoimmune diseases, and cancer 
(31). Due to its functional consequences, a number of disease 
association studies with the MICA-129 dimorphism have been 
previously performed (32). Interestingly, we found an higher 
frequency of relapse in MM patients carrying the MICA-129Val/
Val genotype that was also observed by analyzing the patients 
outcome in response to the therapy.
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Other studies in different cancer models have reported that the 
MICA-129Val/Val genotype can be associated with higher risk 
for nasopharyngeal (NC) and breast cancer (33, 34). Increasing 
evidence has pointed out a key role for the NKG2D activating 
receptor and its ligands in the surveillance of MM. In particular 
Rebmann and coworkers have shown that soluble MICA levels 
correlate with tumor progression, and this molecule has been 
proposed as a prognostic marker in MM (19). Our findings dem-
onstrate that increased levels of soluble MICA can be found in 
MM patients sera during the progression from MGUS to relapse 
and clearly show for the first time that the presence of soluble 
MICA is associated with the MICA-129Val allele. As matter of 
fact, in other pathological conditions, including Ulcerative Colitis 
and Hepatitis B infection (35, 36), the MICA-129Val/Val genotype 
has been associated with the highest soluble MICA serum levels.

In line with our in vivo results showing both a higher expres-
sion of cell surface and soluble MICA in MICA-129Val/Val 
patients, Isernhagen and colleagues reported that soluble MICA 
levels as well as its cell-surface expression were higher in a panel 
of tumor and melanoma cell lines carrying the MICA-129Val/Val 
genotype (21). It is possible that the MICA-129Val allele has a 
higher transcriptional activity which might explain its effect on 
soluble and cell-surface MICA levels (37). Another non-excluding 
possibility is that the higher amount of soluble MICA-129Val 
could be directly due to the 30-times lower affinity of this variant 
to NKG2D compared to MICA-129Met resulting in a reduced 
transfer to NK cells and its accumulation on the surface of MM 
target cells.

Previous studies suggested that elevated levels of soluble 
MICA in the sera of cancer patients correlate with an increased 
NKG2D downregulation on PBL NK  cells and T  lymphocytes  
(22). However, it is still unclear whether soluble MICA has the 
capability to directly induce NKG2D downregulation and/or if 
additional soluble factors in the sera of cancer patients contri-
bute to this effect. Infact, Paschen and coworkers demonstrated 
that elevated levels of soluble NKG2D ligands (i.e., MICA and 
ULBP2) in the sera of melanoma patients were not associated 
with a significant downregulation of NKG2D expression on 
peripheral NK cells (38). Even NK cells from rheumatoid arthritis 
patients with relatively high soluble MICA levels, did not show 
diminished NKG2D expression (39). Furthermore in MM, solu-
ble MICA was not significantly associated with NKG2D down-
regulation and in  vitro experiments with MM patients’ serum 
and culture supernatants, did not result in changes in NKG2D 
expression (40). Similarly, by incubating NK cells with sera from 
patients containing different amounts of soluble MICA, we did 
not find a significant correlation between the levels of soluble 
MICA and the extent of NKG2D downmodulation. Interestingly, 
we observed that the lowest levels of NKG2D on NK cells from 
MM patients, were associated with the MICA-129Met/Met 
genotype. In line with these findings, it has been shown that the 
MICA-129Met  allele, with proven higher affinity to NKG2D, is 
able to induce significantly stronger downmodulation of NKG2D 
in both NK and CD8 T  lymphocytes, and to better stimulate 
IFNγ production as compared to the MICA-129Val allele (6).  
It should be considered that receptor endocytosis not only leads 
to reduced cell-surface receptor abundance but also controls 

signaling outcome in NK cells as shown by Molfetta and cow-
orkers who reported that ubiquitin-dependent NKG2D/DAP10 
endocytosis was required for the activation of extracellular signal-
regulated kinase and NK cell functions (41, 42). It is possible that 
cancer cells carrying the MICA-129Met allele could better induce 
NK  cell activation that corresponded to a substantial NKG2D 
reduction observed in patients. By performing in vitro degranula-
tion assays on NKG2D-sensitive targets, “ex vivo” unstimulated 
NK cells derived from patients had very low levels (below 5%) 
of degranulation, independently of the MICA genotype (data 
not shown). This result is in accordance with previous evidences 
indicating that stimulation of NKG2D alone is not sufficient 
to trigger cytotoxicity and/or cytokine production in resting 
human NK cells (43). In fact, effector functions mediated by this 
receptor rely on different factors including the activation status 
of NK cells, the cooperation with other NK activating receptors 
or with distinct cytokines (44). Thus, in MM patients, the tumor 
microenvironment, the cytokine milieu and the expression of 
other NK cell activating ligands on cancer cells can dictate the 
final outcome of the NKG2D-mediated NK cell response.

Our results obtained by structural modeling analysis sug-
gested that the Met to Val dimorphism could affect the capacity 
of MICA to form an optimal template for NKG2D recognition. 
It is possible that the lowest NKG2D levels in MM patients 
with a MICA-129Met/Met genotype reflects the capacity of the 
MICA-129Met allele to more efficiently engage NKG2D and trig-
ger NK cell activity in a cell–cell contact manner and this event 
appears to be independent from soluble MICA sera levels that are 
instead predominant in individuals carrying the MICA-129Val 
allele.

In conclusion, our data indicate that the MICA-129Val allele is 
associated with significantly higher levels of soluble MICA and an 
higher frequency of relapse and strongly suggest that the MICA 
genotype could be used as prognostic marker in alternative to 
soluble MICA if further data with higher numeric dimension will 
confirm these findings. Altogether, these observations could help 
to develop more personalized predictive biomarkers in MM.

MaTerials anD MeThODs

clinical samples
Sera, PBMCs, and BM samples were obtained from MM patients 
enrolled at the Division of Hematology (Sapienza University of 
Rome). Informed and written consent in accordance with the  
Declaration of Helsinki was obtained from all patients, and 
approval was obtained from the Ethics Committee of the Sapienza 
University of Rome (Rif. 3373). Patients were classi fied according 
to the disease state. Patients (Onset and Relapse) were treated 
according to standard therapeutic protocols inclu d ing the usage 
of VMP (Bortezomib, Melphalan, Prednisone), VD (Bortezomib, 
Dexamethasone), and RD (Lenalidomide, Dexa methasone).

Mica gene Typing
For the genotyping of MICA, genomic DNA derived from patients 
PBMCs was isolated from 1 × 106 cells using the Genomic DNA 
purification kit according to the manufacturer’s instructions 
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(Bioline, London, UK). Sequence-based typing of MICA was 
performed as described before (45). The sequence of a new MICA 
allele was identified and the name MICA*085 has been officially 
assigned by the WHO Nomenclature Committee for factors of the 
HLA System in February 2015 (Genbank accession: KP262025).

immunofluorescence and Facs analysis
Analysis of MICA expression on patient-derived PCs was 
performed by gating the CD38+CD138+ PC population using 
the antibodies anti-MICA (clone 159227, R&D Systems, 
Minneapolis, MN, USA), anti-CD38/APC, and anti-CD138/
FITC (both from BD Bioscience, San Jose, CA, USA) as previ-
ously reported (16); samples were acquired using a FACSCanto 
(BD Biosciences, San Jose, CA, USA) and a FACSCalibur (Becton 
Dickinson). Analysis of NKG2D and DNAM-1 on NK cells from 
PBMCs or BM aspirates was performed by gating on the CD45+

CD138−CD3−CD56+ population using the antibodies anti-CD3/
allophycocyanin-H7, anti-CD56/PE, anti-CD138/FITC, anti-
CD45/PE-Cy7, anti-NKG2D/APC, or anti-DNAM-1/APC (BD 
Bioscience). In some experiments, anti-CD16/PerCP mAb was 
also used (BD Bioscience). In the experiments relative to Figure 4 
and Figure S2 in Supplementary Material, all the patients-derived 
samples were acquired using a FACSCanto (BD Biosciences, San 
Jose, CA, USA). In the experiments relative to Figure 5, PBMCs 
derived from healthy donors were incubated with medium alone 
or serum derived from MGUS or MM patients for 16 h. After har-
vesting, cells were stained with antibodies from BD Bioscience: 
anti-CD3/PerCP, anti-CD56/APC, and anti-NKG2D/PE; samples 
were acquired using a FACSCalibur (Becton Dickinson).

Data analysis was performed using the FlowJo 9.3.2 program 
(TreeStar, Ashland, OR, USA).

enzyme-linked immunosorbent  
assay (elisa)
Enzyme-linked immunosorbent assays for soluble MICA, 
MICB, and ULBP1 were from R&D Systems (Minneapolis, MN,  
USA), and performed as previously described (46), with modifi-
cations (AMO1 anti-MICA capture mAb, 2 µg/ml, BAMOMAB, 
Germany) (47). Soluble ULBP2 was detected as previously des-
cribed (15). Absorbance values of triplicate samples were obtained 
by subtracting readings at 540 nm from readings at 450 nm. Net 
absorbance was obtained by subtracting the reagent blank absorb-
ance. Before the assay, sera samples were diluted in PBS/0.1% 
Triton X-100 (vol/vol) and incubated for 30 min at 37 C.

Molecular Modeling of the Mica-Val129 
Variant and structural analysis
In order to evaluate the structural consequences of the MICA 
polymorphism, we created a three-dimensional molecular model  

of the MICA-Val129 variant, using the crystal structures of the 
free MICA-Met129 molecule (PDB code 1B3J) and the MICA- 
Met129/NKG2D complex (PDB code 1HYR) (26, 27) as templates. 
The creation of the molecular model of the MICA-Val129 variant, 
as well as all comparative structural analyses, was performed 
using the program Coot (48). Figure  5 was created using the 
program PyMol (PyMol Molecular Graphics System, Version 
1.5.0.4 Schrödinger, LLC).

statistic
In all the experiments, statistic was performed using the unpaired 
Mann–Whitney test, except for Figure 1D in which the unpaired 
t-test with Welch’s correction was used. *<0.05; **<0.01; 
***<0.001. χ2 test was used to analyze frequency data.
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Now as we are close to the 10-year anniversary of dosing the first patient with daratumumab 
(March 26, 2008), it seems appropriate to review how far we have come in the development of 
this CD38 antibody for the treatment of multiple myeloma. Based on preclinical development 
by scientists at the Danish-Dutch biotech company Genmab in collaboration with scientists at 
the University Hospital in Utrecht, daratumumab was selected among several hundred CD38 
anti bodies for clinical development. It was clearly recognized at that time that there was an unmet 
need for new treatment options because of the poor prognosis of patients who were double refrac-
tory to both proteasome inhibitors and IMIDS. At the same time, there was a certain level of 
anxiety surrounding the clinical use of monoclonal antibodies because of a recent disaster with 
a CD28 antibody that had been tested in a clinical phase I trial the year before we started testing 
daratumumab. Also, the fact that the target molecule of daratumumab, CD38, is widely expressed 
in the human body was a cause of concern. In addition to being expressed by leukocytes, erythro-
cytes, platelets, and immature cells of the bone marrow, CD38 is also expressed by neuronal cells  
and glial cells of the central nervous system, peripheral nerves, pancreas islets cells, osteoclasts, 
skeletal muscle cells, cardiac muscle cells, and bronchial epithelium. Every precaution was taken 
during the initial phase I/II clinical trial GEN501 to avoid serious damage to occur to the patients 
because of unwanted reactions with normal tissues. The possibility of testing in animal models for 
toxicity of daratumumab was limited by the lack of cross reactivity of daratumumab with the CD38 
molecule of other species. Six chimpanzees were chosen for preclinical testing of daratumumab, 
one of them died from a cytokine storm and others developed significant drops of the platelet 
counts. These adverse events have not been seen in humans.

The reason for moving forward with testing of daratumumab for the treatment of multiple 
myeloma was the very high level of expression of CD38 by myeloma cells. Preclinical studies 
showed that daratumumab may kill myeloma cells by complement-mediated cytotoxicity, by 
antibody-dependent cellular cytotoxicity, and by antibody-dependent cellular phagocytosis (1–3). 
Due to the anticipated risk of significant side effects, the initial clinical testing of daratumumab 
took offset from extremely low doses of antibody starting with 0.005 mg/kg with a step-by-step 
increase of the dose up to a planned maximum of 24 mg/kg (4). Because of the safety precautions 
during the trial it took 3 1/2 years to enroll the first 23 patients. When the dose of daratumumab 
had been increased to a level of 2 and 4 mg/kg, we started to see signs of clinical efficacy with a drop 
in the patient’s M-protein. This created a lot of interest and since at the same time we had seen no 
major side effects to the treatment subsequent enrollment into this and other clinical trials with 
daratumumab made rapid progress. Pharmacokinetic studies showed that target saturation may be 
achieved at a dose of 16 mg/kg with a schedule that was defined as eight weekly dosing, followed 
by eight bi-weekly dosing and then dosing of daratumumab every 4 weeks. A maximum tolerated 
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FiguRe 1 | ADCP, antibody-dependent cellular phagocytosis; ADCC, antibody-dependent cellular cytotoxicity; CDC, complement-mediated cytotoxicity;  
TREGS, BREGS, and MREGS: regulatory cells of the T-cell, B-cell, and Myeloid-derived suppressor cells; NAD, nicotinamide adenine dinucleotide.
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dose was not reached at a dose up to 24 mg/kg. The superiority of 
16 over 8 mg/kg dosing has been confirmed in a clinical trial (5).

The first clinical trials conducted with single agent daratu-
mumab demonstrated that about 30% of patients with relap-
sed refractory myeloma may respond to daratumumab (6).  
Interestingly, about 50% of all the patients participating in 
the trials had a significant prolongation of survival although 
they did not fulfill the criteria for a response to daratumumab 
according to IMWG criteria. A plausible reason for this effect 
of daratumumab was revealed when studies conducted at the 
University hospital in Amsterdam in collaboration with Janssen 
demonstrated an immunomodulatory effect of daratumumab 
(7). Immunoregulatory cells belonging to the T  cell, B  cell, 
and monocyte–macrophage system express CD38 and are 
eliminated during treatment with daratumumab (Figure  1). 
Since these immunosuppressive cells may inhibit cytotoxic 
T cells from exerting antitumor control the elimination of the 
cells causes expansion of cytotoxic T  cells in a clonal fashion 
in myeloma patients treated with daratumumab, a process that 
is correlated with the clinical response and most likely causally 
related to the improved survival seen even in patients who do 
not have a significant reduction in the M-protein. In addition 
to the immunomodulatory effect of daratumumab exerted via 
elimination of immuneregulatory cells, it was recently shown 
that antibody-mediated inhibition of the enzymatic activity of 
CD38 on cytotoxic T  cells may directly boost the antitumor 
activity of these cells (8).

Preclinical studies of daratumumab in vitro and in vivo models 
had demonstrated significant additive or synergistic efficacy in 
combination with other anti-myeloma agents. These findings 

have now been confirmed in multiple clinical trials testing 
daratumumab in combination with many different anti-myeloma 
agents. The ability of daratumumab to combine with other anti-
myeloma agents is excellent because there is no overlapping 
toxicity, and the impressive clinical response rates and duration 
of responses have now placed daratumumab in a very central 
position for the treatment of multiple myeloma in second and 
now also in first line (4–6, 9–14).

Still some patients fail to respond to daratumumab and some 
patients have progressive disease while being treated with dara-
tumumab. The reason for failure of daratumumab is not under-
stood. Immediately after initiating therapy with daratumumab, 
the level of CD38 expression by myeloma cells is reduced to 
much lower levels (15). However, this does not seem to be the 
cause of failure of the treatment because many patients continue 
to maintain a response despite the low levels of CD38 expression 
by myeloma cells. The reasons for low levels of CD38 expression 
by myeloma cells during treatment with daratumumab may be 
antibody-mediated “capping” of the daratumumab–CD38 com-
plex on the plasma membrane followed by exocytosis or endo-
cytosis and degradation of the antigen–antibody complex or due 
to rapid elimination of myeloma cells expressing high levels of 
CD38, or as recently shown due to “trogocytosis”, a process where 
phagocytes nipple fragments of the plasma membrane carrying 
antigen–antibody complexes (16).

At the time of failure of daratumumab, there is an increase 
in the expression of complement regulatory molecules such as 
CD55 and CD59 (15). These molecules may interfere with com-
plement-mediated cytotoxicity and impair the clinical efficacy of 
daratumumab. It is also known that myeloma cells and cells in 
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the microenvironment may express molecules such as PD-L1 that 
may interfere with the activity of cytotoxic T cells. Much hope 
has been put into combining daratumumab with checkpoint 
inhibitor antibodies such as PD-1 or PD-L1 antibodies to boost 
antitumor cytotoxicity. However, for the time being, the clinical 
trials in this field have been put to hold by FDA due to an excess 
mortality in the experimental arm of myeloma patients treated 
with checkpoint inhibitor antibodies and IMID in phase III trials.

The CD38 molecule is an ectoenzyme that may generate immu-
nosuppressive adenosine and this process may be inhibited by 
daratumumab (17, 18). Thus, inhibiting the formation of immu-
nosuppressive adenosine daratumumab may boost the T  cell 
immune system and improve disease control. Immunosuppres-
sive adenosine may be generated by CD38 expressed on the 
surface of myeloma cells, from CD38 expressed by cells in the 
micro environment of the myeloma cells or, as recently suggested, 
by vesicles shed by myeloma cells and carrying CD38 out into 
the microenvironment surrounding the myeloma cells (19). 
Hypothetically, such microvesicles could, on top of contributing 
to generation of adenosine in the microenvironment, also cause 
off-target binding of daratumumab and contribute to treatment 
failure.

As it has been hypothesized that the low level of CD38 
expressed by myeloma cells immediately after initiating treat-
ment with daratumumab may be a reason for failure to respond 
to treatment attempts that have been made to increase the level 
of CD38 expression on myeloma cells with the hope to improve 
the efficiency of daratumumab (20). A clinical trial is now being 
conducted with ATRA in combination with daratumumab 
to increase CD38 expression by myeloma cells and improve 
responses. Preclinical studies have also shown that panobinostat 
may increase the expression of CD38 by myeloma cells and 
improve the response to daratumumab in  vitro (21). However, 
our own limited clinical experience outside of a clinical trial 
testing panobinostat in combination with daratumumab for the 
treatment of patients progressing on daratumumab has not been 
successful.

In a model system of non-small cell lung cancer, it has been 
shown that CD38 is a growth and survival factor for the cancer 
cells (Gibbons D; ASCO-SICT Clinical Immuno-Oncology 
Symposium, February 23–25, 2017). Perhaps, the situation in 
myeloma is similar: high levels of CD38 may be beneficial for 
myeloma cell survival and conversely the low levels of expres-
sion imposed by treatment with daratumumab may render the 
myeloma cells more vulnerable to other anti-myeloma treat-
ments. Recently, it was shown that myeloma patients refractory 
to daratumumab and lenalidomide when given separately may 
respond to the combination of daratumumab and lenalidomide 
(22). This could be due to daratumumab sensitizing myeloma 
cells to killing by lenalidomide or to boosting of an exhausted 
T-cell system in daratumumab refractory patients or both. The 
hypothesis that daratumumab may sensitize myeloma cells to 
other anti-myeloma agents fits well with the extraordinary good 
responses seen when daratumumab is combined with any other 
anti-myeloma agent not just IMIDs. If further substantiated 
that an implication may be that daratumumab should be part 
of any anti-myeloma treatment. Given the pleiotropic effects of 

daratumumab, it is in fact difficult to imagine how a myeloma 
patient can become truly refractory to daratumumab.

From a practical point of view, treatment with daratumumab 
is very easily managed, but it is important to take a few aspects 
into consideration.

The most important side effect is the infusion-related reac-
tion that may occur during the first infusion in about half of the 
patients and rarely thereafter. It is a key to success to be prepared 
for this type of reaction, to look for subtle early signs of the reac-
tion, and to pause the infusion and give extra premedication as 
soon as the first sign of an infusion-related reaction develops. 
Prior to the infusion, the patients receive pre-medications with 
glucocorticoids, antihistamine, montelukast, and paracetamol. 
If an infusion-related reaction develops the treatment with 
glucocorticoids and antihistamine can be repeated while the 
infusion is interrupted for about an hour. When the symptoms 
have subsided, the infusion can be resumed going back one 
step regarding the rate of infusion. Often the infusion can then 
gradually be accelerated and finished with only minor delay.  
It is recommended to give post-infusion medications with glu-
cocorticoids for 2 days after the infusion, but we tend to admit 
that after the first two infusions of daratumumab to reduce the 
glucocorticoid exposure and risk of side effects. Patients with 
chronic obstructive pulmonary disease may require special 
attention and more prolonged treatment with glucocorticoids. 
From the third and subsequent infusions, the infusion rate of 
daratumumab can be increased so that the IV infusion is finished 
within 90  min (23). This is of importance in busy outpatient 
clinics where the number of patients in need of treatment often 
supersedes the space available. In future, the use of subcutaneous 
daratumumab that is now being developed in clinical trials may 
further improve the situation.

Another practical aspect to take into consideration is the 
expression of CD38 by erythrocytes. Consequently, immedi-
ately after starting treatment with daratumumab, this antibody 
will appear in the serum of patients as an irregular antibody that 
may cause trouble in the blood bank (24–27). To avoid delays 
in availability of blood units for transfusion, it is important to 
inform the staff at the blood bank about the situation, so they 
can be prepared and manage the difficulties. Daratumumab will 
cause reactivity in the antibody screen test, the indirect Coombs 
test, and the crossmatch test used by the blood bank to ensure 
that blood provided for transfusion will match the recipient. 
Although the erythrocytes express low levels of CD38, the 
direct Coombs test is not positive because erythrocytes binding 
daratumumab rapidly disappear from the circulation. Since 
only a very small drop of the hemoglobin level is observed after 
initiation of treatment with daratumumab, erythrocytes that 
have bound daratumumab may be cleared of the CD38–dara-
tumumab complex on the plasma membrane by a process such 
as trogocytosis possibly mediated by phagocytes in the spleen 
and then recirculated.

The level and turnover of IgG in serum are regulated by the 
so-called “neonatal Fc-receptors” that may protect IgG from 
degradation. Thus, higher levels of serum IgG will tend to 
accelerate the turnover of IgG. In a recent study, it was found 
that despite identical dose levels and schedule the serum level 

24
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of daratumumab is lower in patients with IgG versus patients 
with IgA myeloma (28). This did, however, not translate into a 
poorer response to daratumumab in patients with IgG myeloma. 
For myeloma patients receiving immunoglobulin replacement 
therapy to prevent infections, it may be advisable to separate 
as much as possible in time the infusion of daratumumab and 
normal human IgG, especially if the IgG is given intravenously 
resulting in high serum peak concentrations, since the amount 
of normal IgG infused is about 20 times higher than the standard 
dose of daratumumab.

Regarding assessment of response in myeloma, it is important 
to know that daratumumab may appear in the serum of patients 
as an IgG kappa-type M-protein. This may cause trouble when 
assessing the quality of a response to treatment, and therefore, 
new assays have been developed to discriminate between dara-
tumumab and the patient’s own M-protein (29, 30). Often the 
level of M-protein represented by daratumumab is low, around 
0.5–1 g/L, so when a patient approaches this level of M-protein it 
may be advisable to request the so-called “daratumumab interfer-
ence assay” and then perform a bone marrow to confirm CR if 
it is shown that the residual M-protein is indeed daratumumab.

CD38 is a valuable marker for identification of plasma 
cells and together with CD138 it is routinely used to quantify 

the plasma cell compartment. However, during therapy with 
daratumumab a significant reduction of CD38 expression by 
MM cells occurs early during treatment (16). Therefore, other 
markers of plasma cells such as CD269 (BCMA) or CD319 
(SLAMF7) may be needed as a substitute for CD38 (31, 32). In 
addition, daratumumab may affect the accessibility of some of 
the CD38 epitopes for binding of commercially available CD38 
antibodies, so it is important to select an antibody which binds 
to an epitope on the CD38 molecule that is not occupied by 
daratumumab (33).

The efficacy and tolerability of daratumumab for the treatment 
of myeloma have led to rapid implementation of this new drug 
alone and in combination with standard of care anti-myeloma 
agents (Table 1). It has been approved by FDA, EMA, and many 
countries across the Globe for the treatment of relapsed-refractory 
myeloma, and data are now emerging from clinical trials that will 
likely result in the approval of daratumumab as first-line treat-
ment of myeloma in combination with other drugs.
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The therapeutic efficacy of dendritic cell (DC)-based immunotherapy may be potentiated 
in combination with other anticancer therapies that enhance DC function by modulating 
immune responses and the tumor microenvironment. In this study, we investigated the 
efficacy of DC vaccination in combination with lenalidomide and programmed death
(PD)-1 blockade in a model of murine myeloma. MOPC-315 cell lines were injected
subcutaneously to establish myeloma-bearing mice and the following five test groups 
were established: PBS control, DCs, DCs + lenalidomide, DCs + PD-1 blockade, and 
DCs + lenalidomide + PD-1 blockade. The combination of DCs plus lenalidomide and 
PD-1 blockade more potently inhibited tumor growth compared to the other groups. This 
effect was associated with a reduction in immune suppressor cells (such as myeloid- 
derived suppressor cells, M2 macrophages, and regulatory T  cells) and an increase
in immune effector cells [such as CD4+ and CD8+ T cells, natural killer (NK) cells, and 
M1 macrophages] in the spleen. Functional activities of cytotoxic T  lymphocytes and 
NK cells were also enhanced by the triple combination. Levels of immunosuppressive 
cytokines, such as TGF-β and IL-10, were significantly reduced in the tumor microen-
vironment. These findings suggest that the combination of DCs plus lenalidomide and 
PD-1 blockade synergistically establishes a robust anti-myeloma immunity through a
two-way mechanism, which inhibits immunosuppressive cells while activating effector 
cells with superior polarization of the Th1/Th2 balance in favor of the tumor immune 
response. This result should provide an experimental ground for incorporating check 
point inhibitors to existing immunotherapeutic modalities against multiple myeloma.

 
 

 

 

Keywords: myeloma, dendritic cells, lenaldiomide, anti-PD-1, cancer immunotherapy

One-senTence sUMMarY

A combination of antigen-loaded dendritic cell (DC) vaccination plus lenalidomide and programmed 
death (PD)-1 blockade synergistically enhanced anticancer immunity in a model of murine multiple 
myeloma by inhibiting immunosuppressive cells and stimulating effector cells.
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inTrODUcTiOn

Multiple myeloma (MM) is characterized by the infiltration of 
clonal malignant plasma cells in the bone marrow (BM) (1, 2).  
Despite advances in treating MM using novel therapies and 
hematopoietic stem cell transplantation, most patients experience 
relapses caused by immune evasion among the tumor, immune 
system, and tumor microenvironment (3). Thus, new therapeutic 
options with the potential to overcome impaired immune surveil-
lance are needed.

Dendritic cells (DCs) are the most potent antigen-presenting 
cells (APCs) and play a key role in inducing and maintaining 
antitumor immunity. DCs are able to recognize, process, and 
present tumor antigens to generate antigen-specific cytotoxic 
T lymphocytes (CTLs) (4–9). Immune cells in myeloma patients 
have quantitative and functional deficiencies that contribute to 
myeloma-associated immune tolerance (10, 11). By contrast, 
the function of DCs from patients with MM can be recovered 
and enhanced by ex vivo culture (12–14). Lenalidomide is 
an immunomodulatory agent that targets tumor cells under 
immunosuppressive microenvironment (15–20). Our previous 
studies demonstrated that the combination of DC vaccination 
and lenalidomide synergistically enhanced antitumor immune 
responses in mouse tumor models (21, 22). Programmed cell 
death-1 (PD-1, CD279) and its ligands [either PD-L1 (B7-H1, 
CD274) or PD-L2 (B7-DC, CD273)] play a fundamental role in 
tumor immune escape by inhibiting effector functions (23–26). 
The PD-1/PD-L1 blockade was recently found to effectively 
treat cancer by improving durable response rates and the sur-
vival profile with minimal toxicity, suggesting that blockade can 
be used as a cancer therapeutic agent (27–31). However, recent 
studies reported that PD-1 blockade alone is insufficient to 
stimulate anti-myeloma immunity in clinical treatment (32, 33).  
Thus, combination approaches with immune-checkpoint 
blockade and therapies that stimulate myeloma-reactive 
T  cells can be effective tools to treat myeloma. Such as with 
immunomodulatory drugs, cellular therapies are currently 
being applied in clinical trials. Previous studies demonstrated 
that lenalidomide reduces the expression of PD-1 on natural 
killer (NK) cells, helper cells, and CTLs, and inhibits PD-L1 
expression on tumor cells and myeloid-derived suppressor 
cells (MDSCs) in patients with MM (20, 34). Moreover, the 
combination of lenalidomide and PD-1 or PDL-1 blockade 
increased IFN-γ expression by BM-derived effector cells in 
myeloma and were associated with increased apoptosis of MM 
cells (35).

Thus, in this study, we investigated whether the combination 
of DCs plus lenalidomide and PD-1 blockade has a synergistic 
effect in a murine myeloma model. The results demonstrate that 
this combination enhanced antitumor immunity by inhibiting 
immunosuppressive cells and cytokines as well as activating and 
recovering effector cells with superior polarization toward Th1 
immune response. This study provides a framework for develop-
ing a more advanced immunotherapeutic modality employing 
DCs, lenalidomide, and PD-1 blockade to inhibit tumor cell 
growth as well as restore immune functionin MM.

MaTerials anD MeThODs

Mice and Tumor cell lines
6- to 8-week-old female BALB/c (H-2d) mice were purchased from 
Orient Bio (Iksan, Republic of Korea) and maintained under spe-
cific pathogen-free conditions. All animal care, experiments, and 
euthanasia protocols were approved by the Chonnam National 
University Animal Research Committee. The murine MOPC-315 
plasmacytoma cell line and the YAC-1 cell line were purchased 
from the American Type Culture Collection (Rockville, MD, 
USA). Cell lines were maintained in Dulbecco’s Modified Eagle’s 
Medium (Gibco-BRL, Grand Island, NY, USA) supplemented 
with 10% (v/v) fetal bovine serum (FBS; Gibco-BRL) and 1% 
(w/v) penicillin/streptomycin (PS).

immunomodulatory Drug (lenalidomide) 
and Programmed Death-1 (anti-PD-1)
Lenalidomide (Revlimid®) was donated by Celgene Corporation 
(Summit, NJ, USA) and dissolved in dimethyl sulfoxide (DMSO) 
to 100 mg/mL immediately before use. For injection into mice, 
lenalidomide stock solutions were diluted in sterile 0.9% (v/v) 
normal saline to a final concentration of 10 mg/mL. The final 
concentration of DMSO in all experiments was <0.01% (v/v). 
Anti-PD-1 was purchased from BioXcell (West Lebanon,  
NH, USA).

generation of BM-Derived Dcs
BALB/c BM-derived immature DCs (imDCs) were generated 
as described previously (21, 22, 36). Briefly, BM was harvested 
from the femurs and tibiae of mice and cultured in RPMI-1640 
medium (Gibco-BRL) supplemented with 10% (v/v) FBS (Gibco-
BRL) and 1% (w/v) PS in the presence of 20 ng/mL recombinant 
murine (rm) GM-CSF (R&D Systems, Minneapolis, MN, USA) 
and 10 ng/mL rmIL-4 (R&D Systems). On culture days 2 and 4, 
half of the medium was removed and replaced with fresh media 
containing cytokines. On day 6, imDCs were purified via positive 
selection with CD11c+-magnetic beads (Miltenyi Biotec, Auburn, 
CA, USA). Next, mature DCs were generated by further cultiva-
tion for 48 h of CD11c+ DCs with 10 ng/mL rm TNF-α (R&D 
Systems), 10  ng/mL rmIL-1β (R&D Systems), and 10  ng/mL  
rmGM-CSF (R&D Systems).

generation of Dying Myeloma cell-loaded 
Dcs
The generation of dying myeloma cell-loaded DCs was performed 
as described previously (21, 22, 36). Briefly, MOPC-315 tumor 
cell death was induced by γ-irradiation (100 Gy; Gammacell-1000 
Elite, MDS Nordion, Canada), followed by overnight culture in 
RPMI-1640 without FBS, and the cells were mixed with imDCs 
2 h after maturation at a 2:1 ratio (DCs:dying tumor cells).

animal Vaccination
The following five vaccination groups were established: (1) PBS 
control, (2) DC vaccination, (3) DC vaccination plus anti-PD-1, 
(4) DC vaccination plus lenalidomide injection, and (5) DC 
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vaccination plus anti-PD-1 and lenalidomide injection. On day 
0, mice were injected subcutaneously in the right flank with 
5  ×  105 MOPC-315 cells in a volume of 0.1  mL. After tumor 
growth, lenalidomide (0.5 mg/kg/day) was administrated orally 
once a day for 25 days with a 3-day break after the first 11-day 
dosing period. Each dose of DCs (1 × 106/mouse) was injected 
subcutaneously into the left flank of BALB/c mice in a volume 
of 0.1 mL PBS on days 11, 15, 25, and 29; anti-PD-1 (250 μg/
mouse) was injected intraperitoneally in a 0.1-mL volume 
on the same days as DC vaccination. To assess the antitumor 
status of vaccinated mice, we measured the length, width, and 
height of each tumor every 3 to 4 days using a Vernier caliper, 
and we calculated tumor volume using the standard formula 
for calculating the volume of an ellipsoid: V  =  4/3π(length  ×   
width × height/8).

Phenotypic analysis of splenocytes  
From Vaccinated Mice
At the indicated time points, mice were sacrificed and splenocyte 
phenotypes were characterized by their cell surface markers 
using fluorescently labeled monoclonal antibodies (mAbs) and 
analyzed by flow cytometry. Cells were stained with the follow-
ing mAbs from eBioscience (San Diego, CA, USA): CD11b-FITC 
(clone: M1/70), CD11b-PE (clone: M1/70), Gr-1-PE (clone: 
RB6-8C5), CD4-APC (clone: RM4-5), CD4-PE (clone: H129.19), 
CD8-FITC (clone: 53-6.7), CD49b-PE (clone: Dx5), CD44-PE 
(clone: IM7), CD62L-FITC (clone: MEL-14), CD69-FITC (clone: 
H1.2F3), CD25-FITC (clone: CD25-4E3), Foxp3-APC (clone: 
MF23), F4/80-FITC (clone: BM8), CD274-PE (clone: MH5), and 
CD206-APC (clone: C068C2). Isotype-matched controls were 
run in parallel. Cell debris was eliminated by forward- and side-
scatter gating. The samples were acquired on a FACSCalibur cell 
sorter (Becton Dickinson, Mountain View, CA, USA) and data 
were analyzed using WinMDI ver. 2.9 (Biology Software Net: 
http://en.bio-soft.net/other/WinMDI.html).

Tumor antigen-specific cTl activity  
of Vaccinated Mice
Tumor antigen-specific CTL activity was investigated as described 
previously (21, 22, 36). Briefly, splenocytes (1 × 106) isolated from 
vaccinated mice 7 days after the final DC vaccination (day 36) 
were added to 24-well plates and restimulated with irradiated 
MOPC-315 cells (5 × 105 cells) for 5 days in RPMI-1640 (Gibco-
BRL) containing 10% FBS (Gibco-BRL) and 1% PS supplemented 
with 20 ng/mL rmIL-2 (R&D Systems). After restimulation, we 
assessed the splenocytes for tumor antigen-specific CTLs using a 
mouse IFN-γ enzyme-linked immunospot (ELISPOT) assay (BD 
Bioscience). The MOPC-315 cell line and NK-sensitive YAC-1 
cell line were used as target cells.

In Vitro analysis of cytokine Production  
in Vaccinated Mice
We determined cytokine (IFN-γ, IL-10, and TGF-β) produc-
tion in vaccinated mice using the BD OptEIA™ enzyme-linked 
immunosorbent assay (ELISA; BD Bioscience). Supernatants 
from restimulated splenocytes of vaccinated mice and from  

single tumor cells of all vaccinated mice were assayed to measure 
the production of Th1- and Th2-polarizing cytokines. Each sam-
ple was analyzed in triplicate, and the mean absorbance for each 
set of standards and samples was calculated.

intracellular staining assay of Tregs and 
Macrophages generated in the spleens  
of Vaccinated Mice
To evaluate the proportion of Tregs and macrophages, 1 × 106 
splenocytes from vaccinated mice were harvested, washed, and 
stained with surface-staining antibodies of Tregs (CD4-PE and 
CD25-FITC) and macrophages (CD11b-FITC and F4/80-PE) 
for 30 min at 4°C. Fc block was added before incubation with 
surface-staining antibodies. Next, the cells were washed and 
permeabilized with Fixation/Permeabilization Solution 2 
(eBioscience) for 30 min at room temperature. After washing 
twice, the cells were stained with an intracellular staining anti-
body, Tregs [Alexa Fluor-conjugated Foxp3 antibody (Miltenyi 
Biotec)] and macrophages (CD206-APC) for 30  min at room 
temperature. The samples were acquired on a FACSCalibur 
cell sorter (Becton Dickinson), and data were analyzed using 
WinMDI ver. 2.9.

statistical analyses
We performed statistical analyses using GraphPad Prism 4 (La 
Jolla, CA, USA). t-Tests, one-way analysis of variance (ANOVA), 
and two-way ANOVA were used as appropriate. We analyzed the 
survival of vaccinated mice using SigmaPlot 10.0 (Systat Software, 
San Jose, CA, USA). P < 0.05 was considered significant. Values 
are expressed as means ± SDs.

resUlTs

Dc Vaccination in combination With 
lenalidomide and anti-PD-1 Treatment 
induced a synergistic anti-Myeloma 
immunity effect
Our previous study (36) demonstrated that DCs maturated with 
GM-CSF, TNF-α, and IL-1β expressed higher levels of several 
molecules related to DC maturation and produced higher levels 
of IL-12p70 and lower levels of IL-10 compared to imDCs. In 
this study, we established myeloma-bearing mice to evaluate the 
antitumor efficacy of DC-based immunotherapies. Before treat-
ment, we observed that high levels of PD-L1 were expressed on 
MOPC-315 cell lines (Figure S1A in Supplementary Material). 
The established myeloma-bearing mice were initially treated 
with lenalidomide (0.25 or 0.5 mg/kg), PD-1 blockade (250 μg/
mouse), and dying myeloma cell-loaded DCs as a single therapy 
(Figure  1A). All single treatment groups showed significant 
inhibition of tumor growth compared to the PBS control group 
(P < 0.05; Figures S1B,C in Supplementary Material). The com-
bination therapy of DCs plus lenalidomide and PD-1 blockade 
was examined in an effort to more potently inhibit tumor growth 
in the murine myeloma model (Figure 1A). All tumor-bearing 
mice vaccinated with PBS showed rapid tumor growth that led 
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FigUre 1 |  In vivo animal vaccination Five vaccination groups were established: (1) PBS control, (2) dying myeloma cell-loaded dendritic cell (DC) vaccination, (3) 
DC vaccination plus anti-PD-1, (4) DC vaccination plus lenalidomide, and (5) DC vaccination plus lenalidomide and anti-PD-1. On day 0, MOPC-315 cells (5 × 105/
mouse) were injected subcutaneously into the right flank of BALB/c mice. (a) Schematic representation of the combination of DCs plus lenalidomide and anti-PD-1. 
After tumor growth, lenalidomide (0.5 mg/kg/day) was administrated orally once a day for 25 days with a 3-day break after the first 11-day dosing period. Each dose 
of DCs (1 × 106/mouse) was injected subcutaneously into the left flank of BALB/c mice in a volume of 0.1 mL PBS on days 11, 15, 25, and 29. Anti-PD-1 (250 μg/
mouse) was injected intraperitoneally on the same days as DC vaccination. (B) Data are presented as mean ± SEM and are representative of two independent 
experiments. The combination of DCs plus lenalidomide and anti-PD-1 significantly inhibited tumor growth (*P < 0.05; ***P < 0.001 on day 29) and induced a 
long-term systemic anti-myeloma immune response (29 days).
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to sacrifice within 3  weeks. By contrast, tumor-bearing mice 
vaccinated with DCs showed significantly inhibited tumor 
growth compared to the PBS control group. Treatment with the 
combination of DC vaccination plus lenalidomide and PD-1 
blockade more strongly inhibited tumor growth (P  <  0.05) 
compared to DCs, DCs + lenalidomide, DCs + PD-1 blockade, 
and lenalidomide + PD-1 blockade (Figure 1B; Figures S2A and 
S3A,B in Supplementary Material). Survival in mice that received 
the combination of DCs +  lenalidomide + PD-1 blockade was 
significantly prolonged compared to that of mice received 
DCs, DCs +  lenalidomide, DCs + PD-1 blockade, or lenalido-
mide + PD-1 blockade (Figures S2B and S3C in Supplementary 

Material). These results indicate that DCs + lenalidomide + PD-1 
blockade induce a long-term systemic anti-myeloma immune 
response in the murine myeloma model.

activation of cTls by Dc Vaccination Plus 
lenalidomide and PD-1 Blockade
To investigate the CTL responses after DC vaccination, we 
prepared splenocytes and carried out IFN-γ ELISPOT assays. 
MOPC-315 and YAC-1 cells were used as target cells. Compared 
to the PBS control, DC vaccination, DCs  +  lenalidomide, 
DCs + PD-1 blockade, or DCs + lenalidomide + PD-1 blockade 
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FigUre 2 | Activation of cytotoxic T lymphocytes (CTLs) and cytokine production induced by treatment with dendritic cells (DCs) plus lenalidomide and anti-PD-1. 
(a) The number of IFN-γ-secreting lymphocytes in the spleens of mice treated with PBS, DCs, DCs plus lenaldiomide, DCs plus anti-PD-1, and DCs plus 
lenalidomide and anti-PD-1 was counted using IFN-γ enzyme-linked immunospot assay. DC vaccination combined with lenalidomide and anti-PD-1 injection 
significantly increased the number of IFN-γ-secreting lymphocytes targeting MOPC-315 cells compared to the other groups (*P < 0.05). Cytotoxicity by natural killer 
(NK) cells, represented by the number of IFN-γ-secreting splenocytes against YAC-1 cells, was similar in all DC groups. These results indicate that the tumor 
inhibitory effects of DCs plus lenalidomide and anti-PD-1 resulted from the CTL-mediated response rather than the NK cell-mediated response. (B) IFN-γ and  
(c) TGF-β production in the splenocytes of vaccinated mice was evaluated by enzyme-linked immunosorbent assay. The combination of DCs plus lenalidomide  
and anti-PD-1 led to the production of higher levels of IFN-γ compared to PBS control and DC vaccination (***P < 0.001). By contrast, TGF-β production by DCs 
plus lenalidomide and anti-PD-1 was lower compared to the other groups (**P < 0.012). Data are shown as mean (pg/mL) ± SD of triplicate cultures from three 
independent experiments.
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led to a significant increase in IFN-γ-secreting splenocytes against 
MOPC-315 and YAC-1 cells (P  <  0.05). The combination of 
DCs  +  lenalidomide  +  PD-1 blockade showed the highest 
number of IFN-γ-secreting splenocytes against MOPC-315 
cells compared to the PBS control, DCs, DCs  +  lenalidomide, 
DCs  +  PD-1 blockade, and lenalidomide  +  PD-1 blockade 
(P < 0.05; Figure 2A; Figure S4A in Supplementary Material). In 
addition, cytotoxicity by NK cells, represented by the number of 
IFN-γ-secreting splenocytes against YAC-1 cells, was similar in 
all groups that received DCs. These results indicate that the tumor 
inhibitory effects of DCs + lenalidomide + PD-1 blockade treat-
ment resulted from CTL rather than NK responses. In this study, 
vaccination with DCs + lenalidomide + PD-1 blockade led to the 
production of higher levels of IFN-γ compared to the PBS con-
trol, DCs, or lenalidomide + PD-1 blockade group (Figure 2B; 

Figure S4B in Supplementary Material). By contrast, TGF-β 
production in the DCs + lenalidomide + PD-1 blockade group 
was significantly lower compared to that in the PBS control, DCs, 
DCs + lenalidomide, or DCs + PD-1 blockade group (Figure 2C; 
Figure S4C in Supplementary Material). These results suggest 
that the combination of DCs +  lenalidomide + PD-1 blockade 
induced tumor-specific CTL responses enhances through Th1 
polarization. Additionally, the DCs  +  lenalidomide  +  PD-1 
blockade regimen significantly increased percentages of effector 
CD4+ T cells (Figure 3A; Figure S4D in Supplementary Material), 
effector CD8+ T  cells (Figure  3B), effector memory T  cells 
(Figure  3C; Figure S4E in Supplementary Material), effector 
NK  cells (Figure  3D; Figure S4F in Supplementary Material), 
and M1 macrophages (Figure 5A; Figure S6A in Supplementary 
Material) compared to the other groups.
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FigUre 3 | Induction of CD4+ T cells, CD8+ T cells, memory T cells, and natural killer (NK) cells in the spleens of mice treated with a combination of dendritic  
cells (DCs) plus lenalidomide and anti-PD-1. We measured proportions of (a) CD4+ T cells, (B) CD8+ T cells, (c) memory T cells, and (D) NK cells using flow 
cytometry (left panel) and compared them using quantitative bar graphs (right panel). The results revealed significant increases in effector cells in the DCs plus 
lenalidomide and anti-PD-1 combination group compared to the other groups (*P < 0.05). Data are representative of three independent experiments.
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suppression of MDscs, M2 Macrophages, 
and regulatory T cells (Tregs) by the 
combination of Dc Vaccination Plus 
lenalidomide and PD-1 Blockade
To explore the immunological mechanisms underlying the 
enhanced tumor-specific immune response, we assessed the 
effects of combination therapy on the proportions of MDSCs 
(CD11b+Gr1+), M2 macrophages (CD11b+F4/80+CD206+ cells), 
and Tregs (CD4+CD25+FoxP3+ cells) in splenocytes. Percentages 
of MDSCs (Figure 4A; Figure S5A in Supplementary Material) 
and M2 macrophages (Figure 5B; Figure S6B in Supplementary 
Material) were dramatically reduced in all treatment groups com-
pared to the PBS control group. The DCs + lenalidomide + PD-1 
blockade group exhibited the lowest proportion of splenic 
MDSCs, and M2 macrophages (P < 0.05). The proportion of Tregs 
were significantly higher in the PBS control and DC vaccination 
groups compared to groups injected with lenalidomide + PD-1 
blockade (P  <  0.05). It is notable that the combination of 

DCs  +  lenalidomide  +  PD-1 blockade resulted in the lowest 
proportion of splenic Tregs (P  <  0.05; Figures  4B–D; Figures 
S5B–D in Supplementary Material). These findings suggest that 
DCs  +  lenalidomide  +  PD-1 blockade enhances therapeutic 
antitumor immunity by also inhibiting immunosuppressive cells 
in the tumor microenvironment during the vaccination phases.

efficient suppression of inhibitory 
cytokine Production by the combination 
of Dc Vaccination Plus lenalidomide  
and PD-1 Blockade in the Tumor 
Microenvironment of Myeloma- 
Bearing Mice
To investigate the immunological mechanisms underlying the 
enhanced tumor-specific immune responses, we evaluated the inhibi-
tory effects of the combination therapy (DC vaccination plus lena-
lidomide and PD-1 blockade) on the inhibitory cytokine production. 
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FigUre 4 | Inhibition of myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs) in the spleens of mice treated with dendritic cells (DCs) plus 
lenalidomide and anti-PD-1 We measured proportions of (a) MDSCs (CD11b+Gr-1+), (B) CD4+CD25+ Tregs, (c) CD4+Foxp3+ Tregs, and (D) CD4+CD25+Foxp3+ 
Tregs using flow cytometry (left panel) and compared them using quantitative bar graphs (right panel). The proportions of MDSCs and Tregs were significantly 
increased in the PBS control and DC vaccination groups compared to the groups injected with lenalidomide or anti-PD-1 after tumor inoculation. The DC 
vaccination plus lenalidomide and anti-PD-1 combination group showed significantly decreased proportions of splenic MDSCs and Tregs compared to the  
other groups (*P < 0.05). Data are representative of at least three experiments.
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Compared to the treatment groups, the PBS control group was 
significantly higher in the TGF-β production (P < 0.001). However, 
the production of TGF-β did not significantly differ among the treat-
ment groups (Figure 5C; Figure S6C in Supplementary Material). In 
addition, the combination of DCs + lenalidomide + PD-1 blockade 
led to the production of the least IL-10 compared to other groups 
(P  <  0.001; Figure  5D; Figure S6D in Supplementary Material), 
which suggests that the combination therapy of DC vaccination plus 
lenalidomide and PD-1 blockade changed the tumor microenviron-
ment toward immunostimulatory by suppressing the production of 
inhibitory cytokines IL-10 and TGF-β.

DiscUssiOn

Dendritic cell-based vaccines serve a promising immuno-
therapeutic weapon with the potential to prolong the survival 
of patients with incurable MM (2, 12). Several new tools have 

been developed and combined to improve clinical outcomes of 
DC vaccination against MM (17, 18). Recent studies have defined 
immune checkpoint PD-1/PD-L1 signaling as a key pathway 
regulating the critical balance between immune activation and 
tolerance (24, 37–40). The PD-1/PD-L1 pathway plays an impor-
tant role in shaping the tumor-promoting, immunosuppressive 
microenvironment of MM. Rosenblatt et  al. (41) reported that 
PD-L1 is highly expressed in plasma cells of MM patients but 
not in normal plasma cells. Our study confirmed that PD-L1 is 
also overexpressed on MOPC-315 cell lines (99%). Furthermore, 
significant PD-1 expression was observed in circulating T cells of 
advanced MM patients. Inhibition of the PD-1/PD-L1 signaling 
pathway induces an anti-MM immune response and can be a 
promising option for anti-myeloma therapy (42, 43).

The tumor microenvironment of MM promotes tumor cell 
growth and helps them escape from immune surveillance by 
actively suppressing anti-MM immune effector responses (1, 2). 
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FigUre 5 | Enhanced M1 and impaired M2 macrophage polarization and reduced inhibitory cytokine production via vaccination with dendritic cells (DCs) plus 
lenalidomide and anti-PD-1 We measured proportions of (a) M1 macrophages (CD11b+F4/80+CD206−) and (B) M2 macrophages (CD11b+F4/80+CD206+) in the 
spleens of vaccinated tumor-bearing mice using flow cytometry (left panel) and compared them using quantitative bar graphs (right panel). The DCs plus lenalidomide 
and anti-PD-1 combination group exhibited the highest proportion of M1 macrophages and the lowest proportion of M2 macrophages compared to the other groups 
(*P < 0.05). Data are representative of three independent experiments. The production of (c) TGF-β and (D) IL-10 inhibitory cytokines in the tumors of tumor-bearing 
mice was evaluated by enzyme-linked immunosorbent assay. Compared to the treatments, PBS control led to the production of higher levels of TGF-β (***P < 0.001). 
However, the production of TGF-β did not differ significantly among the treatment groups. The production of IL-10 was significantly decreased in the DCs plus 
lenalidomide and anti-PD-1 combination therapy group compared to the other groups (***P < 0.001). Data are representative of at least three experiments.
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Lenalidomide, an immunomodulatory drug, inhibits the expres-
sion of PD-1 in NK cells, helper T cells, and CTLs of MM patients 
and downregulates the expression of PD-L1 in myeloma cell lines 
and primary myeloma cells (20, 34). Lenalidomide was shown 
to reduce PD-1 expression in all effector cells (CD4+ T  cells, 
CD8+ T cells, NK cells, and NKT cells), and PD-L1 expression 
in MM cells, MDSC, and monocyte/macrophages in an in vitro 
experiment (35). Additionally, Patients undergoing treatment of 
lenalidomide demonstrated reduced PD-1 expression in CD8+ 
T cells (44). Moreover, lenalidomide plus PD-1/PD-L1 checkpoint 
blockade suppressed MDSCs and stroma-mediated MM growth 
and enhanced MM-specific cytotoxicity of immune effector cells 
in BM environments (35). Our previous studies demonstrated 
that DC-based vaccines were safe and induced the expansion 
of circulating CD4+ T  cells and CD8+ T  cells that are specific 
for tumor antigens, which was synergistically enhanced by the 
combination of lenalidomide (21, 22, 36). Our expectation was 
that the therapeutic efficacy of DC vaccination will be far more 
enhanced if both lenalidomide and PD-1 blockade are combined. 
Lenalidomide and anti-PD-1 antibody should synergistically 

improve the MM microenvironment, in which the host immune 
effector cells induced by the DC vaccination will exert anti-MM 
effects. This study, as expected, showed that DC vaccination 
combined to the lenalidomide and PD-1 blockade regiment 
further inhibited MM tumor growth, consequently prolonging 
the survival of tumor-bearing mice: the triple combination 
induced strong anti-myeloma CTL responses and increased the 
number of effector cells (CD4+ T cells, CD8+ T cells, NK cells, 
and M1 macrophages), while effectively discouraging suppres-
sor cells (MDSCs, Tregs, and M2 macrophages) in the systemic 
immune compartment. These findings evidence the induction 
of systemic immune response potentially being able to eradicate 
disseminated diseases. DCs combined with lenalidomide and 
PD-1 blockade also heightened the anti-myeloma cell mediate 
immunity by inducing the Th1 polarization, as evidenced by the 
high-level production of IFN-γ, and by suppressing Th2 immune 
responses, as evidenced by the low-level production of IL-10 and 
TGF-β. Tregs, MDSCs, and M2 macrophages are major elements 
molding the potent immunosuppressive environment in tumor 
tissues. The inhibition of Treg, MDSC, and M2 macrophage 
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accumulation in the spleen should further contribute to effective 
anti-myeloma cell mediate immunity in the systemic immune 
compartment by reciprocally activating DCs or CTLs.

Murine models of myeloma are critical tools to study the 
mechanisms of disease resistance, pathogenesis, and the devel-
opment of new therapeutic strategies (45, 46). This study has 
some limitation to interpret data due to subcutaneous injection 
of MOPC-315 cells for making plasmacytoma rather than BM 
involvement model for myeloma.

In conclusion, this study suggests that lenalidomide plus 
PD-1 blockade treatment synergistically enhances the efficacy 
of DC vaccination in a murine myeloma model by inhibit-
ing the generation of immunosuppressive cells and the Th2 
immune response and enhancing effector cells and the Th1 
immune responses. We hereby propose a framework for a more 
efficacious DC-based vaccination strategy against MM with the 
combination of immunomodulatory drug lenalidomide and 
anti-PD-1 antibody.
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FigUre s1 | Antitumor efficacy of individual therapies in a model of murine 
myeloma. (a) We measured the levels of PD-L1 expressed on MOPC-315 cell 
lines using flow cytometry. MOPC-315 cell lines showed high-level expression  
of PD-L1 (99%). Representative histogram shows marker expression (shaded) 
compared with those of isotype control (black line). (B) Representative images  
of mice vaccinated with lenalidomide (0.25 or 0.5 mg/kg), anti-PD-1 (250 μg/
mouse), and dying myeloma cell-loaded dendritic cells (DCs) as single 
treatments. (c) Data are shown as the mean ± SEM and are representative of 
two independent experiments. All single treatment groups showed significant 

inhibition of tumor growth compared to the PBS control (*P < 0.05). Experiments 
consisted of five mice per group.

FigUre s2 | (a) Representative images of mice vaccinated with dendritic cells 
(DCs) plus lenalidomide and anti-PD-1 showed significant inhibition of tumor 
growth compared to the PBS control, DC vaccination, DCs plus anti-PD-1, and 
DCs plus lenalidomide groups. (B) The survival of the tumor-bearing mice is 
shown. The combination of DCs plus lenalidomide and anti-PD-1 significantly 
inhibited tumor growth (*P < 0.05; ***P < 0.001 on day 29) and induced a 
long-term systemic anti-myeloma immune response. Experiments consisted of 
five mice per group.

FigUre s3 | (a) Representative images of mice vaccinated with dendritic cells 
(DCs) plus lenalidomide and anti-PD-1 showed significant inhibition of tumor 
growth compared to mice treated with lenalidomide plus anti-PD-1. (B) Data are 
shown as the mean ± SEM and are representative of two independent 
experiments. (c) The survival of the tumor-bearing mice is shown. The 
combination of DCs plus lenalidomide and anti-PD-1 significantly inhibited tumor 
growth (*P < 0.05 on day 25) and induced a long-term systemic anti-myeloma 
immune response. Experiments consisted of five mice per group.

FigUre s4 | Activation of cytotoxic T lymphocytes and natural killer (NK) cells, 
proportions of CD4+ T cells and memory T cells, NK cells, and cytokine 
production induced by a combination of dendritic cells (DCs) plus lenalidomide 
and anti-PD-1 (a) We counted the number of IFN-γ-secreting lymphocytes in the 
spleens of mice treated with lenalidomide plus anti-PD-1 and with DCs plus 
lenalidomide and anti-PD-1 using the IFN-γ enzyme-linked immunospot assay. 
The combination of DCs plus lenalidomide and anti-PD-1 significantly increased 
the number of IFN-γ-secreting lymphocytes targeting MOPC-315 and YAC-1 
cells compared to treatment with lenalidomide plus anti-PD-1 (*P < 0.05).  
(B) IFN-γ and (c) TGF-β production in the splenocytes of vaccinated mice was 
evaluated by enzyme-linked immunosorbent assay. The combination of DCs plus 
lenalidomide and anti-PD-1 led to the production of higher levels of IFN-γ 
compared to treatment with lenalidomide plus anti-PD-1 (***P < 0.001). The 
production of TGF-β did not differ significantly between the two groups. Data are 
shown as the mean (pg/mL) ± SD of triplicate cultures from three independent 
experiments. We measured proportions of (D) CD4+ T cells, (e) memory T cells, 
and (F) NK cells using flow cytometry (left panel) and compared them using 
quantitative bar graphs (right panel). The results revealed significant increases in 
CD4+ T cells and memory T cells in the DCs plus lenalidomide and anti-PD-1 
group compared to the lenalidomide plus anti-PD-1 group (*P < 0.05; 
***P < 0.001). Percentages of NK cells did not differ significantly between the two 
groups. Data are representative of at least three experiments.

FigUre s5 | Inhibition of myeloid-derived suppressor cells (MDSCs) and Tregs 
in the spleens of mice treated with a combination of dendritic cells (DCs) plus 
lenalidomide and anti-PD-1. We measured proportions of (a) MDSCs 
(CD11b+Gr-1+), (B) CD4+CD25+ Tregs, (c) CD4+Foxp3+ Tregs, and (D) 
CD4+CD25+Foxp3+ Tregs using flow cytometry (left panel) and compared them 
using quantitative bar graphs (right panel). The DC vaccination plus lenalidomide 
and anti-PD-1 combination group showed decreased proportions of splenic 
MDSCs and Tregs compared to the lenalidomide plus anti-PD-1 group. Data are 
representative of at least three experiments.

FigUre s6 | Enhanced M1 and impaired M2 macrophage polarization and 
reduced inhibitory cytokine production by a combination of dendritic cells (DCs) 
plus lenalidomide and anti-PD-1. We measured proportions of (a) M1 
macrophages (CD11b+F4/80+CD206−) and (B) M2 macrophages 
(CD11b+F4/80+CD206+) in the spleens of vaccinated tumor-bearing mice using 
flow cytometry (left panel) and compared them using quantitative bar graphs 
(right panel). The DCs plus lenalidomide and anti-PD-1 combination group 
showed significantly increased proportions of M1 macrophages compared to the 
lenalidomide plus anti-PD-1 group (*P < 0.05). Percentages of M2 macrophages 
did not differ significantly between the two groups. Data are representative of at 
least three experiments. The production of (c) TGF-β and (D) IL-10 inhibitory 
cytokines in the tumors of tumor-bearing mice was evaluated by enzyme-linked 
immunosorbent assay. The production of IL-10 was significantly decreased in the 
DCs plus lenalidomide and anti-PD-1 combination therapy group compared to 
the lenalidomide plus anti-PD-1 group (***P < 0.001). The production of TGF-β 
did not differ significantly between the two groups. Data are representative of at 
least three experiments.
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The approval of the first two monoclonal antibodies targeting CD38 (daratumumab) 
and SLAMF7 (elotuzumab) in late 2015 for treating relapsed and refractory multiple 
myeloma (RRMM) was a critical advance for immunotherapies for multiple myeloma 
(MM). Importantly, the outcome of patients continues to improve with the incorpora-
tion of this new class of agents with current MM therapies. However, both antigens 
are also expressed on other normal tissues including hematopoietic lineages and 
immune effector cells, which may limit their long-term clinical use. B cell maturation 
antigen (BCMA), a transmembrane glycoprotein in the tumor necrosis factor receptor 
superfamily 17 (TNFRSF17), is expressed at significantly higher levels in all patient 
MM cells but not on other normal tissues except normal plasma cells. Importantly, it 
is an antigen targeted by chimeric antigen receptor (CAR) T-cells, which have already 
shown significant clinical activities in patients with RRMM who have undergone at 
least three prior treatments, including a proteasome inhibitor and an immunomodula-
tory agent. Moreover, the first anti-BCMA antibody–drug conjugate also has achieved 
significant clinical responses in patients who failed at least three prior lines of therapy, 
including an anti-CD38 antibody, a proteasome inhibitor, and an immunomodula-
tory agent. Both BCMA targeting immunotherapies were granted breakthrough 
status for patients with RRMM by FDA in Nov 2017. Other promising BCMA-based 
immunotherapeutic macromolecules including bispecific T-cell engagers, bispecific 
molecules, bispecific or trispecific antibodies, as well as improved forms of next 
generation CAR T  cells, also demonstrate high anti-MM activity in preclinical and 
even early clinical studies. Here, we focus on the biology of this promising MM target 
antigen and then highlight preclinical and clinical data of current BCMA-targeted 
immunotherapies with various mechanisms of action. These crucial studies will 
enhance selective anti-MM response, transform the treatment paradigm, and extend 
disease-free survival in MM.

Keywords: multiple myeloma, B-cell maturation antigen, targeted immunotherapy, monoclonal antibody, chimeric 
antigen receptor T cell, monoclonal antibody drug conjugate, bi-specific antibody
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iNTRODUCTiON

Multiple myeloma (MM), the second most common hema-
tologic malignancy in the United States, accounts for 1% of 
malignancies and 10% of hematologic cancers (1). This tumor is 
characterized by the expansion of malignant plasma cells (PCs) 
in the bone marrow (BM), associated with excessive production 
of monoclonal immunoglobulins in blood and urine in patients. 
In addition, MM patients develop significant osteolytic bone 
lesions and have immunodeficiency that compromises both 
longevity and quality of life (2, 3). For the past two decades, the 
clinical outcome of MM patients has shown remarkable improve-
ments primarily due to the incorporation of novel therapeutic 
agents into conventional treatments. Specifically, the addition 
of proteasome inhibitors (PI) and immumomodulatory drugs 
(IMiDs) has significantly increased response rate, progression-
free, and overall survival in both relapsed and newly diagnosed 
MM patients, compared with conventional therapies (4–7). The 
addition of monoclonal antibodies (MoAbs) elotuzumab and 
daratumumab as immunotherapies in MM has further improved 
patient outcome. The use of autologous stem cell transplantation 
also results in better outcome. However, MM remains incurable 
for most patients, since drug-resistant clones constantly emerge 
and evolve (8). Persistence of minimal residual disease (MRD) 
is often seen and patients with MRD-negativity also relapse. 
Particularly, the overall survival of patients with relapsed disease 
after PIs IMiDs, and MoAbs treatment is extremely low. Thus, 
more efficacious therapies and novel strategies are urgently 
needed if we are to develop curative therapies.

Multiple myeloma develops from a premalignant precursor 
condition monoclonal gammopathy of undetermined signifi-
cance, progressing to smoldering MM, then active MM, majori-
ties of which ultimately advancing to end-stage PC leukemia. 
Genetic and epigenetic processes are present initially and under-
lie this progression, including hyperdiploidy of chromosomes, 
translocation of immunoglobulin heavy chain, deregulation of 
cell cycle genes, alteration of NFκB pathways, and abnormal 
DNA methylation patterns (9–11). Besides complex molecular 
aberrations, MM cells are heavily dependent on their BM 
microenvironment to support their growth, survival, and the 
development of drug resistance. Tumor cells closely interact with 
BM accessory cells in bidirectional fashions via cell–cell contact 
and/or production of a variety of factors, which ultimately pro-
motes MM cell expansion, while impairing immune surveillance 
and effector function against MM cells. These MM-supporting 
cells include BM stromal cells (BMSCs) (12, 13), osteoclasts 
(14), endothelial cells (15), macrophages (16), T regulatory cells 
(17–19), dendritic cells (20), plasmacytoid DCs (pDCs) (21), 
myeloid-derived suppressor cells (22), and mesenchymal cells 
(13, 23). These accessory cells secrete various cytokines includ-
ing interleukin-6 (IL-6) (24), tumor growth factor β (TGFβ) 
(25, 26), macrophage inflammatory protein-1α (MIP-1α) (27), 
insulin-like growth factor (28), vascular endothelial growth fac-
tor (29), hepatocyte growth factor (30), B cell activating factor 
(BAFF) (31, 32), and a proliferation-inducing ligand (APRIL) 
(31, 33), which further maintain an MM-supporting or immu-
nosuppressive BM microenvironment (34). For example, the key 

myeloma growth factor IL-6 and the critical immune inhibitory 
factor TGFβ are detected at high levels in the BM of MM patients. 
The interplay of these two cytokines may affect generation of 
Th17 cells both directly or via other pro-inflammatory cytokines, 
and thereby downregulate antitumor immune responses (35). 
Increased Th17  cells and decreased regulatory T  cells (Tregs) 
with less immune suppression is noted in MM patients with 
long-term survival (36). Since Tregs can inhibit function of 
antigen-presenting cells and effector T cells (37), increased Treg 
number allows MM cells to escape from immune surveillance. 
In fact, immune-suppressive Treg markers Foxp3 and CTLA-4 
are significantly upregulated in the BM aspirates of MM patients 
compared with normal donor controls (17), and increased Tregs 
are correlated with worse outcomes in MM (36, 38, 39). These 
studies indicate that molecular and cellular components suppress 
immune BM milieu, further enhancing MM progression.

Successful targeted anti-MM immunotherapies should both 
target MM cells and simultaneously restore antitumor activ-
ity of immune effector cells (40). Ideally, targets for effective 
immunotherapies should be selectively and strongly expressed 
on the surface of MM cells relative to normal cells. Compared 
with CD38 and SLAMF7, B  cell maturation antigen (BCMA) 
demonstrates highly restricted expression on PCs but no other 
tissues, is, therefore, an excellent target for immunotherapy in 
MM (41, 42).

BCMA iS AN iMPORTANT SURFACe 
PROTeiN SUPPORTiNG THe SURvivAL 
OF MM CeLLS

B  cell maturation antigen, also termed tumor necrosis factor 
receptor superfamily member 17 (TNFRS17), is a type III 
transmembrane protein without a signal-peptide and contain-
ing cysteine-rich extracellular domains (43–45). Alignment of 
the human (44, 45) and murine BCMA protein sequences (43) 
revealed a conserved motif of six cysteines in the N-terminal 
part, which strongly suggests that the BCMA protein belongs to 
the tumor necrosis factor receptor (TNFR) superfamily. BCMA, 
along with two related TNFR superfamily B-cell activation 
factor receptor (BAFF-R) and transmembrane activator and 
calcium modulator and cyclophilin ligand interactor (TACI), 
critically regulate B  cell proliferation and survival, as well as 
maturation and differentiation into PCs. These three function-
ally related receptors support long-term survival of B  cells 
at different stages of development by binding to BAFF and/
or APRIL (46–49), their cognate ligands. Specifically, BCMA 
is only induced in late memory B  cells committed to the PC 
differentiation and is present on all PCs (46, 50, 51). Expression 
of BCMA is induced, while BAFF-R is decreased, during PC dif-
ferentiation from B cells. Studies from BCMA-knockdown mice 
further indicate that BCMA is most important for long-lived 
PC survival but is dispensable for overall B  cell homeostasis 
(50, 52). A recent study showed that an enzyme, γ-secretase can 
cleave membrane BCMA, leading to decreased in membrane 
form BCMA and formation of soluble form BCMA (sBCMA) 
(53) (Figure 1).
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FiGURe 1 | Biological significance of B cell maturation antigen (BCMA) in plasma cells (PCs). (A) BCMA is selectively induced during PC differentiation, associated 
with loss of BAFF-R. It is expressed on late-stage B-cells, short-lived proliferating plasmablasts, and long-lived PCs. BCMA does not maintain normal B-cell 
homeostasis but is required for the survival of long-lived PCs. In multiple myeloma (MM), expression of BCMA is significantly increased on malignant vs normal  
PCs. (B) A proliferation-inducing ligand (APRIL) and BAFF are two natural ligands for BCMA. Specifically, APRIL binds to BCMA with a significantly higher affinity 
than BAFF. Activation of BCMA supports growth and survival of PCs via activating MEK/ERK, AKT, NFκB, JNK, p38 kinase, and Elk-1. In MM cells, overexpression 
of BCMA or binding of APRIL to BCMA activates AKT, ERK1/2, and NFκB pathways and upregulate antiapoptotic proteins, i.e., Mcl-1, Bcl-2, Bcl-xL to protect  
MM cells from dexamethasone- and interleukin-6 deprivation induced apoptosis. Furthermore, BCMA upregulates genes associated with activation of osteoclast, 
adhesion, and angiogenesis/metastasis. Moreover, overexpressed BCMA can induce the expression immunosuppressive molecules such as PD-L1 in MM cells. 
Membrane BCMA can be cleaved by γ-secretase, resulting in reduced number of membrane-bound BCMA molecules and increased soluble BCMA. Soluble  
BCMA can bind to APRIL and BAFF, which may interfere downstream BCMA signaling cascades. TACI, transmembrane activator and calcium modulator and 
cyclophilin ligand interactor; GC, germinal center.
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Earlier studies show that overexpression of BCMA in 293 cells 
activates the mitogen-activated protein kinase pathway, espe-
cially JNK and p38 kinase, the nuclear factors NFκB and Elk-1, 
without stimulation of BAFF or APRIL (54). BCMA expression 
is positively regulated by B-lymphocyte-induced maturation 
protein 1 (Blimp-1), a gene controlling proliferation of PCs 
(55). In KMS12 MM cell line, BCMA co-immunoprecipitates 
with interferon regulatory factor-4, a master transcription fac-
tor mediating survival of MM cells (56). Importantly, BCMA 
overexpression or APRIL binding to BCMA in MM cells signifi-
cantly promotes MM cell growth and survival in vivo (33, 57).  
Conversely, BCMA knockdown blocks MM cell proliferation 
and viability via downregulation of cell cycle progression and 
antiapoptosis molecules. APRIL and BAFF, via binding to 
BCMA and TACI, further activate NFκB pathways and upregu-
late antiapoptotic proteins (Mcl-1, Bcl-2, Bcl-xL) to protect MM 
cells against dexamethasone- and serum deprivation-induced 

cell death (31,  58, 59) (Figure  1). These studies establish a 
pathophysiological role of BCMA and APRIL in MM.

RATiONALe TO TARGeTiNG BCMA iN MM

B cell maturation antigen is exclusively expressed on the surface 
of plasmablasts and differentiated PCs, but not on memory B, 
naive B cells, CD34+ hematopoietic stem cells, and other nor-
mal tissue cells (41, 50, 51, 60–64). BCMA mRNA and protein 
are more highly expressed on malignant than normal PCs, as 
validated by multiple gene expression profiling (41, 42, 65, 66) 
and immunohistochemistry (IHC) studies (41). In the study 
by Carpenter et al. (41), cDNA copies of BCMA were detected 
by qPCR in several hematologic tissues including white blood 
cells, BM, lymph node, spleen, and tonsil. In normal tissues, 
low levels of BCMA cDNA copies were detected in the samples 
of testis, trachea and samples from gastrointestinal organs like 
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FiGURe 2 | B cell maturation antigen (BCMA)-based immunotherapies  
with multiple mechanisms of action against MM cells. Various BCMA-based 
treatment modalities are under clinical development are listed in Table 1  
and shown here. BCMA-NK Bi or Tri Ab, not shown here, can also 
specifically induce effector cell-mediated lysis of MM cells. ADC, antibody 
drug conjugate; Bi, bispecific full-length immunoglobulin; BiTE, bispecific  
T-cell engager; CAR T, chimeric antigen receptor T cell; MM, multiple 
myeloma cell; NK, natural killer cell; Mϕ, macrophage.
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duodenum, rectum, and stomach. When the expression was 
evaluated by IHC, BCMA protein expression was only detected 
on MM cells, lymphoid cells, or PCs from normal human organs 
such as duodenum, rectum, and stomach. However, BCMA 
protein expression was not detected on the other cell types in 
these organs (41). Another study examined BCMA expression 
on various blood cells and Hodgkin lymphoma cells using flow 
cytometry (63). BCMA expression was negative on naive and 
memory B cells, weak on founder B cells from germinal center 
(GC) and Reed–Sternberg cells, positive on GC B cells, but highly 
positive on plasmacytoid B cells. Based on these findings, BCMA 
protein is highly and specifically expressed on PCs, low levels of 
BCMA RNA detected in these normal organs would be due to 
existence of PCs.

Thus far, majorities of studies indicate that BCMA transcript, 
protein, and the serum BCMA level are significantly higher 
in MM cell lines and patient MM cells, when compared with 
normal donors. One recent study reported that median BCMA 
expression on patient MM cells was not to be higher compared to 
normal BMPC as shown in large patient cohorts (66). At protein 
levels, shedding of BCMA by γ-secretase controls PCs in the BM 
and may represent a potential biomarker for B-cell involvement 
in human autoimmune diseases (53). Significantly, sBCMA levels  
are increased in MM patients vs healthy individuals (67–69).  
Its level in patient serum is further correlated with disease 
status and prognosis. Furthermore, anti-BCMA antibodies are 
detected in MM patients in remission after donor lymphocyte 
infusion with graft-vs-tumor response, suggesting that antibody 
responses to cell-surface BCMA may directly contribute to 
tumor elimination (70). Moreover, low BCMA is detected in 
pDCs (42), which support survival and drug resistance of MM 
cells (21). In fact, pDCs are the only cell type other than PCs with 
detectable BCMA at significantly lower levels (>1-log lower) 
compared to matched PCs (42). These data confirm BCMA as a 
very promising MM antigen for targeted immunotherapy.

Both BCMA ligands APRIL and BAFF, to a lesser extent, are 
critical BM factors supporting growth and survival of malignant 
PCs in MM (31, 62). The levels of both ligands are significantly 
increased in serum samples of MM patients vs normal controls 
(31, 71). APRIL, which does not bind to BAFF-R, preferably 
binds to BCMA with much higher affinity than BAFF (nM vs 
μM), whereas BAFF has an approximate 100-fold selectivity 
for binding to BAFF receptor (BAFF-R) over BCMA (72, 73). 
Coupled with the fact that APRIL also binds to TACI on PCs 
via interaction with CD138/syndecan-1, APRIL is more specific 
to PCs than BAFF (57, 74–76). Importantly, APRIL directly 
promotes MM cell growth and survival in  vivo, since APRIL 
knockout mice injected with human MM cell lines live longer 
than wild-type mice under similar conditions (77). These results 
strongly supporting targeting BCMA for novel MM treatments.

As described below, GSK2857916, the first therapeutic 
anti-BCMA antibody–drug conjugates (ADCs) with multiple 
mechanisms of action against MM cells, used alone and with 
MM-protecting BM components, rapidly eliminates MM cells in 
two murine models and significantly prolongs survival of mice 
(42). These promising data further support clinical development 
of BCMA-targeted immunotherapies in MM.

BCMA-BASeD iMMUNOTHeRAPieS

The development of novel agents targeting BCMA is ongoing 
rapidly, especially following impressive clinical responses in 
relapsed MM patients using the first chimeric antigen receptor 
(CAR) T cell therapy (78). Currently, there are multiple BCMA-
based treatment modalities including: ADC, bispecific T-cell 
engager (BiTE), CAR T cell (CAR T), bispecific molecule, and 
bi/trispecific Abs (Figure 2) (summarized in Table 1), as well as 
cancer vaccines.

ANTiBODY–DRUG CONJUGATeS

Antibody–drug conjugate, one of the fastest growing class of can-
cer therapeutics, is composed of recombinant mAbs covalently 
bound to cytotoxic chemicals (payload) via synthetic chemical 
linkers (107). The mAbs first identify and bind to the antigen on 
the surface of tumor cells, and then is absorbed or internalized, 
together with the payload. After the ADC is internalized, the 
cytotoxic chemicals are released in the lysosomes and transported 
to cytosol to kill the tumor cells.

GSK2857916
GSK285791 is a humanized and IgG1 mAb with high affinity to 
BCMA (Kd of ~0.5 nM) (42), which uses non-cleavable linker, 
maleimidocaproyl (mc), and a new class of antimitotic agents, 
monomethyl auristatin F, as payload. This structure is charac-
terized by high stability and high antitumor potency, with low 
by-stander toxicity.

GSK2857916 binds to all CD138+ and BCMA+ MM cell lines 
and patient MM cells. MM cell proliferation is inhibited via G2/M 
arrest in a dose-dependent manner, and apoptosis is induced by 
activation of caspase 3/7 and 8. There are minimal effects on sur-
rounding BCMA-negative normal cells. GSK2857916 also triggers 
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TABLe 1 | List of Anti-B cell maturation antigen (BCMA) formats.

Therapeutic 
format

Compound  
(or name)

Company/ 
sponsor

Characteristics Clinical 
development

Reference

Antibody–drug 
conjugates

GSK2857916 GlaxoSmithKline  1. Humanized and afucosylated IgG1 mAb
 2. BCMA binding affinity: Kd of ~0.5 nM
 3. Anticancer drug: monomethyl auristatin F
 4. Linker: Maleimidocaproyl (non-cleavable)

Phase 1 (42, 79, 80)

HDP-101 Heidelberg  
Pharma

 1. Antigen-targeted amanitin-conjugates
 2. Humanized mAb
 3. Anticancer agent: Amanitin
 4. Linker: Maleimide (non-cleavable)

Preclinical (81, 82)

MEDI2228 MedImmune  1. Fully humanized antibody
 2. Anticancer drug: Pyrrolobenzodiazepine
 3. Linker: Protease-cleavable linker

Preclinical (83)

Bispecific T-cell 
engager

BI 836909 (Amg420)/
Amg701

Boehringer  
Ingelheim/Amgen

 1. Bispecific single-chain variable fragment  
with hexahistidine tag

 2. Targeting CD3 and BCMA

Preclinical (84, 85)

CAR T Anti-BCMA chimeric 
antigen receptor (CAR)

National Cancer  
Institute

 1. Transfection: γ-retroviral vector
 2. Extracellular domain: murine scFv
 3. Co-stimulation domain: CD28

Phase 1 (41, 78, 86)

bb2121 Bluebird Bio
Celgene

 1. Transfection: Lentivirus vector
 2. Extracellular domain: Murine scFv
 3. Co-stimulation domain: 4-1BB

Phase 1 (87)

LCAR-B38M Nanjing Legend  
Biotech

 1. Transfection: lentivirus vector
 2. Extracellular domain: Bispecific variable  

fragments of llama heavy-chain antibodies
 3. Co-stimulation domain: 4-1BB

Phase 1 (88, 89)

CART-BCMA Novartis  1. Transfection: Lentivirus vector
 2. Extracellular domain: fully human scFv
 3. Co-stimulation domain: 4-1BB

Phase 1 (90, 91)

KITE-585 Kite Pharma  1. Transfection: lentivirus vector
 2. Extracellular domain: fully human scFv
 3. Co-stimulation domain: CD28

Preclinical (92)

BCMA CAR Pfizer
Cellectis SA

 1. Transfection: lentivirus vector
 2. Extracellular domain: fully human scFv
 3. Co-stimulation domain: 4-1BB
 4. Inactivation of the T cell receptor alpha chain
 5. Contained an intra-CAR rituximab-recognition  

domain to deplete CAR T cells

Preclinical (93)

P-BCMA-101 Poseida  
Therapeutics

 1. In vitro transcribed mRNA and plasmid DNA,  
no viral transfection

 2. Extracellular domain: human fibronectin  
type III domain

 3. Contain a safety switch

Preclinical (94–96)

FHVH74-CD828Z
FHVH32-CD828Z
FHVH33-CD828Z
FHVH93-CD828Z

Tenebrio  1. Antigen-recognition domains composed of  
single fully human FHVH without light chain  
variable region domain or linker

 2. Co-stimulation domain: 4-1BB or CD28

Preclinical (97)

Descartes-08 Cartesian  
Therapeutics

 1. CD8+ anti-BCMA CAR T-cells modified  
transiently by mRNA transfection

Preclinical (98)

P-BCMA-ALLO1 Poseida  
Therapeutics

 1. NextGEN™ (NG) CRISPR gene editing system  
to disrupt both TCR and MHCI expression

 2. Non-viral piggyBac™ (PB) DNA transposition  
technology to produce CAR-T cells with highly  
desirable stem cell memory T cell subset

Preclinical (99)

EGFRt/BCMA-41BBz Juno  1. Transfection: lentivirus
 2. Extracellular domain: fully human scFv
 3. Co-stimulation domain: 4-1BB
 4. Suicidal gene: EGFRt

Phase 1 
(recruiting)

(89)

(Continued)
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Therapeutic 
format

Compound  
(or name)

Company/ 
sponsor

Characteristics Clinical 
development

Reference

Bispecific molecule BCMA/CD3 bispecific Pfizer
Alexo Therapeutics
Kodiak Sciences

 1. Fully-human IgG CD3 bispecific molecule  
with IgG2A backbone

 2. BCMA binding affinity: Kd 20 pM
 3. CD3 binding affinity: Kd ~40 nM

Preclinical (100)

Bispecific antibody EM801 EngMab AG
Celgene

 1. Two-arm IgG1-based human antibody
 2. One CD3 and two BCMA binding sites
 3. BCMA-binding affinity: Kd of 10 nM
 4. CD3-binding affinity: Kd of 70 nM

Preclinical (66)

aBCMA-TCB2/EM901 Celgene  1. Two-arm IgG1-based human antibody
 2. One CD3 and two BCMA-binding sites

Preclinicala (101)

Ab-957 Janssen  1. BCMAxCD3 bispecific antibody
 2. Ec50:
 a. BCMA + cell: 0.06–0.45 nM
 b. T-cell activation: 0.1–0.28 nM

Preclinical (102)

AFM26 Affimed  1. Targeting CD16A (NK cells) and BCMA
 2. NK-cell binding affinity: Kd of 1.2 nM

Preclinical (103, 104)

TNB383B/TNB-384B TeneoBio  1. Targeting BCMA and CD3
 2. Very low or absence of cytokine release  

after TNB-383B treatment

Preclinical (105)

Trispecific antibody Anti-CD16A/BCMA/
CD200 antibody

Affimed  1. Trispecific antibody format: CD16A/BCMA/CD200
 2. Bivalent binding to CD16A
 3. Monovalent binding to both BCMA and CD200

Preclinical (106)

Every effort has been made to obtain reliable data from multiple sources including http://clinicaltrials.gov/, companies, and other web sites, but accuracy cannot be guaranteed.
aMost recently, the BCMAxCD3 TCB CC-93269 (EM901) has entered clinical phase I testing (NCT03486067).

TABLe 1 | Continued
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ADCC and antibody-dependent cellular-mediated phagocytosis 
against patient MM cells. The cytotoxicity against MM cells is 
further enhanced when GSK2857916 is combined with lenalido-
mide via effector-dependent and -independent manners. Most 
importantly, in both disseminated and subcutaneous human  
MM xenograft models in mice, GSK2857916 rapidly eliminates 
MM cells and generated little toxicity in mice treated with 
continuous dosing for nine times at 4  mg/kg, with tumor-free 
survival up to 3.5 months in mice (42).

GSK2857916 was evaluated in a phase 1 study of patients with 
relapsed and refractory multiple myeloma (RRMM), including 
dose-escalating and expansion parts (79, 80). GSK2857916 mono-
therapy has demonstrated a 60% response rate and a median  
progression-free survival of 7.9  months in a group of hard to  
treat and heavily pretreated RRMM (80). It has recently been 
awarded Breakthrough Therapy designation from FDA and 
received PRIME designation from the European Medicines 
Agency (EMA).

HDP-101
HDP-1, an antibody-targeted amanitin conjugate, is an anti-
BCMA ADC with a novel payload amanitin, which binds to 
the RNA polymerase II in eukaryotic cells and inhibits cellular 
transcription at very low concentrations (108). HDP-1 was 
synthesized with the conjugation of maleimide-amanitin com-
pounds and engineered cysteine residues in the heavy chain of 
the humanized anti-BCMA Thiomab (109, 110).

HDP-101 demonstrated potent in  vitro cytotoxicity against 
BCMA-expressing MM cell lines at picomolar range, without 

effects on BCMA-negative cells. Significant tumor regression 
including complete remission was observed in the mouse xeno-
graft model in a dose-dependent manner. The tolerability and 
therapeutic index were good after a series of HDP-101 admin-
istrations at different concentrations in Cynomolgus monkeys. 
Mild-to-moderate elevation of liver enzymes and lactic dehy-
drogenase were noted, but these abnormalities were transient. 
HDP-101 has a long half-life in serum (about 12 days) (81, 82).

MeDi2228
The structure of MEDI2228 includes a fully human antibody site-
specifically conjugated to a pyrrolobenzodiazepine dimer via a 
protease-cleavable linker. This ADC is rapidly internalized into 
MM cells and trafficked to lysosomes.

MEDI2228 was highly active in 8 of 10 MM cell lines (IC50 
range 6 to 210 ng/mL) including cell lines regardless of BCMA 
levels (83). MEDI2228 was also active in the presence of BMSCs. 
A single injection of MEDI2228 induced human MM xenograft 
regression in mice at very low doses (0.1 mg/kg). MEDI2228 was 
characterized by weak binding capacity to recombinant mono-
meric human BCMA, but strong binding to membrane-bound 
BCMA. It kills an average of 95% of tumor cells in the presence 
of sBCMA at levels up to 720  ng/mL, without impact on IC50. 
Clinical trials of this new anti-BCMA will be starting in mid-2018.

BiSPeCiFiC T-CeLL eNGAGeR

Bispecific T-cell engager is a single-chain variable fragment (scFv), 
composed of two linked mAbs (bispecific antibodies) targeting 
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mainly CD3 on the surface of T-cells and tumor-associated anti-
gens. This unique structure allows BiTE to engage T-cells with 
tumor cells (111). After the binding, antitumor cytotoxicity and 
cytokine production of T cells are activated, and the formation of 
cytolytic immunological synapses are induced (112, 113). BiTE 
is also characterized by its small size (55 kDa), which makes it a 
highly potent and efficacious molecule to against cancer (114). 
However, the small size of BiTE is unstable due to short serum 
half-life, thus continuous infusion is required.

Bi 836909
BI 836909 is the first bispecific scFv with two linked scFvs in MM 
(84). The scFv targeting BCMA is positioned in N-terminal, and 
the scFv targeting CD3ε is in C-terminal, followed by a hexa-
histidine (His6-tag). BI 836909 simultaneously bind to CD3+ 
T cell and BCMA-expressing MM cells. This makes a cross-link 
between both cells to induce formation of cytolytic synapse, 
ultimately leading to activation of T cells and lysis of BCMA+ 
MM cells. These cytotoxic activities were not observed in BCMA-
negative cells. When cocultured with BM stromal cells, BI 836909 
retains potent anti-MM activity. Additionally, soluble APRIL 
and BCMA have only a mild effect on the anti-MM activity of 
BI 836909.

In mouse xenograft studies, BI 836909 led to tumor shrinkage 
in a subcutaneous NCI-H929 xenograft model and prolonged 
survival in an orthotopic L-363 xenograft model. In a cynomol-
gus monkey study, administration of BI 836909 resulted in sig-
nificant depletion of BCMA + PCs in the BM of monkeys (84).

A half-life extended anti-BCMA BiTE base on BI 836909 was 
recently reported to be effective in vitro and in vivo and is suitable 
for once-weekly dosing in MM patients (85).

CAR T CeLL THeRAPY

Adoptive transfer of T cells genetically modified to recognize 
tumor-associated antigens is a promising cancer treatment (115).  
By using techniques of genetic modification, T cells can express 
CAR, which are fusion proteins that have an antigen recogni-
tion region, usually scFv derived from antibody on the surface, 
and a costimulation domain in the cell. Unlike T cell receptor 
modified T cells, CAR T cells are not restricted by major histo-
compatibility complex (40).

In MM, several anti-BCMA CAR T  cell therapies have 
shown impressive clinical activities (some reaching 90–100%) 
with more are developed and under preclinical and/or clinical 
investigations (see Table 1).

OTHeR TRiALS OF ANTi-BCMA CAR-T 
THeRAPY

The combined infusion of CD19 and BCMA-specific CAR T 
Cells for RRMM was investigated in an early phase study (NCT 
03196414) (116). The cells contained respective anti-BCMA 
or anti-CD19 scFv transduced by lentivirus, OX40 and CD28 
costimulatory moiety, and CD3z T-cell activation domain. 
Clinical efficacy was evaluated in five patients monitored for 

more than 4 weeks, and showed that ORR was 100%, including 1 
sCR, 1 VGRP, 2 PR, and 1 SD (116).

ANTi-BCMA CD3 Bi- OR TRiSPeCiFiC 
MOLeCULeS

A Fully Human igG CD3 Bispecific 
Molecule Targeting BCMA
This fully-human IgG bispecific molecule is characterized by its 
long half-life (about 3 days in mice) (100). The molecule utilizes 
hinge mutation technology to pair anti-BCMA and anti-CD3 
targeting arms and places them in an IgG2A backbone. The anti-
MM cytotoxicity was observed in MM patient samples at very 
low concentration (EC50 = 0.093 ± 0.1 nM), lower than ADC. 
This molecule also effectively depleted low BCMA-expressing 
normal plasma B cells. The evolution of toxicity in cynomologus 
monkeys model showed favorable safety profile.

eM801
EM801 is asymmetric two-arm IgG1-based human antibody 
with two binding sites for BCMA and 1 binding site for CD3 
(66). EM801 promotes activation of CD4+ and CD8+ T-cells 
accompanied with release of IFN-γ, granzyme B, and perforin, 
and CD3+ T cell-dependent killing of MM cell lines. EM801 also 
induced significant cell death in malignant PCs by autologous 
T  cells in BM samples of previously untreated and RRMM 
patients at very low concentrations (from 10 pM to 30 nM).

BCMA-TCB2
B cell maturation antigen-TCB2 is a bispecific antibody, which 
shares similar structure of EM801, but with higher affinity to 
BCMA (101). BCMA-TCB2 induces lysis of MM cells, activation 
of T  cells, and natural emergence of the checkpoint inhibitor 
PD-1 on T  cells at very low concentration. Combination of 
BCMA-TCB2 with lenalidomide or daratumumab significantly 
enhanced antimyeloma efficacy. NK cells were also activated after 
BCMA-TCB2 treatment.

Ab-957
Ab-957 is bispecific IgG-like Ab generated by Genmab DuoBody® 
technology to target CD3 on T  cells and BCMA on MM cells 
(102). Preclinical studies also show that Ab-957 potently induces 
specific cytotoxicity of BCMA + MM cells in vitro and in vivo, 
with a concomitant activation of T cells at very low concentration.

AFM26
AFM26 is a bispecific antibody, which targets BCMA on MM 
cells and CD16A on NK cells (103, 104). AFM26 induces potent 
NK-cell-medicated cytotoxicity in BCMA+ MM, even when 
BCMA expression of BCMA was low. AFM26 does not induce 
NK-cell depletion. It shows similar anti-MM activity, but less 
inflammatory cytokine secretion, than BiTEs.

TNB383B and TNB-384B
TNB383B and TNB-384B are bispecific antibodies targeting 
BCMA on MM cells and CD3 on T cells, which are generated 
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TABLe 2 | Important milestone of anti-B cell maturation antigen (BCMA) 
immunotherapy for MM.

Years Major findings Reference

1992 BCMA gene was first found, which was located on 
chromosome band 16p13.1 in a human malignant  
T-cell lymphoma

(45)

1994 The structure of BCMA was investigated. BCMA  
is expressed in mature B cells

(44)

1998 BCMA gene was identified as a new member of  
the tumor necrosis factor receptor superfamily

(43)

2000 BCMA is the receptors of BAFF and a proliferation- 
inducing ligand

(47–49)

BCMA is expressed both on the surface and in an 
intracellular perinuclear structure of myeloma cell

(54)

Overexpressed BCMA can activate the MAPK  
pathway and the nuclear factors NF-κB and Elk-1

2001 In mouse model studies, knock out of BCMA had  
no significant impact on the life span of B cell.  
The humoral responses and memory responses  
remained intact

(52)

2002 Gene array study identified expression of BAFF,  
TACI, and BCMA in myeloma cells

(65)

2004 BCMA is necessary for the survival of long-lived  
bone marrow plasma cells (PCs)

(50)

BCMA is highly expressed in malignant PCs (62)

2007 Anti-BCMA MoAb and antibody–drug conjugate  
(ADC) were synthesized

(119)

Preclinical study showed antimyeloma activity  
in myeloma cell lines

2013 The first anti-BCMA chimeric antigen receptor  
(CAR) T was synthesized (by NCI)

(41)

This study confirmed BCMA to be exclusively  
expressed on malignant PCs

2014 Anti-BCMA ADC (GSK2857916) showed  
antimyeloma activity by induction of apoptosis  
and ADCC

(42)

2016 First phase 1 clinical trial of anti-BCMA  
CAR T therapy reported

(78)

First phase 1 clinical trial of anti-BCMA ADC  
reported (GSK2857916)

(79)

Promising results of several phase 1 clinical trials (78, 79, 90)

2017 High complete response rates to anti-BCMA  
CAR T therapy in relapsed and refractory  
multiple myeloma patients

(87, 88)
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based on the basis of in silico analysis of heavy chain only/fixed 
light chain antibody sequences (105). Both Abs showed signifi-
cant anti-MM cytotoxicity at very low concentration (nano- or 
pico-molar) and eradicated MM cell growth in mice. In addition, 
markedly reduced or absence of cytokine release is observed after 
TNB-383B treatment.

Anti-CD16A/BCMA/CD200 Antibody
This trispecific antibody is characterized by bivalent binding 
to CD16A on NK cells and monovalent binding to BCMA and 
CD200 on MM cells (106). This dual-targeting structure may 
increase selectivity of MM cells coexpressing both antigens and 
improve safety.

THeRAPeUTiC AGeNTS TARGeTiNG 
APRiL

Therapeutic agents blocking APRIL/BCMA are under inves-
tigated as well. A novel mouse anti-human APRIL antibody 
hAPRIL01A (01A) inhibits the binding of APRIL to BCMA 
and TACI (117). Importantly, 01A inhibited APRIL- and 
osteoclast-induced proliferation of MM cells and further induced 
apoptosis of MM cells in cocultures (33). 01A also enhances 
the cytotoxicity mediated by IMiDs and PI in the cocultures of 
MM cells with BCMA-negative BM accessory cells and effector 
cells. Furthermore, APRIL induces expression of genes involved 
in immunosuppression, such as PD-L1, TGF-β, and IL-10, are 
decreased in MM cells following 01A treatment (33). The early 
phase clinical trial of BION-1301, a fully humanized 01A mAb, 
is ongoing (118).

PeRSPeCTiveS AND CONCLUSiON

Since its discovery in 1992, accumulating evidence has demon-
strated that BCMA is a promising target for immunotherapy 
in MM (Table 2). CAR T therapy first demonstrated promis-
ing clinical efficacy in several phase 1 clinical trials in which 
high response rates are seen in heavily pretreated RRMM 
patients. GSK2857916, the first therapeutic BCMA-ADC, also 
shows impressive clinical efficacy and acceptable safety profile in 
RRMM resistant to multiple lines of current anti-MM treatments 
(Table 3). Similar efficacy in clinical trials can be anticipated for 
other anti-BCMA formats demonstrating highly selective anti-
MM activity in preclinical studies.

Ongoing efforts are attempting to make BCMA CAR T ther-
apy more potent, safe, and affordable for patients. To improve 
clinical efficacy, novel CAR T therapies are being developed 
to overcome relapse due to reduced tumor antigen, including 
modification of T cells with two distinct CAR molecules with 
two different binding domains, or one CAR molecule with two 
different binding domains in tandem (122–124). To reduce 
toxicities of conditioning chemotherapy, possible approaches 
include usage of less toxic conditioning chemotherapy, treat-
ing earlier in the disease course with less tumor burden, and 
improved supportive care (125). For prediction of severe 

cytokine releasing syndrome (CRS), several inflammation 
cytokines (especially IL-6) have been evaluated, and models 
have been established (125, 126). For the treatment of CRS, 
cytokine-directed therapy with anti-IL6 receptor inhibitor 
tocilizumab can abrogate toxicities (127, 128). Other strategies 
to reduce side effects include modification of CAR structure, 
such as incorporation of suicide genes into the engineered 
T  cells (129–131); adding an inhibitory CAR on engineered 
T  cells to reduce off-target immune response (132); or usage 
of a small molecule system to control CARs (133, 134). More 
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TABLe 3 | Summary of phase 1 clinical trials of anti-B cell maturation antigen (BCMA) agents.

Name enrollment criteria No. Prior treatment Protocol Results and efficacy Adverse event (Ae)

Antibody–drug 
conjugate

GSK2857916 
(79, 80)

RR MM or other 
hematologic  
malignancies  
expressing BCMA

Dose-escalating part
24 (multiple myeloma)

83%, ≥4 prior lines  
(alkylators, PIs, IMiDs,  
±stem cell transplantation)

IV infusion for 1 h ever  
3 weeks
8 dose levels
0.03, 0.06, 0.12, 0.24,  
0.48, 0.96, 1.92, 3.4 mg/kg

 1. 1 MR at 0.24 mg/kg
 2. 1 VGPR, 3 PR, 

and 1 MR at doses 
≥0.96 mg/kg

 3. Clinical benefit rate: 
25%

Overall: 23/24 (96%), nausea (42%),  
fatigue (38%), anemia (29%), chills (29%), 
pyrexia (29%), thrombocytopenia (29%),  
dry eye (21%), hypercalcemia (21%)
Gr 3/4 SE (>10%): thrombocytopenia, 
anemia, and neutropenia
Severe AEs: 8 (in 6 patients), including 1 
unresolved limbal stem cell dysfunction
Dose reduction: 4 patients
IRR: 7/24 (29%)
DLT (−)

Expansion part
35

50%, ≥5 prior lines  
(range 1–10)
All received PI and IMIDs
97% refractory to PI
91% refractory to IMiDs
40% received DARA (37% 
refractory)
89% refractory to PI  
and IMiDs

IV infusion for 1 h  
ever 3 weeks

1. 1 sCR, 2 CR, 15 
VGPR, and 3 PR

2. PFS: 7.9 months

 1. All patients had at least one AE
 2. Corneal events (63%), 

thrombocytopenia/platelet count 
decreased (57%), anemia (29%), AST 
increased (29%), and cough (26%)

 3. Gr 3/4 AEs (≥10%): thrombocytopenia 
(34%) and anemia (14%)

 4. Serious AEs were reported in 40% 
(14/35) of pts

 5. IRRs: 8 (2 Gr 1, 3 Gr 2, 3 Gr 3)

Chimeric  
antigen  
receptor  
(CAR) T

Anti-BCMA  
CAR (78)

RRMM
BCMA expression  
by either IHC or FCM

12 Median of 7 prior lines  
(range 3–13)

 1. Cy (300 mg/m2) 3 doses  
and Flu (30 mg/m2) 3 doses

 2. Followed by dose  
escalation of CAR T from  
(0.3, 1, 3, 9) × 106 cells/kg

1 sCR, 2 VGPR,  
1 PR, 8SD

Gr 3/4 AE: lymphopenia (100%),  
leukopenia (100%), neutropenia (100%), 
anemia (50%), thrombocytopenia (50%)

bb2121 (120) RRMM
50% BCMA  
expression on  
plasma cells

21 (18 evaluable  
for response)

Median of 7 prior lines  
(range 3–14)
All received auto-HSCT
71% exposed to Bort/ 
Len/Car/Pom/Dara
29% with penta-refractory

 1. Lymphodepletion: flu  
(30 mg/m2)/Cy (300 mg/m2) 
daily for 3 days

 2. Followed by 1 infusion of 
bb2121

 3. 3 + 3 design with planned  
dose levels of 50, 150,  
450, 800, and 1,200 × 106  
CAR T cells

Median follow-up 
after Bb2121 infusion: 
15.4 weeks
1. ORR:89% (16/18)
2. ORR:100% (15/15, 

with 150 × 106 or 
more CAR T cells)
4CR, 7 VGPR, 4PR
(4 MRD-)

3. MTD: 80 × 107 
CAR + T-cells

 1. CRS: 15/21 (71%), grade3 (n = 2)
 2. Gr 3/4 AE: lymphodepletion, 

hyponatremia (n = 4), CRS (n = 2),  
URI (n = 2), and syncope (n = 2)

 3. No DLT
 4. 1 death (cardiopulmonary arrest)  

more than 4 months after bb2121 
infusion in a patient with an extensive 
cardiac history (disease status: sCR)

LCAR-B38M  
(88, 121)

RRMM 19 (evaluable) ≥3 prior regimens  1. Median infusion cells:  
4.7 (0.6–7.0) × 106/kg,  
3 infusions in 6 days

1. ORR:100%, with 14 
sCR, 4 VRPR, 1 PR

 1. CRS:14 (74%), Gr 3/4 (n = 2)
 2. No neurologic AEs

(Continued)
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Name enrollment criteria No. Prior treatment Protocol Results and efficacy Adverse event (Ae)

RRMM, with 
extramedullary 
involvement

5 (2 with EMD) All relapsed after  
classical chemotherapy,  
IMiDs, and PIs
3 with prior auto-HSCT

 1. Pre-CAR-T treatment: 
fludarabine (25 mg/m2)  
and cyclophosphamide 
(250 mg/m2) daily for  
3 days (d-5–d-3)

 2. 0.62 × 106/kg (median) 
CAR-T cells for 3 days  
(d0, d2, and d6)

1. 1 CR, 1VGPR, 3 PR  1. Most common AEs: CRS
 2.  DLT (−) TRM (−)

CART- 
BCMA (90)

RRMM 33 consented
28 eligible
21 infused

Median 7 prior lines of  
therapy (range 3–11)
100% PI and IMIDs refractory
67% Dara refractory
95% had high-risk cytogenetics
67% del17p or TP53 mutation
29% extramedullary disease

 1. 3 split-dose infusions of  
CAR T cells (10, 30, 60%)

 2. 3 cohorts
a. 1–5 × 108 CART cells  

(n = 9)
b. Cy 1,500 m g/

m2 + 1–5 × 107 CART cells 
(n = 5)

c. Cy 1,500 mg/
m2 + 1–5 × 108 CART cells 
(n = 7)

18 (86%) received full 
planned dose, and 3 
received 40% of dose
Efficacy
Cohort 1:1 sCR,  
2 VGPR, 1 PR, 2 MR
Cohort 2:1 PR, 1 MR
Cohort 3:1 CR, 3 PR, 
1 MR
CAR T cell expansion
By qPCR: 100%
By FCM:90%

 1. Cohort 1 data 
Grade 3/4 SE: hypophosphatemia 
(n = 3), hypocalcemia (n = 2), 
anemia, neutropenia, lymphopenia, 
thrombocytopenia, hypofibrinogenemia, 
fatigue, pneumonia, UTI, elevated ALP 
and AST, hypokalemia, hypertension, 
and pleural effusion

 2. CRS 
Cohort 1:8 (3 grade 3/4,  
with 4 receiving tocilizumab)
Cohorts 2/3:9 (3 grade 3, none  
requiring tocilizumab)

 3. Neurotoxicity 
Cohort 1; 2 (grade 4 encephalopathy)
Cohorts 2/3:1 (grade 2 confusion/ 
aphasia)

 4. DLT (−)

ALP, alkaline phosphatase; AST, aspartate aminotransferase; auto-HSCT, autologous hematopoietic stem cell transplantation; Bort, bortezomib; Car, carfilzomib; CRS, cytokine releasing syndrome; Cy, cyclophosphamide; Dara, 
daratumumab; DOR, duration of response; DLT, dose-limiting toxicity; EMD, extramedullary disease; Flu, fludarabine; FCM, flow cytometry; Gr, grade, IHC, immunohistochemistry; IMiD, immunomodulatory drug; IRR, infusion-related 
reaction; Len, lenalidomide; MoAb, monoclonal antibody; MR, minimal response; MRD, minimal residual disease; MTD, maximal tolerated dose; ORR, overall response rate; PCR, polymerase chain reaction; PD, progressive disease; 
PI, proteasome inhibitor; Pom, pomalidomide; PR, partial response; PRES, posterior reversible encephalopathy syndrome; RRMM, relapsed and refractory multiple myeloma; sCR, stringent complete response; SD, stable disease;  
URI, upper airway infection; UTI, urinary tract infection; VGPR, very good partial response.

TABLe 3 | Continued
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cost-effective, time-saving, and more accessible CAR T  cell 
therapies are being developed, including allogeneic CAR T cells 
or CAR T cells utilizing novel manufacturing processes (93, 94).

For BCMA ADC, the first clinical trial has demonstrated effi-
cacy and safety. ADC delivering highly toxic chemicals into the 
tumor cells is a highly selective therapy, which is critical since, 
the conjugated toxic chemicals are extremely deadly. Currently, 
several novel promising payloads are under development, 
including α-amanitin, tubulysins, hizoxin, or spliceostatins 
(135–137). To improve penetration, novel ADC formats such 
as non-IgG scaffolds or non-internalizing mAb scaffolds, may 
be applied to anti-BCMA ADC (138). Besides modification of 
ADC structure, combinations of ADC with other antitumor 
agents with different mechanisms of action are also under 
further investigation. Given that immune checkpoint inhibitors 
have clinical efficacy in several cancers, studies evaluating the 
clinical efficacy of combining immune checkpoint inhibitors 
with BCMA ADC are also warranted in MM (139).

Bispecific T-cell engagers are currently evaluated in preclini-
cal studies. These anti-BCMA agents with excellent anti-MM 
effect will soon be investigated in clinical trials. Unlike CAR 
T cell therapy, BiTEs have a relatively short serum half-life and 
may not stimulate persistent immunity against cancer cells 
(140). Because it is difficult to maintain serum levels with bolus 
or intermittent infusion, continuous intravenous infusion may 
be needed (141). Importantly, long half-life molecules of BCMA 
BiTEs have been generated (85) and are currently being tested 
in a clinical trial. As CRS and neurotoxicity are also observed 
after BiTE treatment, close monitoring and adequate manage-
ment for these side effects is very important (142). BCMA 
BiTEs mainly mediate their anti-MM effect by recruiting 
nearby cytotoxic T-cells to MM cells. However, the function of 
T cells is severely impaired in heavily pretreated MM patients  
(143, 144). To optimize BiTE anti-MM activity, studies are 
evaluating combination therapy with other anti-MM agents or 
immune checkpoint blockers.

Besides MM, anti-BCMA therapies may have therapeutic 
potential in other BCMA-expressing malignancies. For exam-
ple, BAFF-R, BCMA, and TACI are all expressed on primary 
cells from patients with precursor B-cell acute lymphoblastic 
leukemia. Moreover, survival of leukemia cells is promoted by 
binding of BAFF and APRIL to their receptors, suggesting the 
therapeutic potential of targeting this signaling pathway (145). 
Other malignancies, such as Waldenstrom macroglobulinemia 
and glioblastoma/astrocytomas, also express BCMA on their cell 
surface (146, 147) and may benefit from these BCMA targeted 
therapies.

As BCMA is exclusively expressed on PCs, anti-BCMA treat-
ment will reduce the number of long-lived PCs. Since long-lived 
PCs play a critical role in maintaining humoral immunity, the 
impact of anti-BCMA therapy on immune function needs to 
be carefully and serially evaluated. To address this issue, more 
clinical observation and correlative studies are warranted. 
Another potential complicating factor in anti-BCMA immuno-
therapy is high serum level of sBCMA, cleaved from BCMA by 
γ-secretase. In MM patients, high levels of sBCMA have been 
detected, especially in the setting of progressive disease (68). 
In preclinical studies, sBCMA slightly influenced the potency 
(shift in EC50 values) but not the maximal lysis mediated by 
BI 836909 (84). GSK2857916 still induced significant MM1S 
cell lysis in the presence of MM1S culture supernatant (42). 
On the other hand, sBCMA level is markedly decreased in 
patients after successful CAR T cell therapy (78). More clinical 
studies are needed to determine whether the level of sBCMA 
can potentially interfere with efficacy of anti-BCMA treatment. 
Inhibition of γ-secretase to reduce the formation of sBCMA and 
enhance the expression of BCMA on MM cells is another novel 
treatment approach.

In conclusion, BCMA-based immunotherapy is a promis-
ing in MM. It is anticipated that most of these anti-BCMA 
approaches, alone and in combinations with immune checkpoint 
inhibitors, and as well as cancer vaccines, will be evaluated in 
clinical studies and offer the promise of more selective, better 
tolerated, anti-MM therapy.
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Immunomodulatory drugs and monoclonal antibody-based immunotherapies have sig-
nificantly improved the prognosis of the patients with multiple myeloma (MM) in the recent 
years. These new classes of reagents target malignant plasma cells (PCs) and further 
modulate the immune microenvironment, which prolongs anti-MM responses and may 
prevent tumor occurrence. Since MM remains an incurable cancer for most patients, 
there continues to be a need to identify new tumor target molecules and investigate 
alternative cellular approaches using gene therapeutic strategies and novel treatment 
mechanisms. Osteoclasts (OCs), as critical multi-nucleated large cells responsible for 
bone destruction in >80% MM patients, have become an attractive cellular target for 
the development of novel MM immunotherapies. In MM, OCs are induced and activated 
by malignant PCs in a reciprocal manner, leading to osteolytic bone disease com-
monly associated with this malignancy. Significantly, bidirectional interactions between 
OCs and MM cells create a positive feedback loop to promote MM cell progression, 
increase angiogenesis, and inhibit immune surveillance via both cell–cell contact and 
abnormal production of multiple cytokines/chemokines. Most recently, hyper-activated 
OCs have been associated with activation of programmed cell death protein 1 (PD-1)/
programmed cell death ligand 1 (PD-L1) pathway, which impairs T cell proliferation and 
cytotoxicity against MM cells. Importantly, therapeutic anti-CD38 monoclonal antibodies 
and checkpoint inhibitors can alleviate OC-induced immune suppression. Furthermore, 
a proliferation-inducing ligand, abundantly secreted by OCs and OC precursors, sig-
nificantly upregulates PD-L1 expression on MM cells, in addition to directly promoting 
MM cell proliferation and survival. Coupled with increased PD-L1 expression in other 
immune-suppressive cells, i.e., myeloid-derived suppressor cells and tumor-associated 
macrophages, these results strongly suggest that OCs contribute to the immunosup-
pressive MM BM microenvironment. Based on these findings and ongoing osteoimmu-
nology studies, therapeutic interventions targeting OC number and function are under 
development to diminish both MM bone disease and related immune suppression. In 
this review, we discuss the classical and novel roles of OCs in the patho-immunology of 
MM. We also describe novel therapeutic strategies simultaneously targeting OCs and
MM interactions, including PD-1/PD-L1 axis, to overcome the immune-suppressive
microenvironment and improve patient outcome.

Keywords: multiple myeloma, osteoclast, bone marrow microenvironment, osteoblast, programmed cell death 1, 
programmed cell death ligand 1, immunotherapy

54

https://www.frontiersin.org/Immunology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.01822&domain=pdf&date_stamp=2018-08-10
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/Immunology/editorialboard
https://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.01822
https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:yu-tzu_tai@dfci.harvard.edu
mailto:kenneth_anderson@dfci.harvard.edu
https://doi.org/10.3389/fimmu.2018.01822
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01822/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01822/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01822/full
https://loop.frontiersin.org/people/498660
https://loop.frontiersin.org/people/572025


Tai et al. PD-L1 and OC in Immune-Suppressive Myeloma Microenvironment

Frontiers in Immunology | www.frontiersin.org August 2018 | Volume 9 | Article 1822

iNTRODUCTiON

Multiple myeloma (MM), a malignancy of plasma cells (PCs), is 
defined by abnormal growth of malignant PCs within the bone 
marrow (BM), resulting in excessive monoclonal immunoglobu-
lin in the blood and urine, impaired renal function, and repeated 
infections in patients (1). Moreover, osteolytic bone disease is a 
central hallmark of MM, which severely impacts quality of life in 
>80% of patients (2, 3). Specifically, osteoclast (OC)-mediated 
lytic bone destruction remains a cause of major morbidity in MM. 
In the past two decades, the introduction of autologous stem-cell 
transplantation and the availability of novel agents with differ-
ent mechanisms of action including proteasome inhibitors (e.g., 
bortezomib, carfilzomib, ixazomib) and immunomodulatory 
drugs (IMiDs) (e.g., thalidomide, lenalidomide, pomalidomide) 
have revolutionized the therapeutic strategies for MM and sig-
nificantly prolonged overall survival of patients (4–7). However, 
cure is rarely achieved due to the development of drug resistance 
and persistence of minimal residual disease. Thus, there is unmet 
need for innovative treatment modalities to eradicate residual 
tumor clones and effectively prevent disease relapses, as well as 
enhance overall anti-MM immunity.

Recently, immunotherapies have showed significant clinical 
activities not only against malignant, PCs but also potentially 
relieving the immunocompromised status in MM. Currently, 
a variety of immunotherapeutic strategies are under intensive 
preclinical and clinical development, including monoclonal 
antibodies (mAbs), chimeric antigen receptor T (CAR T) cells, 
immune checkpoint inhibitors, and as well as cancer vaccines (8). 
Following the approval of the first two mAbs daratumumab tar-
geting CD38 and elotuzumab targeting SLAMF7 by FDA in late 
2015 for the treatment in relapse and refractory MM (RRMM), 
multiple combination trials of these two mAbs are ongoing (8, 
9). Excitingly, daratumumab has also shown clinical responses 
in newly diagnosed MM patients (9). Another therapeutic 
anti-CD38 mAb isatuximab, unlike daratumumab, can directly 
kill MM cells with p53 mutations and in the absence of effector 
natural killer (NK) cells in vitro (10). Indeed, isatuximab, when 
combined with lenalidomide or pomalidomide plus dexametha-
sone, also demonstrated significant activity in heavily treated 
RRMM (11, 12). Isatuximab is currently undergoing studies for 
the treatment of relapsed and previously untreated MM patients, 
pursuing FDA approval. Most importantly, more than a dozen 
targeted immunotherapies besides CD38 and SLAMF7 mAbs, 
alone or in combinations with current or emerging anti-MM 
therapies with different mechanisms of actions, have already 
entered clinical investigations.

Accumulating data for the past two decades has confirmed 
that the BM microenvironment plays a crucial role in the patho-
genesis and recurrence of MM (13, 14). Malignant PCs in the 
MM BM are in close contact with non-myeloma cells, including 
bone marrow stromal cells (BMSCs) (13, 15), osteoclasts (OCs) 
(16–20), myeloid-derived suppressor cells (MDSCs) (21, 22), 
tumor-associated macrophages (TAMs) (23), regulatory T-cells 
(Treg) (21, 24, 25), plasmacytoid dendritic cells (pDC) (26), and 
regulatory B-cells (Breg) (27). These BM accessory cells, alone or 
in collaboration with others, support the initiation, progression, 

and re-occurrence of MM. They further influence treatment 
responses and may promote clonal evolution of malignant PC 
clones to adapt to the immune microenvironment and escape 
immune surveillance. For example, MM cells increase their 
proliferation upon adherence to BMSCs and become resistant 
to dexamethasone treatment (13, 28). Cytotoxic effects of some 
conventional drugs, i.e., dexamethasone, melphalan, as well as 
antibody-mediated cellular cytotoxicity against MM cells are 
reduced in the presence of BMSCs (13, 29).

Among other abovementioned cells, hyperactive OCs cause 
osteolytic bone diseases affecting almost every MM patient, 
thereby making them a potential novel cellular target for novel 
therapeutics. OCs, critical mediators of bone absorption, are 
large cells with multiple nuclei derived from CD14+ lineage 
myeloid cells (i.e., monocyte, macrophage) under the influ-
ence of several OC-activating cytokines produced by multiple 
BM accessory cells. Among many OC-stimulating cytokines, 
macrophage-colony-stimulating factor (M-CSF) and receptor 
activator of nuclear factor-κB (NF-κB) ligand (RANKL) are two 
essential OC-differentiation factors during osteoclastogenesis. 
Traditionally, OCs are known to play a vital role in maintenance 
of bone metabolism by counteracting osteoblasts (OBs). In 
contrast to OBs, which produce and secrete matrix proteins and 
transport mineral into the matrix for bone formation, OCs are 
responsible for bone degradation by breaking down tissues. In 
addition to inducing growth and survival of MM cells, OCs are 
capable of regulating growth of other BM cells, such as hemat-
opoietic stem cells and B  cell progenitors (30–32). Moreover, 
a close crosstalk exists between skeletal and immune systems, 
termed osteoimmunology, since several regulatory molecules are 
shared by these two systems (33–35). Most recently, OCs have 
been further associated with maintenance of immunosuppres-
sive MM BM microenvironment via induction and secretion of 
several immune checkpoint proteins from OCs in close contact 
with MM cells (20) (Figure 1).

Programmed cell death ligand 1, also known as cluster of 
differentiation 274 (CD274) or B7 homolog 1 (B7-H1), is a 
40  kDa type 1 transmembrane protein encoded by the CD274 
gene located in the 9p24.1 region with the full length of cDNA 
870 bp in man (36, 37). Following binding to its cognate receptor 
programmed cell death protein 1 (PD-1) (CD279) expressed on 
activated T  cells, B  cells, NK  cells, and monocytes, the PD-1/
PD-L1 pathway inhibits immune activation by triggering the 
phosphatases that deactivate signals emanating from the T cell 
receptor (38–40). Specifically, the engagement of PD-L1 with 
PD-1 on activated T cell leads to T cell dysfunction, exhaustion, 
neutralization, and production of interleukin-10 (IL-10) (41, 42). 
PD-L1 also interacts with B7-1 (CD80) on activated T cells, which 
in turn downregulates T cell activity (43). This important check-
point pathway has been associated with autoimmune disease, 
infection, and cancer (37, 44–46).

In the tumor microenvironment, PD-1/PD-L1 pathway per-
forms a vital role in tumor progression and survival by escaping 
tumor neutralizing immune surveillance. PD-L1 is expressed on 
various tumor cells and antigen-presenting cells (APCs) (41). 
PD-L1 overexpression on tumor cells is further associated with 
higher risk of cancer progression and poor clinical outcome 
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FigURe 1 | Osteoclasts create an immunosuppressive microenvironment in multiple myeloma (MM). In MM, the interaction of MM cells and bone marrow stromal 
cells induces production of various cytokines and growth factors, as well as activates RANK/receptor activator of nuclear factor-κB (NF-κB) ligand pathway, to 
promote the differentiation and expansion of OCs from CD14+ OC precursors. OCs can directly inhibit proliferation of activated CD4+ and CD8+ effector T cells, 
thereby reducing their numbers and leading to decreased MM cell lysis. The expression of multiple immune checkpoint molecules on OCs is increased during 
osteoclastogenesis. Furthermore, the secretion of galectin-9 and APRIL is significantly augmented during OC formation, resulting in apoptosis of T cells, i.e., 
mediated by galectin-9, and enhanced programmed cell death ligand 1 expression on MM cells, i.e., mediated by APRIL, IL-6. APRIL, a proliferation-inducing ligand; 
BMSC, bone marrow stromal cell; HVEM, herpesvirus entry mediator; IDO, indoleamine 2, 3-dioxygenase.
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(47–49). Importantly, immune checkpoint inhibitors target-
ing PD-1/PD-L1 have generated groundbreaking and durable 
responses in a broad spectrum of advanced solid tumors (50) 
and blood cancers including B-cell lymphomas (51, 52). In MM, 
PD-1/PD-L1 is also activated and associated with immunocom-
promised status and drug resistance (53, 54), supporting the 
development of new treatments targeting this pathway in MM 
(55). Despite inconclusive early clinical reports (51, 55), this 
important immune checkpoint pathway may still represent one 
of the novel strategies with potential anti-MM activities targeting 
defective immune effector cells, when combined with current and 
emerging therapies for MM.

We here summarized mechanisms of myeloma bone diseases 
and the novel functional characterization of OCs in the immu-
nosuppressive BM microenvironment in MM via PD-1/PD-L1 
pathway. Also included are effects of various current and emerging 
anti-MM treatments on OCs, other cellular subtypes associated 
the MM bone disease, and immune cells in the BM. Finally, we 
discuss the novel strategies for immune-therapies targeting OC 
function and PD-1/PD-L1 pathway in combination with other 
MM treatments to further overcome OC-induced immune sup-
pression and prolong overall treatment responses.

MYeLOMA BONe DiSeASe: CLiNiCAL 
MANiFeSTATiON

The cells in skeletal system including OBs, OCs, and osteocytes 
closely communicate with each other to maintain the balance of 

bone metabolism. OBs provide essential signals, M-CSF, RANKL, 
and other co-stimulatory factors, to promote the differentiation 
of myeloid lineage precursors of OCs (56). However, this balance 
is significantly disturbed in the majority of MM patients, in whom 
OCs are highly activated accompanied with little or no OB activ-
ity (2). Eventually, increased bone-degrading effects accelerate 
osteoporosis and the development of lytic bone lesions, shown 
as characteristic “punched-out” lesions on skeletal X-ray (57, 58).

Clinically, approximately 80% of MM patients have radiologic 
evidence of bone involvement, and 90% have osteolytic manifes-
tations including generalized osteopenia or discrete lytic lesions 
over the course of disease (16, 59). The most commonly involved 
sites include vertebral bodies (49%), skull (35%), pelvis (34%), 
and ribs (33% of patients) (2, 3, 60). Patients with MM bone 
disease may suffer from skeletal-related events (SREs) includ-
ing pain, pathological fractures, spinal cord compression, and 
hypercalcemia. Furthermore, these SREs may increase mortality, 
decrease quality of life, and result in an adverse outcome (58, 61).

MYeLOMA BONe DiSeASe: MAJOR 
CeLLULAR AND MOLeCULAR 
MeCHANiSMS

The mechanisms of MM-related bone disease involve overactiva-
tion of OCs and inhibition of OBs via complicated interactions 
between various BM  cells and cytokines secreted by them (2). 
The contact between MM cells and BMSCs significantly increases 
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activity and accelerates differentiation of OCs, while inhibiting 
the growth of OBs (15, 62). For example, the binding of surface 
VLA-4 (α4β1 integrin) on MM cells to VCAM-1 on BMSCs induces 
production of cytokines, which favor bone absorption including: 
RANKL, M-CSF, IL-1, and IL-6 by BMSCs; and OC-activating 
factors including macrophage inflammatory protein-1α/β (MIP-
1α/β), IL-3, stromal-derived factor-1α, and tumor necrosis factor 
α (TNF-α) by MM cells(63–70). In addition, adhesion between 
MM cells and BMSCs promotes secretion of B-cell activation fac-
tor (BAFF), which also promote growth of MM cells (71, 72) and 
RANKL-independent proliferation of OCs (72). In parallel, p38 
mitogen-activated protein kinase signaling pathway is activated 
upon MM cell adherence to BMSCs, leading to more secretion of 
MM cell-supportive factors IL-6 and vascular endothelial growth 
factor (VEGF), in addition to induction of OC-activating factors 
(i.e., IL-11, RANKL, MIP-1α) (73). Moreover, IL-6 secretion 
by BMSC enhances expression and secretion of matrix metal-
loproteinase-13 (MMP-13) in MM cells (74). MMP-13, in turn, 
promotes fusion of OCs and bone absorption. Simultaneously, 
activated OCs support proliferation of MM cells by secreting 
more factors including annexin-II, osteopontin (OPN), IL-6, 
IL-10, insulin growth factor-1, BAFF, and a proliferation-inducing 
ligand (APRIL) (13, 20, 75–78).

In contrast, the expansion and activation of OBs is signifi-
cantly blocked in MM bone disease due to increased secretion 
of OB inhibitory factors including: dickkopf-1 (Dkk-1), soluble 
frizzled-related protein 2 (sFRP2), sFRP3, IL-3, IL-7, growth 
factor independence-1 (gfi1), hepatocyte growth factor, activin 
A, sclerostin, and TNF-α (2, 62, 79–84). These factors directly 
and indirectly block proliferation and differentiation of OBs, 
impairing mineral deposition and bone regeneration. In 
addition, osteoprotegerin (OPG), a soluble decoy receptor of 
RANKL, is produced by OBs and inhibits OC activation under 
normal physiological conditions. OPG levels are significantly 
decreased in MM bone disease (85), associated with reduced OB 
number. Defective bone formation due to decreased prolifera-
tion and differentiation of OBs induced by MM cells, along with 
reduced levels of OC inhibitory cytokines produced by OBs, 
further augments OC formation and induction of osteolytic 
bone destruction.

In terms of signaling transduction cascades, the RANK/
RANKL pathway critically regulates MM-induced bone lesions 
since several of the abovementioned OC-activating factors are 
induced via this pathway. RANKL is detected on the surface of 
MM cells and elevated in MM patients compared with health 
individuals and patients with monoclonal gammopathy of unde-
termined significance (MGUS) (86, 87). Concurrently, increased 
OCs induced by RANKL activate dormant MM cells (32). In fact, 
higher RANKL expression is associated with more severe bone 
disease and poorer clinical outcome (86, 88). In addition, MM 
cells express mRNA encoding the isoform of soluble RANKL 
(sRANKL), which directly promotes activation of OCs (89). 
Significantly, sRANKL is elevated in MM patients and closely 
related to generalized bone loss (90, 91).

Further studies on OC-gene expression profiling identify 
genes coding for 4 CCR2-targeting chemokines and genes coding 
for MM growth factors to be highly expressed by MM OCs (92). 

Specifically, higher CCR2 expression in MM cells is correlated 
with increased bone lesions, and CCR2 chemokines activate 
mitogen-activated protein kinase (MEK) pathway to support 
growth of MM cells (92). These results implicate the MEK1/2 
signaling cascade (93), which is significantly induced by M-CSF 
and RANKL, in the pathogenesis of MM bone disease(17, 18, 94).

OCs iN THe MM BM 
MiCROeNviRONMeNT

The suppression of the host immune system is a critical step in the 
progression of many cancers, including MM. The interaction of 
MM cells and surrounding cells promotes production of immu-
nosuppressive cytokines, growth of immune-suppressive cell 
populations, and suppression of the anti-MM ability of normal 
immune cells. For example, IL-6 and IL-10 levels are increased in 
the serum samples of MM patients, and both cytokines promote 
MM cell growth and survival in an autocrine and paracrine 
fashion. These two cytokines are also critical in MM-related 
immunosuppression, since IL-10 has potent immunosuppressive 
ability by inhibiting production of pro-inflammatory interferon-γ 
(IFN-γ) and TNF-α in immune effector cells (95), and IL-6 has 
been linked to impaired NK cell activity (96). Furthermore, the 
pro-osteoclastogenic LIGHT/TNFSF14 was recently linked to 
MM-bone disease (97). At the cellular level, inhibitory immune 
T  regulatory cells (Tregs), B regulatory cells, and pDCs are 
significantly increased in the BM of the patients with active 
MM (24, 26, 27). In parallel, MM cells induce the development 
of myeloid-derived suppressor cells (MDSCs), which in turn 
support proliferation of MM cells by promoting proliferation of 
Tregs and suppressing T-cell-mediated immune responses (22, 
98). Importantly, MDSCs induced by MM cells can further dif-
ferentiate into mature OCs capable of inducing bone lysis, which 
further links immune suppression and hyper-active bone lysis 
activity of MDSCs in MM progression (99). Furthermore, the 
increased percentage of circulating pre-OCs have been described 
in MM (100, 101).

The MM BM microenvironment is also characterized by 
increased angiogenesis, which further suppresses anti-MM 
immunity. Specifically, contact of MM cells and OCs enhances 
angiogenesis and production of angiogenic factors (VEGF and 
OPN), which in turn promote the expansion of OCs by vas-
cular endothelial cells (102). Both VEGF and OPN have been 
shown to directly induce proliferation of MM cells. In addition, 
increased OC formation by stimulation of RANKL or parathyroid 
hormone-related protein promotes angiogenesis via induction of 
MMP-9, a potent angiogenic factor secreted by OC mediating 
RANKL-induced angiogenesis. In contrast, OPG inhibits forma-
tion of OCs and decreases formation of new vessels (103).

Most recently, OCs have been shown to significantly block 
T cell proliferation and cytotoxicity in MM cells (Figure 2). The 
expression of several immune checkpoint molecules on OCs, 
including PD-L1, galectin-9, herpesvirus entry mediator, CD200, 
T-cell metabolism regulators indoleamine 2, 3-dioxygenase 
(IDO), and CD38, is significantly enhanced during OC formation 
in vitro (20) (Figure 1). Meanwhile, the secretion of galectin-9 
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FigURe 2 | Osteoclasts crosstalk with immune cells. The differentiation of OCs from its precursor (OC precursor) is mediated by multiple cytokines. For example, 
inflammation induces production of tumor necrosis factor α (TNFα), which activates OC formation directly or indirectly via BMSC. Another immune cell, the Th17 cell, 
which produces IL-17, also stimulate OCs via upregulation of receptor activator of nuclear factor-κB (NF-κB) ligand. The process of OC differentiation can be 
inhibited by INF-γ and IL4 produced by Th1 and Th2 cells, respectively. In parallel, T regulatory cells (Tregs) can inhibit OC precursors by secretion of TGF-β and 
IL-4. CTLA 4 expressed on Tregs can bind to CD80/86 on OC precursors and further influence the fate of OC precursors. OCs can activate several immune cells. 
First, OCs induce formation of CD8+FOXP3+ T cells, which in turn inhibit OCs. Second, OCs can act as antigen-presenting cells to promote immune response  
of CD4 or CD8 T cells. Third, OCs can induce differentiation of CD4+ T cell to TNFα-producing cells or CD4+FOXP3+ T cells, dependent on the surrounding 
microenvironment. BMSC, bone marrow stromal cell; IL, interleukin; INF, interferon; M-CSF, macrophage-colony-stimulating-factor; TGF, tumor growth factor;  
TNF, tumor necrosis factor; Treg, regulatory T cell.
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and APRIL by OCs is significantly increased. Galectin-9 signifi-
cantly induces apoptosis of T cells, and APRIL further induces 
expression of PD-L1 on MM cells mainly via MEK/ERK pathway. 
Significantly higher expression of PD-L1 was observed on OCs 
than MM cells, which was linked to profound inhibition of T cell 
activation to lyse MM cells. Importantly, the inhibition of T cell 
activation can be repaired using blocking PD-L1 or anti-CD38 
monoclonal antibody (20), suggesting potential clinical develop-
ment of these mAbs, alone and in combination, to overcome the 
immunosuppressive MM BM milieu.

OCs iN OSTeOiMMUNOLOgY

The skeletal and immune systems closely interact, since cytokines 
produced by lymphocytes significantly affect bone homeostasis. 
Among cells in these two systems, OCs significantly regulate 
intricate cytokine and cellular networks, as described above and 
in Figure 2. OCs interact not only with various BM cytokines but 
also control differentiation and expansion of multiple immune 
subsets. For example, inflammation or immune-related cytokines 
like TNF-α, IL-1, and IL-6, are associated with bone absorption 
(104–107). In autoimmune diseases like rheumatoid arthritis, 
production of cytokines (TNF-α, IL-1, IL-6, IL-17) is significantly 
increased in synovium and pannus, which may directly affect 
bone by upregulating OC activities at sites of articular erosion 
(108). In fact, TNF-α induces activation of OCs indirectly by 

enhancing the expression of RANKL and M-CSF in BMSCs or 
directly by interacting with OC precursors (109).

As for the interaction between OCs and immune cells, acti-
vated CD3+ or CD4+ T cells with RANKL expression support 
differentiation of OC in vitro (110, 111). A subset of CD4+ T cells 
(Th17), which produces IL-17 could upregulate RANKL and 
promote differentiation of OCs by the effect of IL-17 on BMSCs 
and OCs (112). T  cells also produce IL-7, which can promote 
formation of OCs by upregulating RANKL (113). In addition, 
activated T  cells secrete soluble RANKL (sRANKL), which is 
correlated with the formation of OCs and bone loss (114, 115). 
On the other hand, the activation of OCs can be downregulated 
by IFNγ and IL-4 secreted by Th1 and Th2 cells, respectively. IFN-
γ produced by T cells significantly suppresses differentiation of 
OCs by interfering with the RANKL–RANK pathway, including 
degradation of downstream molecules such as tumor necrosis 
factor receptor-associated factor 6 (TRAF6) (116).

On the other hand, human OCs can function as APCs by 
expressing class I and II MHC molecules and co-stimulatory mol-
ecules to in turn activate both CD4+ and CD8+ T cells (117). In 
a mouse model study, expression of RANKL was detected on the 
surface of activated CD4+ and CD8+ T cells (118). Conversely, 
inhibition by a RANKL inhibitor suppresses activation of T cells, 
suggesting the role of RANK/RANKL pathway in T cell activa-
tion. Meanwhile, OCs are capable of inducing differentiation of 
CD8+ T cells into FoxP3+ CD8+ Tregs, which not only decrease 
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antigen-specific T  cell proliferation but also suppress bone 
resorption by forming a negative feedback loop (119–123). In 
a similar fashion, adoptive transfer of CD4+CD25+ Tregs into 
T-cell deficient mice enhances bone mass formation accom-
panied by decreased OC numbers, partially mediated by IL-4 
and IL-10 (124). In addition, isolated human Tregs suppress 
OC differentiation via the secretion of TGF-β and IL-4 (125). 
CD4+CD25+Foxp3+ Treg can also inhibit differentiation of OCs 
by cytotoxic T  lymphocyte antigen 4 (CTLA4) in a cell-to-cell 
contact-dependent manner (126, 127). Specifically, CTLA4 on 
Tregs downregulates proliferation of OCs by binding to CD80/86 
on OC precursors (128). The engagement of CD80/86 by CTLA-4 
in OC precursors activates IDO, which in turn further degrades 
tryptophan and induces apoptosis of OC precursors.

A recent study in a mouse model showed that OCs derived 
from normal BM can induce CD4+FoxP3+ regulatory T  cells 
(129). On the contrary, OCs can induce TNFα-producing CD4+ 
T cells in an inflammatory bowel disease mouse model (129). All 
these findings suggest that OCs not only play a role in immune 
suppression, but also serve as true APCs depending on the origin 
and environment.

PD-L1 eXPReSSiON ON MM CeLLS  
AND OCs

Programmed cell death protein 1/PD-L1 pathway contributes 
to tumor progression and survival by escaping tumor neutral-
izing immune surveillance in the tumor microenvironment 
(130). PD-L1 has been linked to the maintenance of Tregs, 
which are associated with suppression of antitumor immune 
response (131). The expression of PD-L1 on tumor cells can be 
enhanced by IFNγ secreted by activated cytotoxic T cells in the 
tumor microenvironment, thereby downregulating antitumor 
immunity (132). In addition, PD-L1 expression can be altered 
by extrinsic factors like inflammatory cytokines, which induce 
signaling cascades including MEK/ERK, PTEN, mTOR, or PI3K 
pathways (133–135).

In MM, PD-L1 is expressed on PCs isolated from patients 
with MM and MM cell lines, but not on normal PCs (20, 133, 
136–138). The percentages of PD-L1 + PCs are higher on MM 
and smoldering MM than MGUS (133). Increased PD-L1 levels 
in MGUS patients is further linked to a higher risk of progression 
to clinical MM (139). PD-L1 expression on MM cells is enhanced 
following stimulation of IFNγ via activation of MYD88, TRAF6, 
and MEK/ERK signaling pathways; conversely, MEK1/2 inhibi-
tors partially block IFNγ-induced PD-L1 upregulation (20, 133). 
BMSCs also induce expression of PD-L1 on MM cells by produc-
tion of IL-6 via signal transducer and activator of transcription 
3, MEK1/2, or Janus kinase 2 (140, 141). In addition, MM cells 
with PD-L1 expression are correlated with higher proliferation 
rate and higher expression of BCL-2 and FasL than MM cells 
without PD-L1 expression. Moreover, the interaction between 
PD-L1 on MM cells and PD-1 not only inhibited tumor-specific 
cytotoxic T cells but also promoted drug resistance in myeloma 
cells through the PI3K/AKT signaling cascade (53). Importantly, 
higher serum level of soluble PD-L1 in MM patients is associated 
with shorter progression-free survival (142).

Programmed cell death ligand 1 is expressed on multiple 
immune cell subsets in the MM BM microenvironment, includ-
ing pDCs (137, 143), MDSCs (141), and OCs (20). Specifically, 
PD-L1 on pDCs is overexpressed in 81% of cases (143). 
Expression of PD-L1 is significantly higher on the CD141+ 
subset, which regulates immune response of CD8+ T cells, than 
on the CD141-negative CD4+ T  cells. PD-L1 on immunosup-
pressive MDSCs is increased in patients with RRMM compared 
with newly diagnosed MM (141). Significantly, blockade of PD-1/
PD-L1 pathway inhibits MDSC-mediated growth of MM cells. 
Furthermore, BM mesenchymal stem cells promote proliferation 
and reduce apoptosis of MM cells by suppressing T-cell immune 
responses via PD-1/PD-L1 pathway (144).

Furthermore, OCs induce expression of PD-L1 on MM cells 
in an APRIL-dependent manner via binding of two APRIL recep-
tors (BCMA and TACI), which are highly expressed on MM cells 
(20, 145) (Figure 3). Since OCs are the key physiological source 
of APRIL production in the BM microenvironment, these results 
further provide evidence of a positive feedback loop between OCs 
and MM cells in promoting PD-L1-mediated immunosuppres-
sion in MM. Meanwhile, increased PD-L1 expression on OCs 
further enhances immunosuppression by promoting the binding 
of PD-1 on T  cells and inducing dysfunction and apoptosis of 
effector T cells (20).

Some current and emerging anti-MM agents can affect the 
expression of PD-L1 on MM cells (Table 1). For example, protea-
some inhibitors, oncolytic reovirus, and a histone deacetylase 
inhibitor 6 (HDAC) inhibitor have been shown to enhance 
PD-L1 expression on MM cells (146–148). On the other hand, 
lenalidomide and MEK1/2 inhibitors, as well as APRIL blocking 
reagents, reduce PD-L1 induction on MM cells (20, 133, 141, 
145, 149). These findings support further investigations targeting 
PD-L1 in MM.

TARgeTiNg PD-1/PD-L1 PATHwAY wiTH 
vARiOUS CURReNT AND NOveL MM 
TReATMeNTS

Preclinical Studies
The combination of hematopoietic stem cell transplantation with 
whole-cell vaccination and PD-L1 blockade significantly improves 
the survival of MM-bearing mice (136). In another study where 
anti-MM activity is mainly mediated by pre-activated T cells, the 
combination of anti-PD-L1 inhibitor plus lymphodepletion by 
sublethal dose of radiation augments T-cell-mediated anti-MM 
effect and significantly improves survival of mice (54).

A combination of PD-1/PD-L1 blockade with IMiDs was 
also investigated in a study where NK  cells or T  cells were 
cocultured with CD138+ tumor cells isolated from MM patients 
and treated with PD-1or PD-L1 inhibitor, alone or together, 
and with lenalidomide (141). The immune checkpoint blockade 
by PD-1 or PD-L1, or PD-1/PD-L1 inhibitor combination, 
induced effector cell-mediated anti-MM cytotoxicity (137, 
141). The expression of PD-1 and PD-L1 on effector cells and 
MM cells was downregulated by lenalidomide. Lenalidomide 
further augments anti-MM cytotoxicity mediated by checkpoint 
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FigURe 3 | Targeting a proliferation-inducing ligand (APRIL) and programmed cell death ligand 1 (PD-L1) to overcome OC-mediated immune suppression in the 
multiple myeloma (MM) BM milieu. APRIL is secreted by myeloid lineage cells including OCs, OC precursors, tumor-associated macrophages, and MDSCs, in the 
BM. MDSCs induced by MM cells further differentiate into functional OCs. Besides the induction of critical downstream targets (listed in gray on the right), APRIL 
induces PD-L1 on MM cells via BCMA, a specific MM antigen. This positive feedback loop between MM cells and MM-supporting cells, coupled with increased 
PD-L1 expression, further inhibits effector-mediated MM cell lysis via binding to programmed cell death protein 1 (PD-1) on activated T and natural killer (NK) effector 
cells. Blocking PD-1/PD-L1 and APRIL monoclonal antibodies prevent these effects and may mitigate immune suppression in MM. Adapted from Ref. (20, 145). 
TAM, tumor-associated antigen; MDSC, myeloid-derived suppressor cells; BCMA, B cell maturation antigen; T/NK, immune effector cells; pDC, plasmacytoid 
dendritic cell. Red lines indicate inhibition in the presence of these blocking monoclonal antibodies; double arrow lines depict interactions.
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blockade dependent on NK and T effector cells. In addition, 
PD-1 inhibitor enhances production of INF-γ and granzyme B 
from NK cells against MM cells. Treatment with lenalidomide 
further upregulates PD-1 inhibitor’s enhancement of NK-cell 
lysis of MM cells (150).

When combined with HDAC6 inhibitor, anti-PD-L1 anti-
body can trigger even higher MM cell killing mediated by NK 
and cytotoxic T cells, compared with killing in the presence of 
either agent alone (148). In addition, oncolytic reovirus enhances 
expression of PD-L1 on MM cells and augments the anti-MM 
effect of anti-PD-L1 inhibitor (147). Furthermore, since T-cell 
dependent bispecific antibody (TDB) induces the expression of 
PD-1 on CD8+ T cells following the engagement of T cells and 
target MM cells, treatment with PD-L1 inhibitor could enhance 
anti-MM activity of MM targeted TDB, as recently shown using 
an anti-FcRH5/CD3 TDB (151).

Clinical Studies
In a phase 1b study, monotherapy with PD-1 inhibitor nivolumab 
was administered in RRMM patients (152); however, no obvi-
ous disease regression was observed. The preliminary data 
from a phase 1 study, which investigated anti-PD1 antibody 
pembrolizumab in combination with lenalidomide and low-
dose dexamethasone in patients with RRMM showed high 
response rate (76%) (153). Another phase 2 trial combining 
pembrolizumab, pomalidomide, and dexamethasone in RRMM 
patient also showed high response rate (60%) (154). This study 
further showed that higher PD-L1 expression on MM is linked 

to better progression-free survival. Importantly, however, there 
were more deaths in phase III trials in the cohorts comparing 
lenalidomide or pomalidomide with dexamethasone together 
with pembrolizumab than in patients treated with lenalidomide 
or pomalidomide with dexamethasone, which has curtailed the 
development of IMiD pembrolizumab combinations.

Regarding clinical trials of PD-L1 antibodies, single agent dur-
valumab or the combination of durvalumab with lenalidomide 
(NCT02685826) is being evaluated in patients with newly diag-
nosed MM. Durvalumab, alone or combined with pomalidomide 
(NCT02616640); as well as durvalumab in combination with 
daratumumab or in combination with pomalidomide, dexa-
methasone, and daratumumab (NCT02807454) are also clinical 
trials in RRMM patients. However, these trials are currently not 
actively recruiting patients for the time being due to the above-
mentioned safety concern. Nonetheless clinical trials of another 
anti-PD-L1 antibody, atezolizumab are ongoing in patients with 
RRMM (NCT02431208).

In addition to direct blockade of PD-1/PD-L1 by PD-1 or 
PD-L1 inhibitor, novel therapeutic interventions, which modulate 
the expression of PD-L1 on MM cells are under clinical evalua-
tion in RRMM patients, including the combination of oncolytic 
reovirus with lenalidomide or pomalidomide (NCT03015922), 
or oncolytic reovirus with bortezomib and dexamethasone 
(NCT02514382). Moreover, HDAC6 or MEK inhibitors are also 
under clinical investigation to potentially modulate expression 
pattern of PD-1 and PD-L1. The studies of PD-L1 inhibitors or 
PD-L1 modulators are listed in Table 1.
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TABLe 1 | Summary of trials of programmed cell death ligand 1 (PD-L1) inhibitors and treatment, which modulates PD-L1 expression.

Agents effect on PD-L1 in multiple 
myeloma (MM) cells

Clinical trials in MM

Atezolizumab Direct inhibition  1. Alone or in combination with an IMiD and/or daratumumab in relapse and refractory MM (RRMM) 
patients, phase 1 (NCT02431208). Status: recruiting

Durvalumab Direct inhibition  1. Monotherapy or in combination with pomalidomide with or without dexamethasone in RRMM 
patients, phase 1 (NCT02616640). Status: active, not recruiting

 2. Combination of durvalumab with lenalidomide with or without dexamethasone in newly diagnosed 
MM patients, phase 1 (NCT02685826). Status: active, not recruiting

 3. Combination of durvalumab with daratumumab with or without pomalidomide and dexamethasone 
in RRMM patients, phase 2 (NCT02807454). Status: active, not recruiting

Proteasome inhibitor Upregulation  1. Bortezomib with oncolytic reovirus and dexamethasone in RRMM patients (NCT02514382). Status: 
recruiting

Oncolytic reovirus Upregulation  1. Bortezomib with oncolytic reovirus and dexamethasone in RRMM patients (NCT02514382). Status: 
recruiting

 2. Combined with lenalidomide or pomalidomide in RRMM patients, phase 1 (NCT03015922). Status: 
recruiting

HDAC6 inhibitors Upregulation in MM cells Ricolinostat (ACY-241):

 1. Combination with pomalidomide and dexamethasone in RRMM patients, phase 1b/2 
(NCT01997840). Status: active, not recruiting

MEK1/2 inhibitor Downregulation  1. Binimetinib with encorafenib in RRMM patients with BRAFV600 E or BRAFV600K mutation, phase 
2 (NCT02834364). Status: recruiting

BTK inhibitor Downregulation  1. Ibrutinib with carfilzomib and dexamethasone in RRMM patients, phase 1/2 (NCT01962792). 
Status: active, not recruiting

 2. Ibrutinib with pomalidomide, and dexamethasone in RRMM patients: phase 1/2 (NCT02548962). 
Status: active, not recruiting

 3. Ibrutinib, bortezomib, and dexamethasone in RRMM patients, phase 2 (NCT02902965). Status: 
active, not recruiting

A proliferation-inducing 
ligand (APRIL) inhibitor

Downregulation BION-1301 in RRMM patients, phase 1/2 (NCT03340883). Status: recruiting

APRIL CAR T cells Downregulation RRMM patients, phase 1/2 (NCT03287804). Status: recruiting

BCMA CAR T cells Downregulation  1. bb2121 in RRMM patients, phase 1 (NCT02658929). Status: active, not recruiting.
 2. bb2121 in RRMM patients, phase 2 (NCT03361748). Status: recruiting.
 3. Anti-BCMA CAR-T for heavily pretreated MM patients, phase 1 (NCT02215967). Status: active, not 

recruiting.
 4. Combination of anti-BCMA CAR-T with lenalidomide in RRMM patients, phase 1 (NCT03070327). 

Status: recruiting.
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THeRAPeUTiC iNTeRveNTiONS 
TARgeTiNg OCs iN MM THeRAPieS

Many novel agents have been under evaluation not only for 
their direct anti-MM activity but also their abilities to abro-
gate MM-supporting activities in the BM microenvironment, 
including targeting of OCs. They include bortezomib and 
IMiDs, which are already standard anti-MM therapies, as well 
as several novel agents showing promising results in preclinical 
studies (Table 2).

Bortezomib, as a proteasome inhibitor, not only has direct 
anti-MM activity, but also targets cells associated with MM bone 
disease. Bortezomib induces dose-dependent growth inhibition 
and apoptosis, as well as blocks differentiation, of OCs. It further 
decreases the resorption capacity of mature OCs, reduces the total 
number of functional OCs, and increases differentiation of OBs 
(155–157). In addition to the induction of differentiation and 
growth of OBs, therapeutic proteasome inhibitors bortezomib 
and carfilzomib promote bone nodule formation, associated with 

reduced levels of DKK-1 and RANKL (158–160). Bortezomib 
preferentially induces differentiation of mesenchymal stem/
progenitor cells to OBs by regulating expression of the bone-
specifying transcription factor runt-related transcription factor 
2 in a mouse model (161).

Immunomodulatory drugs inhibit formation of OCs by 
inhibiting PU.1 and pERK (2, 162). Cathepsin K, an important 
molecule in bone collagen matrix resorption, and the serum level 
of RANKL and RANKL/OPG ratio are significantly reduced in 
MM patients receiving lenalidomide treatment. Furthermore, 
lenalidomide and pomalidomide normalize RANKL/OPG ratio 
and inhibit upregulation of RANKL by downregulating adhesion 
molecules on MM cells (163).

Bisphosphonate is routinely used in MM bone disease treat-
ment to reduce risk of skeletal events (164, 165). Bisphosphonate 
has high affinity for bone mineral surfaces at sites of active bone 
remodeling by OCs. It induces apoptosis of OCs while protecting 
OBs from apoptosis, in addition to blocking differentiation and 
maturation of OCs (2, 166, 167).
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TABLe 2 | Summary of therapeutic agents targeting osteoclasts (OCs) and other cells associated with multiple myeloma bone disease.

Agents Mechanisms Reference

Proteasome inhibitor  1. Induce apoptosis and block differentiation of OCs
 2. Increase differentiation of OB
 3. Reduced level of DKK-1 and receptor activator of nuclear factor-κB (NF-κB) ligand (RANKL)

(94, 155, 157,  
159, 160)

Immunomodulatory drugs  1. Targeting PU.1 and pERK to inhibit formation of OC
 2. Normalize RANKL/osteoprotegerin ratio

(162, 163)

Bisphosphonate  1. Induce OC apoptosis but protect OB from apoptosis
 2. Block differentiation and maturation of OC

(166, 167)

RANKL inhibitor  1. Decrease OC formation and activity.
 2. Minimal or stimulatory effects on OB.

(18, 168, 169)

BTK inhibitor  1. Suppress bone resorption and differentiation of OCs
 2. Inhibit secretion of multiple cytokines and chemokines from OCs and bone marrow stromal cells

(93, 94)

Anti-CD38 antibody  1. Inhibition of OC formation and bone resorption
 2. Overcome the inhibition of T-cell proliferation blocked by OCs
 3. Inhibit immune checkpoint molecules on OCs

(20, 173)

Programmed cell death protein 1/programmed 
cell death ligand 1 antibody

Block OC-mediated inhibition in T-cell activation and proliferation (20)
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Denosumab (AMG165), a fully human monoclonal antibody 
(IgG2), blocks the binding of RANKL to its receptor expressed 
on OCs and their precursors, leading to decreased OC activ-
ity and inhibition of bone resorption, followed by increased 
bone mass and strength (168, 169). Denosumab reduces bone 
resorption, increases mass of cortical and cancellous bone, and 
improves the microstructure of trabecular bone (170). A phase 
3 clinical trial in MM has shown that denosumab is not inferior 
to zoledronic acid, the bisphosphonate most commonly used to 
reduce skeletal-related event in newly diagnosed MM patients 
(3, 171).

The development and integration of anti-CD38 monoclonal 
antibody is an important milestone in MM immunotherapy. 
In addition to MM cells, CD 38 is also expressed on normal 
PCs, NK cells, monocytes, early OC progenitors, and OCs, but 
not on the surface of stromal and osteoblastic cells (172, 173). 
Daratumumab inhibits OC formation and bone resorption 
(173). The inhibition of T-cell proliferation caused by OCs is par-
tially overcome by anti-CD38 monoclonal antibody isatuximab 
(20) via inhibition of multiple immune checkpoint molecules 
expressed on OC. Since anti-PD-L1 partially overcomes inhibi-
tory effects of OCs on T-cell activation and proliferation, these 
results suggest potential therapeutic benefit of combining CD38 
and PD-1/PD-L1 mAbs to block OC-induced immunosuppres-
sion in MM.

PeRSPeCTiveS AND CONCLUSiON

Programmed cell death protein 1/PD-L1 pathway plays a critical 
role in the immunosuppressive tumor microenvironment in MM. 
As PD-L1 is overexpressed in MM patient cells and other cells 
associated with immunosuppression including OCs, MDSCs, 
TAMs, Tregs, and pDCs, blockade of PD-1/PD-L1 pathway may 
confer an anti-MM effect by restoring the immune dysfunction. 
Early phase clinical trials in MM showed that blockade of PD-1/
PD-L1 pathway alone does not achieve responses. Although 

combining PD-1 inhibitor with IMiDs (lenalidomide and poma-
lidomide) showed higher response rates in RRMM patients, 
clinical trials combining PD-1 inhibitors with IMiDs in MM are 
currently put on hold due to safety concerns.

On the other hand, anti-PD-L1 mAbs also show promising 
clinical benefit with acceptable safety profile in clinical trials of 
various solid tumors, leading to increasing interest in targeting 
PD-L1 in MM (174). Preclinical studies showed that treatment 
with anti-PD-L1 antibody induces no direct MM killing, but 
significantly restores the anti-MM activity of cytotoxic T cells or 
NK cells, suggesting that PD-L1 inhibitor might be a therapeutic 
partner with other anti-MM agents. Several combinations of 
molecules which either upregulate or downregulate expression 
of PD-L1 in combination with anti-MM agents are under evalu-
ation (Table 1). Early phase clinical trials conducted with BCMA 
CAR-T therapy, HDAC6 inhibitors, and oncolytic reovirus in 
RRMM patients have shown preliminary promising results 
(175–177). Novel strategies targeting immune checkpoints and 
the OC-related pathway have also shown impressive results in 
preclinical studies. For example, the combination of RANKL 
and CTLA4 antibody enhances antitumor effect of lymphocytes 
(178). Blockade of RANKL pathway also augments the antitumor 
effect of PD1-PD-L1 blockade or dual PD1-PD-L1 and CTLA4 
blockade in an animal model (179). Since RANKL inhibitor 
is now used in MM patients with bone disease, combinations 
with above agent represent potential novel therapeutic strate-
gies. Finally, preclinical data combining CD38 with PD-1 and/
or PD-L1 mAbs provides the rationale for clinical evaluation of 
these combinations. These various combination therapies may 
overcome primary and acquired resistance to anti-PD-1/PD-L1 
therapies in MM.

An effective anti-MM immunotherapy not only relies on 
effective killing of MM cells themselves, but also on success-
fully restoring anticancer immune function. Immunotherapy 
targeting PD-1/PD-L1 pathway has revolutionized the treat-
ment in several progressive solid tumors but is accompanied by 
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immune-related adverse events in some patients. For anti-PD-1/
PD-L1 immunotherapy to proceed in MM, it will be critical to 
investigate both the direct effects on tumor cells, as well as the 
impact on cellular- and cytokine-mediated immunosuppression 
in the MM microenvironment. Moreover, delineating molecular 
mechanisms regulating PD-L1 and PD-1 expression in the MM 
BM milieu will identify novel targets for potential therapeutic 
application.
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MM cells express high levels of CD38, while CD38 is expressed at relatively low levels

on normal lymphoid and myeloid cells, and in some non-hematopoietic tissues. This

expression profile, together with the role of CD38 in adhesion and as ectoenzyme,

resulted in the development of CD38 antibodies for the treatment of multiple myeloma

(MM). At this moment several CD38 antibodies are at different phases of clinical testing,

with daratumumab already approved for various indications both as monotherapy and

in combination with standards of care in MM. CD38 antibodies have Fc-dependent

immune effector mechanisms, such as complement-dependent cytotoxicity (CDC),

antibody-dependent cellular cytotoxicity (ADCC), and antibody-dependent cellular

phagocytosis (ADCP). Inhibition of ectoenzymatic function and direct apoptosis induction

may also contribute to the efficacy of the antibodies to kill MM cells. The CD38 antibodies

also improve host-anti-tumor immunity by the elimination of regulatory T cells, regulatory

B cells, and myeloid-derived suppressor cells. Mechanisms of primary and/or acquired

resistance include tumor-related factors, such as reduced cell surface expression levels of

the target antigen and high levels of complement inhibitors (CD55 and CD59). Differences

in frequency or activity of effector cells may also contribute to differences in outcome.

Furthermore, the microenvironment protects MM cells to CD38 antibody-induced ADCC

by upregulation of anti-apoptotic molecules, such as survivin. Improved understanding

of modes of action and mechanisms of resistance has resulted in rationally designed

CD38-based combination therapies, which will contribute to further improvement in

outcome of MM patients.

Keywords: CD38, antibody, daratumumab, isatuximab, MOR202, TAK-079, resistance, mode of action

INTRODUCTION

CD38 was discovered in 1980 by E.L Reinherz and S. Schlossman, and is a type II transmembrane
glycoprotein. CD38 plays a role in regulation of migration, receptor-mediated adhesion by
interaction with CD31 or hyaluronic acid, and signaling events (1–3). Furthermore, CD38 also
has ectoenzymatic activity and is involved in the generation of nucleotide metabolites, which play a
role in the control of intracellular calcium stores (4). Under normal conditions, CD38 is expressed
at relatively low levels on myeloid and lymphoid cells and in some non-hematopoietic tissues
(1). In contrast, normal plasma cells and multiple myeloma (MM) cells have high levels of CD38
expression, whichmakes CD38 an interesting target for therapeutic antibodies targeting cell surface
molecules in MM.

69

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.02134
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.02134&domain=pdf&date_stamp=2018-09-20
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:n.vandedonk@vumc.nl
https://doi.org/10.3389/fimmu.2018.02134
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02134/full
http://loop.frontiersin.org/people/524008/overview


van de Donk and Usmani Modes of Resistance to CD38-Targeting Antibodies

Currently, daratumumab (fully human; Janssen
Pharmaceuticals) is the first CD38-targeting antibody, which
is approved as single agent and in combination with several
standards of care in MM (4). Additional CD38 antibodies that
are under clinical evaluation include isatuximab (chimeric;
Sanofi), MOR202 (fully human; Morphosys), and TAK-079 (fully
human; Takeda) (5). CD38 antibodies are not only evaluated
in relapsed/refractory MM, but also in patients with newly
diagnosed MM (6). Furthermore, various preclinical studies,
case reports, and clinical trials have already demonstrated
promising results of CD38 antibodies in other malignancies such
NK/T cell lymphoma, T-cell acute lymphoblastic leukemia, and
immunoglobulin light-chain amyloidosis (7–11).

Although, immunotherapy with CD38-targeting antibodies
is an attractive approach because of a favorable toxicity profile
and high activity of CD38 antibodies alone or in combination
with standards of care, there is substantial heterogeneity in
quality and duration of response among patients. In this
review, we will first describe the different modes of action of
CD38 antibodies: Fc-dependent immune effector mechanisms,
direct effects, and immunomodulatory effects. This is followed
by a discussion of several host- and tumor-related factors
that influence daratumumab efficacy. We will also discuss
which mechanisms contribute to the development of acquired
resistance to CD38 antibodies. An increased understanding of
mechanisms underlying variability in sensitivity or acquired
resistance to CD38-targeting antibodies, may lead to new
strategies to improve the effectiveness of CD38 antibody-based
treatment. Our review will not discuss all details of the clinical
studies which evaluated CD38 antibodies, and for this topic
we refer to several excellent and recently published reviews
(5, 12–14).

MECHANISM OF ACTION OF

CD38-TARGETING ANTIBODIES

Classic FC-Dependent Immune Effector

Mechanisms
CD38 antibodies kill tumor cells via Fc-dependent immune
effector mechanisms including complement-dependent
cytoxicity (CDC), antibody-dependent cell-mediated cytotoxicity
(ADCC), antibody-dependent cellular phagocytosis (ADCP),
and apoptosis upon secondary cross-linking (4, 5, 15). ADCC,
ADCP, and crosslinking, are dependent on the interaction of the
Fc region of the antibody with Fcγ receptors (FcγRs) expressed
on immune effector cells. Importantly, the CD38-targeting
antibodies differ with respect to their potency to induce CDC,
ADCC, ADCP, or apoptosis upon secondary cross-linking (16).
This may be explained in part by unique epitopes of the different
CD38 antibodies.

ADCC
Therapeutic antibody-mediated ADCC results in lysis of
antibody-coated tumor cells by effector cells. NK-cells play
a critical role in ADCC mediated by therapeutic antibodies.
Indeed, depletion of NK-cells markedly reduced the capacity of

daratumumab to kill MM cells via ADCC (17). Upon the binding
of FcγRs to the Fc tail of the CD38-targeting antibody, NK-
cells release toxic proteins including granzymes and perforins,
which will kill the target cells (18). In addition, macrophages,
neutrophils, eosinophils, and γδ T-cells have also been shown
to induce ADCC against tumor cells coated with a therapeutic
antibody (19, 20), but their role in CD38 antibody-induced
ADCC is currently unknown and requires further investigations.

ADCP
In the process of ADCP, phagocytosis of antibody-opsonized
tumor cells occurs via binding of FcγRs (such as FcγRIIA
and FcγRIIIA), which are present on monocytes and
macrophages. Phagocytosis contributes to the anti-tumor activity
of CD38-targeting antibodies (16, 21). Interestingly, individual
macrophages have the ability to quickly and sequentially engulf
multiple daratumumab-coated tumor cells, indicating that
ADCP is an efficient killing mechanism of daratumumab (21).

Uptake of antibody-opsonized cancer cells by antigen-
presenting cells, such as macrophages and dendritic cells
may also lead to enhanced antigen presentation, which may
contribute to the development of tumor antigen-specific CD4+

and CD8+ T-cell immune responses (22, 23). This has been
demonstrated for several therapeutic antibodies (24), but
additional investigations are required to analyze to what extent
FcγR-mediated enhancement of antigen presentation contributes
to the anti-MM activity of CD38-targeting antibodies.

CDC
Binding of C1q to the Fc tail of the therapeutic antibody initiates
the complement cascade, ultimately resulting in the generation
of the membrane attack complex (MAC) and subsequently
permeabilization of the cell membrane (25, 26). Deposition
of complement components, such as C3b, on the surface
of the target cell, is also the consequence of complement
activation. These deposited complement components interact
with complement receptors on phagocytic cells resulting in
the engulfment of the tumor cells. In addition, complement
activation also leads to generation of C3a and C5a. C5a increases
expression of activating FcγRs, while at the same time reducing
inhibitory FcγRs, which leads to enhanced phagocytosis capacity
of effector cells. C3a and C5a also recruit immune cells to
the tumor. Altogether, this indicates that there may be synergy
between complement and the FcγR system in eliminating tumor
cells (27, 28).

Daratumumab is the most effective inducer of CDC of all
currently available CD38 antibodies (4). Indeed, daratumumab
was selected from a panel of 42 antibodies based on its ability to
strongly induce CDC (29).

Direct Effects
In an antibody screen, isatuximab was selected for further
evaluation based on its ability to directly trigger MM cell death
in the absence of cross-linking agents and independently of
effector cells, even in cells harboring p53 mutations (30, 31).
These direct effects are independent of Fc fragment binding to Fc
receptors (30). Isatuximab-mediated MM cell death is mediated
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by the classical caspase-dependent apoptotic pathway, as well
as the lysosomal cell death pathway, which is characterized by
lysosomal enlargement, lysosomal membrane permeabilization,
and cathepsin hydrolase release (30). Isatuximab induces
reactive oxygen species production, which occurs downstream
of lysosomal activation and contributes to MM cell death (30).
Daratumumab and MOR202 lack the ability to directly induce
MM cell death (16). In addition, CD38 antibodies also modulate
the enzymatic activity of CD38, whichmay contribute toMM cell
death (4, 16).

It is currently unknown whether CD38 antibodies also
modulate the activity of key signal transduction pathways
that regulate growth and survival, as has been described for
other therapeutic antibodies, such as rituximab (32). A better
understanding of these potential effects, may lead to improved
CD38 antibody-based combinations.

Immunomodulatory Effects
Next to the classic Fc-dependent mechanisms of action,
daratumumab has also immunomodulatory effects via the
elimination of CD38-positive immune suppressor cells, such as
regulatory T cells (Tregs), regulatory B cells, andmyeloid-derived
suppressor cells (4, 33, 34). The depletion of these suppressor
cells in the bone marrow (BM) microenvironment explains the
increase in T-cell numbers, T-cell clonality, as well as T-cell
activity following the initiation of daratumumab treatment (33,
35). Furthermore, T-cells also contain higher levels of granzyme
B after exposure to daratumumab, which indicates that they have
improved killing capacity (36, 37). Altogether, this suggests that
daratumumab treatment leads to an improved host-anti-tumor
immune response, which may be important for sustained disease
control (33, 34).

Laboratory experiments showed that isatuximab also has
immunomodulatory activity, but at this moment no data are
available from isatuximab-treated patients. Isatuximab inhibits
the suppressive function of Tregs by reducing their numbers,
decreasing immune inhibitory cytokine production including IL-
10, and blocking their trafficking. This results in improved NK-
and T-cell-mediated anti-tumor immune responses (38).

Interestingly, exhausted T-cells not only express high levels of
well-known inhibitory receptors, such as PD-1, but also CD38
(39, 40). Recent findings suggest that the NADase activity of
CD38 also contributes to the development of T-cell exhaustion
via reducing nicotinamide adenine dinucleotide (NAD+) levels
in T-cells, resulting in decreased Sirt1/Foxo1 activity (40). Indeed,
elevated levels of NAD+ in T-cells are required for an optimal
anti-tumor T-cell immune response (40). Importantly, CD38
inhibition on T-cells by anti-CD38 antibodies improved anti-
tumor activity in mouse models by increasing NAD+ levels (40).

MECHANISMS OF RESISTANCE

In a pooled analysis of 148 patients who received daratumumab
treatment as single agent at a dose of 16 mg/kg in the first
in human phase 1/2 GEN501 study (41) or in the Sirius study
(42), at least partial response (PR) was achieved in 31% of the
patients including at least very good partial response (VGPR)

in 13.5% and complete response (CR) in 4.7% (43). These
patients were heavily pretreated with a median of five prior
lines of therapy with 86% double-refractory to a proteasome
inhibitor and an immunomodulatory drug (IMiD) (43). The
median duration of response was 7.6 months. The median
progression-free survival (PFS) and median overall survival (OS)
were 4.0 and 20.1 months, respectively. This indicates that
daratumumab induces durable responses in heavily pretreated
patients. However, the majority of the responding patients
develop progressive disease during daratumumab monotherapy.
In addition, more than half of the patients does not respond
to single agent daratumumab. Importantly, the other CD38-
targeting antibodies, isatuximab and MOR202, induce similar
response rates with similar response duration, when compared to
daratumumab in a heavily pretreated patient population (44–46).

To improve these results, various CD38-based combinations
were evaluated. Preclinical studies showed enhanced anti-
MM activity when IMiDs or proteasome inhibitors were
added to CD38-targeting antibodies (17, 47). IMiDs improve
CD38 antibody-mediated ADCC, ADCP, direct effects, as
well-immunomodulatory activity (additional details are
given below) (17, 30, 36, 48). It is currently less clear why
proteasome inhibitors combine well with CD38 antibodies,
but this is probably related to the pleiotropic effects of
proteasome inhibitors on both the MM cells and the tumor
microenvironment (49). Based on these preclinical data,
CD38 antibodies were combined with several standards of
care for the treatment of relapsed/refractory MM patients.
Adding daratumumab to lenalidomide-dexamethasone (DRd)
or bortezomib-dexamethasone (DVd), led to significant
improvements in clinical outcome: higher response rate, higher
frequency of minimal-residual disease negativity, and improved
PFS (50, 51). Based on these results, DRd and DVd were
approved by both FDA and EMA for the treatment of MM
patients with at least one prior line of therapy (4). The FDA also
approved daratumumab in combination with pomalidomide-
dexamethasone (DPd), while in Europe the results of the phase
3 APOLLO study (DPd vs. pomalidomide-dexamethasone)
are required for approval of this combination. Isatuximab and
MOR202 can also be effectively combined with IMiDs and
proteasome inhibitors (44, 52–54).

In the following section, we will describe what is currently
known about mechanisms of primary and acquired resistance
to CD38-targeting antibodies. At this time, the majority of
information about modes of resistance is derived from preclinical
and clinical studies which evaluated daratumumab.

Effect of Prior Treatment
Daratumumab as monotherapy was tested in heavily pretreated
MM patients (43), but not in untreated newly diagnosed
MM patients. However, laboratory studies performed with
BM aspirates from MM patients, containing tumor cells
and autologous effector cells, showed that the efficacy of
daratumumab to induce CDC or ADCC was very heterogeneous,
but without a significant difference in ADCC or CDC
between samples from patients with newly diagnosed MM
or relapsed/refractory disease (55). Also, in the subgroup of
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patients with lenalidomide- and bortezomib- (double) refractory
MM, the activity of daratumumab was comparable to that
observed in samples obtained from newly diagnosed patients or
relapsed/refractory patients with less prior treatments (55). Data
generated from these preclinical studies indicates that resistance
to steroids, anthracyclins, alkylators, IMiDs, and proteasome
inhibitors is not associated with reduced sensitivity to ADCC and
CDC mediated by daratumumab (55).

Daratumumab is also being evaluated in patients with
intermediate-risk and high-risk smoldering MM (SMM) (56).
In these patients with a premalignant asymptomatic precursor
disease at high risk of progression to symptomatic disease,
daratumumab was evaluated in three different treatment
schedules: short (16mg/kg; one 8-weeks cycle with daratumumab
administered once weekly), intermediate (16 mg/kg, one 8-weeks
cycle with daratumumab administered once weekly, followed by
daratumumab once every 8 weeks during cycle 2–20), and long
(16 mg/kg, one 8-weeks cycle with daratumumab once weekly,
then eight infusions every 2 weeks, followed by eight infusions
every 4 weeks, and then infusions every 8 weeks during cycle 8–
20) (56). At least PR was achieved in 38%, 54%, and 56% and
at least VGPR in 15%, 24%, and 29% in the short, intermediate,
and long treatment schedules, respectively. This is a higher
response rate when compared to the efficacy of daratumumab in
highly pretreatedMM. Possible explanations for a better response
in SMM include increased genetic instability from SMM to
MM, altered interactions with the BMmicroenvironment during
disease progression, and impairment of the host immune system
during evolution from SMM to MM.

Interestingly, it was recently demonstrated that reintroduction
of a previously failed IMiD in daratumumab-refractory patients
while continuing daratumumab as a backbone, can be active in
heavily pretreated MM patients (57). Similarly, the combination
of pomalidomide-dexamethasone and daratumumab induces a
33% response rate in patients previously demonstrated to be
refractory to both pomalidomide and daratumumab (58). In
addition, 52% of heavily-pretreated lenalidomide-refractory MM
patients achieve at least PR with the combination of isatuximab
plus lenalidomide-dexamethasone, which is higher than what
would be expected with isatuximab as a single agent (52).
Altogether, this suggests that the synergistic effects between
IMiDs and daratumumab, such as enhanced NK-cell and T-cell
activity, potentially overcome refractoriness to both anti-MM
agents.

Cytogenetic Abnormalities
The presence of high-risk cytogenetic abnormalities, such as
del(17p), t(4;14) and t(14;16) is associated with a impaired
survival of MM patients. High-risk MM patients benefit from
CD38 antibodies, but the poor risk cytogenetic abnormalities still
have a negative impact on clinical outcome in patients treated
with CD38-targeting antibodies.

Twenty percent of high-risk patients achieved at least
PR in the SIRIUS study (daratumumab monotherapy), while
this was 29.4% for standard-risk patients (42). Interestingly,
deep sustained response with daratumumab monotherapy in a

high-risk patient was associated with profound reduction in Treg
frequency and T-cell expansion (59).

In the randomized phase 3 POLLUX and CASTOR studies,
the addition of daratumumab to Rd or Vd markedly improved
the outcome of high-risk patients, when compared to Rd or Vd
only. However, poor-risk conferred by the presence of del(17p),
t(4;14), or t(14;16) was not completely abrogated by adding
daratumumab (60). Although overall response rates with the DPd
combinationwere similar forMMpatients with standard or high-
risk disease, the median PFS was inferior in high-risk patients,
when compared to standard risk patients (3.9 vs. 10.3 months),
while OS was similar in both groups (61). Also high-risk patients
treated with isatuximab plus lenalidomide-dexamethasone or
isatuximab plus pomalidomide-dexamethasone had a lower
response rate, when compared to standard-risk patients (52, 62).

It is likely that other tumor-related factors, such as mutations
in oncogenes and tumor suppressor genes, and activation status
of signaling pathways also contribute to the variability in
response to therapy with CD38 antibodies, but this requires
further investigation. A better understanding of the role of
molecular and biochemical mechanisms of resistance may
also contribute to new combination treatments that overcome
resistance.

CD38 Target Antigen
CD38 and Primary Resistance
Extent of daratumumab-associated ADCC andCDC is associated
with expression levels of CD38 on the cell surface (55).
Indeed, CD38-overexpressing clones were more susceptible
toward ADCC and CDC, when compared to the non-transduced
parental cell lines (55). There is also marked heterogeneity in
intensity of CD38 expression on primary MM cells without
a difference between MM cells from newly diagnosed or
relapsed/refractory patients (55). Similar to the observations with
cell lines, daratumumab-mediated ADCC and CDC was less
effective against MM cells with low CD38 expression (55).

To further understand the heterogeneity in response, we
analyzed CD38 cell surface expression levels in 102 patients,
who received 16 mg/kg daratumumab as monotherapy in the
GEN501 and Sirius studies to analyze the impact of CD38
expression levels on response. In this analysis, MM patients who
achieved at least PR had higher baseline CD38 expression levels,
when compared to patients who achieved less than PR (63).
Because of the substantial overlap in CD38 expression levels
between responders and non-responders, selecting patients based
on CD38 expression alone does not seem warranted.

Since CD38 expression is a key determinant of susceptibility
of MM cells to daratumumab-mediated ADCC and CDC, as
well as clinical response, several groups are evaluating agents
that increase CD38 protein levels to improve the efficacy
of daratumumab. Binding of all-trans retinoic acid (ATRA)
to the retinoic acid receptor affects gene expression, which
includes increased expression of CD38 (64, 65). This can be
explained by the presence of a retinoic acid-responsive element
in the first intron of the CD38 gene (66). Interestingly, ATRA
also increased CD38 expression levels on MM cell lines and
primary MM cells without having an effect on MM cell viability
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(55). ATRA-induced CD38 upregulation markedly enhanced
daratumumb-mediated ADCC and CDC against MM cells.
Furthermore, ATRA increased the activity of daratumumab in
MM cells, which were resistant to daratumumab in the absence
of other drugs (55). Also in a humanized mouse model, ATRA
and daratumumab showed synergistic anti-MM activity (55).
A clinical study is currently evaluating the value of adding
ATRA to daratumumab-refractory patients. Furthermore, the
histone deacetylase inhibitor panobinostat induces epigenetic
modifications that lead to enhanced expression of CD38 (67).
The increase in CD38 antigen density by panobinostat resulted
in improved daratumumab-mediated ADCC (67).

CD38 and Acquired Resistance
There is a rapid decrease in CD38 expression levels on the MM
cell surface during daratumumab-treatment (63, 68). Directly
following the first datatumumab infusion an ∼90% reduction in
CD38 expression levels is noticed on non-depletedMM cells (68).
A similar CD38 reduction is observed at the time of progression
during daratumumab therapy. The reduction in CD38 cell
surface expression is a transient phenomenon, because CD38
levels are restored to baseline levels on the MM cells ∼6 months
after the last daratumumab infusion (63). Daratumumab-
mediated CD38 reduction is a general phenomenon, which is
also observed on non-tumor cells, such as normal B-cells, T-
cells, NK-cells andmonocytes (68). Daratumumab reduces CD38
on the cell surface by several mechanisms. First, in responding
patients daratumumab may select for MM cells with lower
CD38 expression levels, while preferentially killing the MM cells
with higher levels of CD38 (68). In addition, recent studies
showed that daratumumab treatment results in the clustering
of CD38 molecules into distinct polar aggregates, which can
subsequently be released as tumor-derived microvesicles (69).
Direct internalization may also contribute to loss of CD38.
Finally, active transfer of CD38-daratumumab complexes and
accompanying cell membrane from MM cells to monocytes
and granulocytes also contributes to CD38 reduction (68). This
process of trogocytosis is in part FcγR-dependent (68).

Reduced CD38 expression on non-depleted MM cells is
associated with protection against ADCC and CDC (63, 68).
Reduced daratumumab-mediated ADCC and CDC induced by
CD38 loss was also observed in patients with persistent response
(68). Interestingly, ATRA also increased CD38 expression, almost
to pretreatment values, in these daratumumab-resistant MM
cells, leading to improvements in daratumumab-mediated CDC
and ADCC.

Importantly, the reduction in CD38 expression levels, which is
associated with impaired classic Fc-dependent immune effector
mechanisms, was similar in responding and non-responding
patients (63). Indeed, CD38 expression is also reduced in
patients with sustained high quality response, suggesting that
CD38 reduction is not necessarily associated with escape from
daratumumab-mediated killing, but indicates that the pressure to
keep MM cells in a state of low CD38 expression, may also offer
clinical benefit. Reduced CD38 expressionmay result in impaired
adhesion to stromal cells via CD38-CD31 interactions leading
to reduced growth and impaired protection against apoptosis

(70). Moreover, daratumumab-mediated trogocytosis may also
impair the ability of tumor cells to interact with the protective
BM microenvironment by reducing expression of several other
adhesion molecules (such as CD49d, CD56, and CD138) on
MM cells (68). In addition, daratumumab-mediated reduction
of CD38 on MM cells may also result in reduced generation of
immunosuppressive adenosine molecules (71), and thereby an
improved host-anti-tumor immune response (72–74).

Soluble CD38 and Anti-drug Antibodies
Soluble CD38 may neutralize CD38-targeting antibodies and
thereby have an impact on pharmacokinetic profile and response.
In the GEN501 and Sirius daratumumab monotherapy studies,
soluble CD38 was found in only 2 out of 110 patients (63).
Both patients achieved a PR with daratumumab treatment. To
the best of our knowledge, impact of soluble CD38 levels on
clinical outcome was not reported in the studies with MOR202
and isatuxumab (5).

In a similar way, development of anti-drug antibodies may
lead to impaired activity of CD38 antibodies. Up till now,
anti-daratumumab or anti-isatuximab antibodies have not been
detected (41, 42, 50, 75), while development of anti-drug
antibodies is a rare event with MOR202 (76).

CDC Resistance
Several fluid phase regulators, as well as membrane-associated
complement-inhibitory proteins, such as CD46, CD55 andCD59,
protect healthy tissues against accidental complement attack.
These complement inhibitors have also been shown to confer
protection of tumor cells against several therapeutic antibodies
(77–79).

In an analysis of 23MM and lymphoma cell lines,
daratumumab-sensitive cell lines had lower CD59 and
CD55 expression, when compared to CDC-resistant cell
lines (63). No difference was found for CD46 (63). Removal
of the glycosylphosphatidylinositol-anchored CD55 and CD59
molecules from the cell surface with phospholipase-C, rendered
cell lines more sensitive to daratumumab-mediated CDC. In
contrast, expression levels of these complement inhibitors
were not associated with extent of complement-mediated
lysis of primary MM cells by daratumumab (63). Similarly,
in the GEN501 and Sirius studies (MM patients treated
with 16 mg/kg daratumumab as single agent), there were no
differences in pretreatment expression levels of CD46, CD55
and CD59 between responding and non-responding patients
(63). However, at the time of progression during daratumumab
therapy, a marked increase in CD55 and CD59 was observed on
both MM cells localized in the BM, as well as on circulating MM
cells (63). Interestingly, in some MM tumors there are coexisting
subpopulations of tumor cells with markedly different levels of
CD55 and CD59 expression. During daratumumab therapy, the
selective pressure resulted in selection of daratumumab-resistant
MM cells with high expression of complement-inhibitory
proteins (63).

ATRA improved CDC to a higher extent than ADCC,
which was explained by the reduction of CD55 and CD59 by
ATRA, next to its effect on CD38 expression (55). Importantly,
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ATRA also reduces CD55 and CD59 expression levels in
MM cells obtained from patients with daratumumab-refractory
disease, which together with CD38 upregulation, leads to
improved daratumumab-mediated CDC (63). Although the
histone deacetylase inhibitor, panobinostat, induces a marked
increase in CD38 expression on MM cells, CDC was not
enhanced, probably as a result of a concomitant increase in CD55
and CD59 expression (67).

ADCC Resistance
NK-Cells
In experiments with patients’ samples, daratumumab-mediated
ADCC was superior in samples with a high NK-cell to MM
cell ratio, when compared to samples with a low ratio (55,
80–83). Similar associations were found between efficacy of
daratumumab to kill primary MM cells and frequency of
activated NK-cells defined as CD3−/CD56+/CD16+ (55).

This indicates that agents that have the ability to induce
NK-cell activationmay enhance daratumumab-mediated ADCC.
Indeed, IMiDs, such as lenalidomide and pomalidomide, induce
NK-cell activation and synergize with daratumumab in ADCC
assays (17, 47, 84). In preclinical experiments, IMiDs also
improve daratumumab-mediated ADCC in case of lenalidomide-
refractory MM cells, indicating that the immune system of
these patients is still able to respond to the immunomodulatory
effects of IMiDs (17). Similarly, lenalidomide also increases
anti-MM activity of CD38-targeting antibodies in patients with
lenalidomide-refractory MM (52). Blocking the three main
inhibitory KIR receptors (KIR2DL1/2/3) on NK cells with the
IPH2102 antibody also leads to improved NK-cell activity against
tumor cells (85, 86). This monoclonal antibody also enhances the
efficacy of daratumumab-induced, NK-cell-mediated ADCC via
the modulation of KIR-inhibitory signaling (87). Interestingly,
KIR and HLA genotypes have an impact on the clinical outcome
of MM patients receiving treatment with isatuximab plus
lenalidomide-dexamethasone (88).

ADCC requires activation of FcγRs, which are present on
the cell surface of NK-cells. Allelic variants of FcγRs with
different functionality are implicated in differential response to
antibody-based therapy in lymphomas and solid tumors (89–
91). The FcγRIIA-131H or FcγRIIIA-158V polymorphisms are
associated with a higher affinity for IgG, when compared to
their allelic counterparts (92, 93). In addition, the FcγRIIB-
232T polymorphism is not able to associate with lipid rafts and
thereby markedly weaker in its negative regulatory activity (93).
In patients treated with daratumumab monotherapy, FcγRIIIA
and FcγRIIB variants have a modest impact on response and PFS,
but have no significant effect on OS (94).

Although daratumumab-mediated ADCC is enhanced by
agents that increase NK-cell activity, CD38 is highly expressed
on NK-cells, which explains their rapid reduction in peripheral
blood and BM after infusion of daratumumab (95). This
reduction in NK-cells may impair tumor cell killing (95, 96). The
rapid NK-cell depletion occurs due to daratumumab-mediated
NK-cell fratricide via ADCC (NK-mediated cytotoxicity against
neighboring NK-cells) (96). As expected, the residual NK-cells
have low CD38 cell surface expression levels (68, 96). NK-cell

numbers increase again 3–6 months after the last daratumumab
infusion (95). Importantly, responding and non-responding
patients experience similar reductions in NK-cell frequencies.
Themultiple mechanisms of action of daratumumabmay explain
the lack of association between extent of NK-cell depletion and
efficacy of treatment. In addition, no relationship was observed
between PFS or occurrence of side effects including infections
and maximum reduction in NK-cells (95). Outcome following
daratumumab therapy may be enhanced by administration of
ex vivo expanded NK-cells (96). In addition, pretreatment of
expanded NK-cells with F(ab)2 fragments of daratumumab to
avoid NK-cell fratricide may represent an alternative approach
to improve daratumumab-mediated ADCC in patients. However,
feasibility and efficacy of this approach should be assessed in
clinical trials. At this moment there is no clinical data on NK-
cell frequencies available from patients treated with isatuximab or
MOR202, but in ex vivo assays isatuximab and, to a lesser extent,
MOR202, also reduce NK-cell numbers (95).

Bone Marrow Stromal Cells
It is well-known that stromal cells protect MM cells against
various anti-MM drugs, such as dexamethasone, doxorubicin,
melphalan, lenalidomide, and bortezomib, via soluble factors
or cell adhesion (97–100). It was recently shown that stromal
cells also confer protection of MM cells against daratumumab-
induced ADCC (101). This protection was not mediated via
alteration of target expression levels or suppression of NK
cell activity, but possibly via upregulation of anti-apoptotic
molecules, such as survivin and Mcl-1 (101).

ADCP Resistance
Similar to CDC and ADCC, capacity of daratumumab to induce
phagocytosis is in part dependent on CD38 expression levels (21).
Furthermore, in ex vivo experiments a high monocyte-MM cell
ratio resulted in improved killing of MM cells (55). Similar to
ADCC, ADCP also requires activation of the FcγR. As described
in the previous section, FcγR polymorphisms have a modest
impact on efficacy of CD38 antibodies to eliminate tumor cells
(94). Interestingly, it was recently shown that CD47 on MM cells
inhibits phagocytosis induced by CD38 antibodies via ligation
to SIPRα, which is expressed on phagocytes (102). Blockade of
CD47-SIPRα “don’t eat me” signaling may therefore increase
the clinical activity of CD38 antibodies. In addition, low-dose
cyclophosphamide potentiates daratumumab-mediated ADCP
via enhancing FcγR expression levels on macrophages and
reducing CD47 levels on tumor cells (103, 104). IMiDs also
enhance the tumoricidal activity of macrophages and promote
ADCP (48). Other possible determinants of ADCP efficiency of
CD38 antibodies include target cell size and shape (105, 106).

Resistance to Direct Effects
Extent of isatuximb-mediated direct anti-MM activity is in part
dependent on CD38 target expression levels. Indeed, CD38-
overexpressing cell lines were more sensitive to the direct
cytotoxic effects of isatuximab, when compared to the parental
cell lines (30). IMiDs enhance the direct apoptotic effects
of isatuximab (30). In this respect, pomalidomide was more
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potently enhancing direct cytotoxic effects than lenalidomide
(30).

Acquiredmechanisms of resistance to these direct effects, such
as altered activity of signal transduction pathways, are currently
unknown, and require further investigations.

Resistance to Immunomodulatory Activity
In patients treated with daratumumab as single agent,
the frequency of activated T-cells declines when patients
experienced relapse (33). Future studies are needed to
evaluate why the number of activated T-cells is reduced at
the time of relapse. In addition, single-cell RNA sequencing
in patients treated with daratumumab plus IMiD revealed
that responding patients are characterized by higher CD28
expression on T cells, a significantly larger cluster of
central memory T cells, and a M1 activated macrophage
signature, when compared to resistant or progressing
patients (107).

It is currently unknown whether tumor-associated factors,
such as mutations in the antigen processing and presentation
pathways, loss of neoantigen expression, or insensitivity to T-
cell effector molecules are associated with primary or acquired
resistance to CD38-targeting antibodies (108).

Compensatory upregulation of multiple inhibitory immune
checkpoints, which is implicated in the resistance to programmed
cell death-1 (PD-1) or programmed death ligand-1 (PD-L1)
inhibitors, may also contribute to development of resistance
to the immunomodulatory activities of CD38 antibodies (108,
109). Indeed, preclinical data suggest that immunomodulatory
activity of CD38 antibodies can be enhanced by combining
a CD38 antibody with a PD-1/PD-L1 inhibitor. For example,
in MM, lung cancer, and colon adenocarcinoma mouse
models targeting the CD38 and PD-1 pathway with the
combination of a CD38 antibody and PD-1 antibody resulted
in enhanced anti-tumor activity, when compared to targeting
either pathway alone (110). This was accompanied by increased
T-cell infiltration and T-cell activation in the tumors with
combined anti-CD38 and anti-PD-1 treatment (110). In addition,
another group showed that CD38 expression is increased
following therapy with a PD-L1 inhibitor in a lung cancer
mouse model, which was associated with impaired CD8+

T-cell function (111). This suggests that increased CD38
expression is a novel resistance mechanism to PD-1/PD-
L1 antibody treatment. As expected, enhanced antitumor
activity was observed when a CD38 antibody was combined
with a PD-L1 inhibitor in this lung cancer mouse model
(111).

Based on these preclinical studies, various clinical trials are
evaluating whether the anti-MM activity of CD38 antibodies can
be enhanced by immuno-oncology combinations with PD-1 or
PD-L1 inhibitors (5). Furthermore, this antibody combination is
also tested in other tumors irrespective of expression of CD38 on
the tumor cells (5).

Furthermore, IMiDs not only enhance ADCC and ADCP, but
also increase CD38 expression levels on Tregs, which leads to
enhanced isatuximab-induced inhibition of Tregs in the presence

of IMiDs (38). This indicates that IMiDS also enhance the
immunomodulatory activity of CD38 antibodies.

CONCLUSIONS AND FUTURE

PROSPECTS

CD38-targeting antibodies utilize multiple effector mechanisms
including classic Fc-dependent immune effector mechanisms,
but also the recently discovered immunomodulatory mode of
action contributes to anti-tumor activity. These pleiotropic
mechanisms of action explain the high activity of the
CD38 antibodies as single agent in heavily pretreated MM
patients.

The efficacy of CD38-targeting antibody therapy can be
improved by adding a partner drug with a different mode of
action. Indeed, addition of an IMiD or proteasome inhibitor to
a CD38 antibody leads to markedly improved outcome. Further
improvement may be achieved by addition of an agent that has
the ability to enhance complement activation, NK-cell-mediated
ADCC, macrophage-mediated ADCP and/or host-anti-tumor T-
cell immunity. Indeed, a better understanding of mechanisms
that contribute to innate and acquired resistance has already
resulted in the rational design of several new combinations with
daratumumab, which are currently evaluated in clinical trials
(Figure 1).

At the moment of development of resistance to a CD38
antibody-based treatment, an alternative treatment regimen can
be selected based on several patient- and tumor-related factors,
such as type of prior therapies, presence of comorbidities, and
aggressiveness of relapse (112, 113). Alternatively, patients that
develop resistance to a CD38 antibody may benefit from adding
another drug, such as ATRA, that reverses resistance to CD38
antibodies. Several trials are currently evaluating such agents
in patients who developed CD38 antibody-refractory disease
(Figure 1). Another approach is to switch to a different CD38
antibody with different mode of action in case of refractoriness
to CD38 antibody treatment. However, although functional
differences exist between the CD38-targeting antibodies
(16), it is currently unclear whether resistance to one CD38-
targeting antibody confers resistance to all CD38 antibodies. A
phase 1 trial is currently evaluating the value of isatuximab
in daratumumab-refractory patients (NCT02514668).
Alternatively, resistance to CD38 antibody-based therapy
may also be reversed by adding a synergistic partner drug
or changing the partner drug, while continuing the CD38
antibody (57).

Development of next generation CD38 antibodies with
optimized CDC or ADCC capacity, by using new antibody
engineering techniques, may also lead to more effective
CD38-targeting antibodies. For example, the ability of the
antibody to activate complement can be enhanced by generating
targeted single amino acid changes in the Fc region of
the antibody, which allows for hexamer formation upon
binding to antigens on a cell (25, 26, 114). In addition, Fc
glycosylation (glycoengineering) improves the affinity of the
antibody for FcγRs. Indeed, the glycoengineered Fc portion
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FIGURE 1 | Mechanisms of primary and acquired resistance to CD38 antibodies. CD38-targeting antibodies have Fc-dependent immune effector mechanisms:

complement-dependent cytoxicity (CDC), antibody-dependent cellular phagocytosis (ADCP), and antibody-dependent cell-mediated cytotoxicity (ADCC). NK cells

play an important role in CD38 antibody-mediated ADCC, but the possible additional role of other effector cells, such as macrophages, neutrophils, eosinophils, and

γδ T-cells, is currently unknown. Daratumumab and isatuximab also have immunomodulatory effects via the eradication of CD38-positive regulatory T-cells, regulatory

B-cells, and myeloid-derived suppressor cells, which is associated with CD4+ and CD8+ T-cell expansion, and probably a better host-anti-tumor immune response.

In addition, CD38 inhibition on T-cells by anti-CD38 antibodies may also contribute to improved anti-tumor activity by increasing NAD+ levels in T-cells. It is currently

unknown whether MOR202 has immunomodulatory effects. In addition, isatuximab also directly induces MM cell death by both the classical caspase-dependent

apoptotic pathway and lysosomal cell death pathway. Determinants and mechanisms of primary or acquired resistance to these individual modes of action are

indicated (in purple), as well as strategies of how to improve these mechanisms of action in order to improve sensitivity and prevent development of resistance

(indicated in red). In case the indicated agents have been tested or are being tested in a clinical trial, we added between brackets the CD38 antibody in the

combination regimen (D, daratumumab; I, isatuximab; M, MOR202). General mechanisms of resistance include the presence of high-risk cytogenetic abnormailities

and development of anti-drug antibodies. Of note, most data with respect to mechanisms of resistance to CD38 antibodies is derived from studies, which evaluated

daratumumab. Additional studies are required for isatuximab and MOR202.

of obinutuzumab enhances the binding affinity to FcγRIIIA,
leading to enhanced ADCC and ADCP (115). Furthermore,
bispecific antibodies that simultaneously bind to two distinct
targets (epitopes on two distinct proteins or two epitopes
on a single protein) may offer therapeutic benefit. In this
respect, a CD38xCD3 bispecific antibody has been shown to
stimulate T-cell-mediated killing of MM cells (116). Moreover,
a CD38xCD59 bispecific antibody may have increased CDC
activity by simultaneously targeting CD38 and neutralizing
CD59 (117).

In conclusion, an increased understanding of host-
and tumor-related features that underlie differential
therapeutic efficacy and contribute to resistance toward

CD38 antibodies, may lead to further optimization and
individualization of treatment and a better outcome for MM
patients.
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Despite major improvements in the treatment landscape, most multiple myeloma (MM)

patients eventually succumb to the underlying malignancy. Immunotherapy represents

an attractive strategy to achieve durable remissions due to its specificity and capacity

for long term memory. Activation of immune cells is controlled by a balance of agonistic

and inhibitory signals via surface and intracellular receptors. Blockade of such inhibitory

immune receptors (termed as “immune checkpoints”) including PD-1/PD-L1 has led to

impressive tumor regressions in several cancers. Preclinical studies suggest that these

immune checkpoints may also play a role in regulating tumor immunity in MM. Indeed,

myeloma was among the first tumors wherein therapeutic efficacy of blockade of PD-1

axis was demonstrated in preclinical models. Expression of PD-L1 on tumor and immune

cells also correlates with the risk of malignant transformation. However, early clinical

studies of single agent PD-1 blockade have not led to meaningful tumor regressions.

Immune modulatory drugs (IMiDs) are now the mainstay of most MM therapies.

Interestingly, the mechanism of immune activation by IMiDs also involves release of

inhibitory checkpoints, such as Ikaros-mediated suppression of IL-2. Combination of

PD-1 targeted agents with IMiDs led to promising clinical activity, including objective

responses in some patients refractory to IMiD therapy. However, some of these studies

were transiently halted in 2017 due to concern for a possible safety signal with IMiD-PD1

combination. The capacity of the immune system to control MM has been further

reinforced by recent success of adoptive cell therapies, such as T cells redirected by

chimeric-antigen receptors (CAR-Ts). There remains an unmet need to better understand

the immunologic effects of checkpoint blockade, delineate mechanisms of resistance

to these therapies and identify optimal combination of agonistic signaling, checkpoint

inhibitors as well as other therapies including CAR-Ts, to realize the potential of the

immune system to control and prevent MM.
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IMMUNE SYSTEM AS AN EFFECTIVE APPROACH TO TREAT
CANCER AND PRINCIPLES OF IMMUNE CHECKPOINT
BLOCKADE

The role of immune system in cancer progression has been studied for over a century (1). However,
only recently immunotherapy has emerged as an effective strategy to treat several types of cancers
with impressive results in terms of tumor regression and durable remissions (2). The concept of
immune surveillance and editing of tumors is now well-accepted (3).
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Several studies suggest a role for genetic and epigenetic
modifications in cancer development and progression (4–6)
and some of them correlate with the ability to escape this
immunosurveillance (5, 6). Tumor cells can indeed lower
their immunogenicity through the down regulation of MHC-
mediated neo-antigen presentation, accompanied by deletion
of cancer cells expressing T cell targets (immunoediting) (3).
The immunoediting process in cancer pathogenesis comprises
of three phases: elimination, equilibrium and escape. In the
first phase, the innate and adaptive immune systems recognize
and eradicate cancer cells through the cytolytic activity of
immune cells (i.e., NK cells, NKT cells, γ δ T cells, and CD8+

T cells), antibody-dependent cell-mediated cytotoxicity (ADCC),
or complement-dependent cytotoxicity (CDC) mechanisms
(7, 8). In the equilibrium phase, a balance between cancer
progression and cancer elimination is established through the
modulation of control checkpoints (3, 7). However, if cancer
persists, it overcomes the immunity response and escapes with
further progression and metastasis (3, 7).

Along with the suppression of tumor antigen expression,
different mechanisms that involve surface molecules and
soluble factors released in the tumor microenvironment, e.g.,
indoleamine 2,3-dioxygenase (IDO), type I interferons (IFNs)
and IFN-γ, galectin-1, have been described in the disruption of
immune homeostasis and in the altered balance from effector to
regulatory and suppressive cells induced by cancer (7, 9).

In principle, immunotherapy could either enhance the
immune response or inhibit tumor suppression (10). The most
commonly used approach is the modulation of inhibitory
immune receptors (termed as “immune checkpoints”) that
regulate the balance between immune response and immune
tolerance (11). Several studies showed that cancer cells increase
the expression of some checkpoint proteins (summarized in
Table 1), such as programmed cell death ligand-1 (PD-L1), with
inhibitory properties on T cell functions, as a mechanism of
immune resistance (20). These results lead to the development
of monoclonal antibodies (mAbs) directed against such immune
checkpoints, further approved for the treatment of several solid
tumors as melanoma, renal and lung cancer (21–23).

CTLA-4 is the first immune-checkpoint explored as a clinical
target (24). It is normally expressed at low levels on the surface
of effector T cells and regulatory T cells (Tregs) and it is involved
in the early stages of T cell activation (25). CTLA-4 shares the
same ligands of CD28 (CD80 and CD86) expressed on antigen
presenting cells (APCs). Once CD28 binds CD80 or CD86
to provide co-stimulation, the inhibitory CTLA-4 molecule is
shuttled to the T cell surface where it binds CD80 or CD86 with
higher affinity (26) thus counteracting the costimulatory activity
of CD28 through the binding of the phosphatases PP2A and SHP-
2 (25, 27). CTLA-4 expression also exerts its immunosuppressive
functions by other mechanisms, including Treg expansion and
induction of immunosuppressive cytokines, such as transforming
growth factor (TGF)-β and the enzyme IDO (13, 21). While
CTLA4 expression is mostly studied for its expression on
lymphoid cells, recent studies suggest that myeloid dendritic cells
can secrete CTLA4+ microvesicles that may mediate immune
suppression (28). CTLA-4 blockade with mAbs (i.e., ipilimumab)

can then enhance the immune response against tumor by
inactivating Treg, tumor-infiltrating lymphocytes (TILs) (29) and
increasing T helper (Th)1 cell functions (20).

PD-1 is a member of the CD28/CTLA-4 family, with
inhibitory properties, mainly expressed on exhausted T cells
(dysfunctional T cells classically associated with chronic
infection), NK and NKT cells following activation (14). APCs,
monocytes and malignant cells express its ligands, PD-L1 and
PD-L2, especially under inflammatory conditions (14).

Similarly to CTLA-4, the interaction between PD-1 and PD-
L1 interferes with TCR signal transduction, by recruiting the
tyrosine phosphatase SHP-2 and subsequent inactivating the
PI3 kinase-signaling cascade (30, 31), which leads to reduced
cytokine synthesis, cytotoxic functions and blockade of T cell
proliferation and survival (14).

In the physiologic setting, this pathway enables the
immunologic equilibrium after initial T cell response, preventing
over-activation and the possible expansion of auto-reactive
T cells (32). Studies on PD-L1−/− murine models reported
an accumulation of effector T cells along with an increased
IFN-γ production by CD8+ T cells, suggesting an impaired
apoptosis regulation in the absence of PD-L1 (33). Moreover,
spontaneous accumulation of CD8+ T cells occurred in the liver
even in the absence of “non-self ” antigen exposure leading to
the development of multiple autoimmune features (33). These
data highlighted the importance of PD-L1 in controlling the
responses of self-reactive T cells that have escaped into the
periphery. In addition, PD-1/PD-L1 axis regulates the dynamic
interplay between Tregs and T effector cells. In the presence of
inflammatory milieu, PD-L1 expressed on both APC and naïve
Tregs induces PD-1 expression on naïve T cells and promotes
their differentiation toward a regulatory phenotype and function
(induced Tregs) (34). On the other hand, a negative feedback
loop occurs to downregulate Treg development and function.
This effect is mediated by the increased PTEN expression via
PD-1 signaling which in turn reduces PD-L1 expression on
Tregs (35). Finally, PD-L1+ Tregs directly induce a tolerogenic
phenotype in APCs that reduces the priming of T effector cells
(34). All these results thus confirmed the critical role of the
PD-1/PD-L1 pathway in the balance between T cell activation
and tolerance.

According to the relevance of PD-1/PD-L1 axis in immune
control, tumors seem to highjack this pathway to suppress and
escape the activation of an immune response (36). High PD-L1
expression is associated with a poor prognosis in solid tumors,
including lung, ovarian or colon cancer, thus supporting the
impressive results that PD-1/PD-L1 blockade has led in several
cancers (36).

In addition to CTLA-4 and PD-1, other proteins with
inhibitory properties, as Lymphocyte-activation gene (LAG)-3,
T cell immunoglobulin (TIM)-3, T-cell immunoreceptor with
Ig and ITIM domains (TIGIT) are currently under active
investigations as potential targets for mAbs (37). LAG-3 is
expressed on activated conventional T cells, Tregs, B cells and
plasmacytoid dendritic cells (pDCs) (38) and the interaction
with its major ligand, Class II MHC, inhibits conventional
T cell activity while enhancing the suppressive function of
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TABLE 1 | Immune checkpoint distribution and functions.

Checkpoint Expression Function References

CTLA4

(CD80/CD86)

Activated T cells and Tregs Inhibition of CD28 co-stimulation and T cell activity;

Enhancement of Treg functions;

Induction of TGF-β and IDO

(12)

(13)

PD-1

(PD-L1/PD-L2)

Activated T cells, NK cells, NKT cells, B

cells, Monocytes, DCs, MDSCs

T cell exhaustion and apoptosis;

inhibition of cytokine production;

downregulation of NK and NKT cell activity

(14)

LAG3

(MHCII)

activated T cells, NK cells, B cells, pDCs Effector T cell inhibition;

Increased Treg activity

(15)

TIM3

(Galectin 9, HMGB1)

Exhausted T cells, NK cells, NKT cells, B

cells, DCs, Macrophages

Th1 cell apoptosis;

Reduced cytokine release;

Induction of tolerogenic M2 phenotype

(16)

(17)

TIGIT

(CD155)

Exhausted cytotoxic T cells, NK cells Effector T cell inhibition;

Reduced NK cell cytotoxicity;

Enhanced Treg activity

(18)

(19)

DCs, dendritic cells; MDSCs, myeloid derived suppressor cells; NK, natural killer; NKT, NK-like T cells; Th, T helper; Tregs, T regulatory cells.

Tregs (39). LAG-3 blockade in addition to anti-PD-1 strategy
showed an additive therapeutic activity in preclinical models
of chronic infection and cancer, according to their role as
markers of exhaustion (40, 41). TIM-3 is another exhaustion-
associated inhibitory receptor that blunts T-cell-effector function
and induce T cell apoptosis (17). Mouse models of colon
adenocarcinoma, melanoma, and sarcoma demonstrated anti-
tumor activity of TIM-3 blockade especially in combination
with PD-L1 blockade (42, 43). Moreover, anti-TIM-3 treatment
increases the proliferation and cytokine production of CD8+

T cells derived from patients with melanoma (44). Anti-TIM-
3 or anti-PD-L1 mAbs in combination with the blockade
of TIGIT, a marker of exhausted cytotoxic cells, showed
enhance anti-tumor activity in several animal models (45).
Recent studies suggest promise for TIGIT blockade in future
immunotherapy regimens without adding significant toxicity
(19, 46).

In addition to checkpoint blockade, mAbs targeting agonist
receptors, such as inducible co-stimulator (ICOS), OX40 and 4-
1BB (47), are currently under clinical development, especially in
solid tumors like melanoma (37).

The combined strategy to enhance T-cell activity with co-
stimulatory mAbs and concurrently restoring T cell cytotoxic
functions against cancer cells by blocking inhibitory proteins
could be a promising approach (48). Several clinical trials on both
solid and hematological malignancies are currently exploring this
strategy (49).

REGULATION OF TUMOR IMMUNITY IN
MULTIPLE MYELOMA AND MONOCLONAL
GAMMOPATHIES OF UNDETERMINED
SIGNIFICANCE

Multiple myeloma (MM) is a hematological malignancy
characterized by clonal expansion of terminally differentiated
B cells (plasma cells) in the bone marrow (BM). It is clinically
manifested with osteolytic bone disease, infections, renal

insufficiency, and BM failure (50). The cross talk between
malignant plasma cells (PCs) and the BM microenvironment,
including immune cells, bone cells, endothelial cells,
mesenchymal stromal cells (MSCs) and extracellular matrix,
plays a pivotal role in the proliferation and survival of tumor
cells (51).

Of note, “immunoparesis,” with a reduction in “uninvolved
Igs,” is a common feature of MM (52). PC interactions
with BM niche cells create a permissive microenvironment
that can promote tumor growth and immune escape,
through the production of several factors including TGF-β,
interleukin (IL)-10, IL-6, and prostaglandin E2, known to
have immunosuppressive properties (53). Among immune
cells, DCs display an impaired differentiation and maturation
in MM patients (54, 55) and their interaction with PCs
enhance MM clonogenicity and proliferation through B
cell activating factor (BAFF)/a proliferation inducing ligand
(APRIL) signals (56, 57). Malignant PCs can in turn prompt
DC fusion and trans-differentiation into osteoclasts (OCs)
through receptor activator of nuclear factor κB ligand and
CD47 pathways (58–60), thus promoting immunosuppression
and disease progression. Beside their role in bone remodeling,
OCs also show immunosuppressive properties specifically
inducing T-cell apoptosis through the up-regulation of
immune checkpoint proteins as TIM-3 and the production
of IDO and APRIL (61). These factors increase PD-L1
expression in MM cells thus supporting tumor escape from
the immune control (61). DCs can also indirectly enhance
osteoclastogenesis by promoting the expansion of T helper
17 (Th-17) clones in MM microenvironment (62) and the
consequent accumulation of IL-17, known to be a potent
pro-osteoclastogenic factor, in MM BM (60). Sponaas AM
et al. reported that myeloid DCs also express PD-L1 and
correlate with PD-L1+ PCs, suggesting that both cell types could
contribute to the suppression of the anti-tumor T cell response
in MM through PD-1/PD-L1 pathway (63). Furthermore,
MM DC differentiation and maturation is inhibited by MSC
production of immunosuppressive factors as IDO, IL-6, PTGS2
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(64, 65). MSCs also increase PD-L1 expression on MM cells
(66) which in turn suppress PD-1+ T cell and NK cell activity
(67).

Along with PD-1/PD-L1 axis, a role for other inhibitory
pathways, such as CD226 (68), and the induction of T-cell
senescence (69) has also been implicated in the suppression
of tumor immunity which characterized MM (68, 69). Several
studies also reported an accumulation of myeloid derived
suppressor cells (MDSCs) and Tregs, along with an unbalanced
ratio of Th1/Th2 cells and dysfunctional NK cell cytotoxic
activity in MM, compared to patients with monoclonal
gammopathy of undetermined significance (MGUS) (70–72). Of
note, this loss of function in several immune effector cells is
associated with progression to clinical MM (73) and is in part due
to the increased expression of suppressive factors, such as ligands
of the activating receptor NKG2D (i.e., MHC class I chain-related
protein A) fromMGUS to MM (74).

More than 10 years ago it was demonstrated that the
immune system can detect MGUS pre-neoplastic lesions and
potentially control tumor growth (75). Indeed, the presence
of CD4+ and CD8+ T cells, functionally active against pre-
neoplastic cells and able to recognize a pattern of specific
antigens for each patient tumor, was reported in the BM of
MGUS patients (73). A further study identified SOX2 embryonal
stem cell antigen as a distinct target of immunity in MGUS
compared to MM (76). Interestingly, the presence of SOX2-
specific T cells and PD-L1 expression on tumor cells and T
cells at baseline was then found to be correlated with the risk
of progression to MM (77). Of note, T cells against SOX2
were recently found to be implicated in durable response of a
MM patient following chimeric-antigen receptor T (CART) cells
(78).

Beside these mechanisms, the establishment of a chronic
inflammatory status has been described in the evolution of
asymptomatic diseases to MM (79), according to the tight
correlation between inflammation and cancer development
dating back to Virchow’s studies in 1863. It is known that BM
serum ofMMpatients is enriched of pro-inflammatory cytokines,
such as IL-1, IL-6, IL-12, IL-15, IL-17, IL-18, IL-22, IL-23,
TNF-α, and IFN-γ (80). Moreover, a recent study from Botta
C et al. interestingly defined an 8-genes signature (IL8, IL10,
IL17A, CCL3, CCL5, VEGFA, EBI3, and NOS2) able to identify
MGUS/smoldering/symptomatic-MM with 84% accuracy and
built a prognostic risk score based on six genes (IFNG, IL2, LTA,
CCL2, VEGFA, CCL3), validated in three additional independent
datasets (79).

In the context of MM inflammatory status, bioactive lipids,
typically increased during inflammation, may also play a
crucial role in tumor development (81). In the past decade,
obesity has indeed emerged as one of the risk factors for
MM (82) and recent studies have shown an enrichment of
lysophosphatidylcholine (LPC) species in MM patient serum
compared to healthy donors (HDs) along with an expansion
of CD1d-restricted type II NKT cell subsets, reactive against
these lipids (83). These cells secrete high amounts of the
immunosuppressive IL-13, thus supporting their role in the
progression of the disease (83). On the other hand, a decline

as well as dysfunctional activation of type I NKT cells was
also reported in MM patients, suggesting the balance between
these two cell subsets as a new important immune-regulatory
axis in the evolution of myeloma (83, 84). In support of this
evidence, another study described that CD1d is highly expressed
in premalignant and early MM and its expression decreases with
disease progression (85). Dysregulation of lipid-reactive immune
cells and a higher number of type II NKT cells, with enhanced
capacity to promote PC differentiation, may be involved in
the increased risk of gammopathy in Gaucher Disease, a lipid
disorder (86–88). The multiplicity of mechanisms behind MM
immunosuppression and enhancement of disease progression
thus suggests the need of combinatorial approaches in the
treatment of MM.

PRECLINICAL STUDIES TARGETING
IMMUNE CHECKPOINTS IN MM

The role of PD-1/PD-L1 pathway in mediating immune escape
of malignant PCs and the therapeutic efficacy of PD-1/PD-L1
blockade in other hematological malignancies led to an increased
interest in the use of anti-PD-1/PD-L1 therapeutic strategies
in MM (68). PD-L1 is highly expressed on PCs isolated from
patients with MM, but not on normal PCs (66, 89–91). High PD-
L1 expression on PCs was associated with disease progression
in patients with MGUS and asymptomatic MM (77) and it
could play a role in the development of clonal resistance as
demonstrated by PD-L1 high levels in relapsed or refractory
MM patients (66). Furthermore, PD-L1 upregulation emerged in
patients with minimal residual disease, suggesting that residual
PD-L1+ myeloma cells have an increased ability to survive and
escape immunosurveillance (90). Nevertheless, high variability
of PD-1/PD-L1 expression on PCs and BM niche cells was
highlighted among patients with the same stage of disease (63,
90).

In vitro studies showed that MM microenvironment could
induce PD-L1 expression on PCs; PD-L1 up-regulation indeed
occurs in the presence of stromal cells (66) and PD-L1 blockade
inhibits stromal cell-mediated PC growth (67). This effect is IL-6
dependent andmediated by STAT3,MEK1/2, and JAK2 pathways
(66).

IFN-γ produced by cytotoxic T lymphocytes (CTLs) and NK
cells strongly induces PD-L1 expression through the activation
of MEK/ERK pathway (89). In addition, myeloid DCs, pDCs and
MDSCs express PD-L1 in MM patients (63), with an increased
proportion of PD-L1+ MDSCs in MM patients at remission
compared to newly diagnosed and relapsed MM (92).

T cells fromMM patients also display higher PD-1 expression
levels, associated with loss of effector cell function (93) on both
circulating T cells and BM CD8+ T and NK cells compared to
HDs (67). Moreover, a study from Castella et al. (92) showed that
PD-1 expression is already present on the anergic BM Vγ9Vδ2 T
cell subset from MGUS patients and remained upregulated in
MM after clinical remission (92). In contrast, PD-1 expression
is reduced in T cells from patients who achieved minimal disease
state following high dose chemotherapy (94).
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In vitro studies further demonstrated that PD-1/PD-L1
blockade directly enhances NK and T cell mediated anti–MM
responses (67, 93) and restores the capacity of PD-L1+ pDCs to
induce cytotoxic activity of T cells and NK cells against MM PCs
(95).

The effects of anti-PD-L1 mAb were also tested in vivo,
on the 5T33 murine MM models, after autologous (syngeneic)
stem-cell transplantation plus administration of a cell-based
vaccine (96) or after irradiation (97). It was demonstrated that
mice with advanced MM expressed higher levels of PD-1 on
both CD8+ and CD4+ T cells compared to non-tumor bearing
mice and the percentages of PD-1+ T cells correlated with
the amount of tumor burden (97). Moreover, PD-1+ CD8+ T
cells isolated from these mice showed a defective production
of pro-inflammatory cytokines (IFN-γ and IL-2) after in vitro
stimulation and expressed increased levels of the exhausted T cell
marker TIM-3 (97). PD-1 blockade also prolonged the survival
in disseminated myeloma-bearing mice (90, 96, 97) and this
effect was abrogated by the depletion of CD4+ or CD8+ T cells,
thus indicating the main role of both T cell subsets behind
this strategy (96). Taken together, these studies supported the
potential contribution of PD-1/PD-L1 pathway in the immune
escape in MM and suggested that its blockade may be an effective
therapeutic strategy against this tumor.

However, current evidences indicate that PD-1 blockade
as single agent does not induce clinically meaningful anti-
myeloma responses (98). In this regard, it was recently reported
that the compromised functions of effector cells in MM may
be due to senescence rather than PD-1 mediated exhaustion
(69, 98). Exhausted T cells overexpress multiple inhibitory
molecules, such as PD-1, CTLA-4, CD160, TIM-3 and LAG-3
and lack of IFN-γ expression (99). However, a PD-1low T cell
clonal expansion was observed in 75% of myeloma patients,
in contrast to the non-clonal PD-1high T cells (69, 98). This
expanded population potentially represented tumor-reactive cells
with a senescent phenotype. They indeed showed low levels
of LAG-3, TIM-3, PD-1, and CTLA-4 and did not express
CD27 and CD28, suggesting a late differentiated phenotype.
Moreover, this clone expressed the typical senescent markers
CD57, CD160 and KLRG-1 and displayed a secretory profile
(69). In addition, it was described that the senescent phenotype
was telomere independent as demonstrated by the low levels
of p38-mitogen-activated protein kinase, p16 and p21 signaling
pathways and it could be potentially reversed by other agents,
as immunomodulatory drugs (IMiDs) or histone deacetylase
inhibitors (69).

IMMUNOLOGIC EFFECTS OF IMIDS-
RELEASING THE IKAROS CHECKPOINT

The development of the IMiDs, thalidomide (Thal) and its
analogs lenalidomide (Len) and pomalidomide (Pom), has led to
a paradigm shift in the treatment of MM (100). IMiDs exert their
immunological functions through several mechanisms, including
proliferation and functional enhancement of NK/NKT cells,
induction of T-cell co-stimulation and reduction of Treg activity,

increased Th1 cytokine production, such as IL-2 and IFN-γ,
anti-MM ADCC improvement and enhanced DC maturation
and functions (101–103). The main molecular mechanism
was recently elucidated showing that IMiDs bind Cereblon,
causing a subsequent degradation of the transcriptional factors,
Ikaros (IKZF1) and Aiolos (IKZF3) on both MM cells and
T cells (104). Aiolos is a known repressor of the IL-2 gene
promoter while Ikaros is also involved in the regulation
of transcriptional silencing during Th2 differentiation (104–
106).

Beside these effects, in vitro studies interestingly showed that
Len treatment downregulates PD-1 expression on both T cells
(93) and NK cells (67), restoring their cytotoxic activity, and
decreases PD-L1 expression on malignant PCs and MDSCs (93).
These data suggested that Len could enhance the effect of anti
PD-1/PD-L1 blockade as further reported by Görgün G et al.
In vitro studies (67).

Moreover, evaluation of immune function in MM patients
treated with Pom demonstrated a poly-functional T-cell
activation, with increased proportion of co-inhibitory receptor
BTLA+ T cells and TIM-3+ NK cells (107), thus giving a
rationale for the use of combination with immune checkpoint
inhibitors. Analysis of the molecular mechanism of action
revealed that Pom induces depletion of IKZF1 on both T and
NK cells; however this effect is dependent on drug exposure
and IKZF1 levels return back to baseline, prior to new cycle,
with intermittent dosing (107). Interestingly, Pom-mediated
immune activation correlated with clinical outcome even in
heavily pretreated MM patients; although the baseline expression
of Ikaros/Aiolos protein in tumor cells was not predictive of
outcome (107).

More recently, a study from Bailur et al. (108) reported that
Pom also reduces IKZF1 and IKZF3 levels on innate lymphoid
cells (ILCs) and enhances their function, as demonstrated by
the increased IFN-γ production both in vitro and in vivo
(108). ILCs are a new subset of innate immune cells known
to be involved in the regulation of immunity, inflammation
and tissue homeostasis (109). The study also reported that
ILCs are increased in BM of MGUS patients compared to
HDs and their functions are enhanced in MGUS but decline
in patients with asymptomatic MM (108). These results thus
provided evidence that ILCs are among the earliest cell subsets
enriched in the tumor microenvironment during the evolution
of monoclonal gammopathies and represent a possible target
to prevent disease progression by acting on their IKZF1
expression. In addition, PD-1 seems to be a negative regulator
for ILC function (110) thus supporting the potential for synergy
between IMiDs and anti-PD-1 mAbs in the treatment of
MM.

EARLY CLINICAL STUDIES OF
CHECKPOINT BLOCKADE AND
COMBINATIONS IN MM

The preclinical evidence that PD-1/PD-L1 blockade enhances
T cell and NK cell anti-MM cytotoxicity encouraged the use
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of mAbs against these checkpoints in clinical trials. However,
the use of anti PD-1/PD-L1 antibodies as monotherapy has
not provided satisfying results. Specifically, a phase Ib clinical
trial testing the anti-PD-1 Nivolumab (IgGk, fully human) in
monotherapy reported no objective responses in 27 patients
with relapsed or refractory MM (RRMM) (111). Similarly, a
phase Ib trial of pembrolizumab (IgGk, humanized anti-PD-
1) in monotherapy for RRMM (NCT01953692/KEYNOTE-013)
described a stable disease in 57% of patients (112). Preliminary
results of a phase II trial of pembrolizumab used in monotherapy
as consolidation in MM patients (NCT02636010) demonstrated
an increased depth of response in only 3 of 14 patients treated.
This lack of efficacy could be explained by the low level of
infiltrating effector cells that characterize MM, along with a
relatively modest mutational burden as compared to solid tumors
wherein therapeutic efficacy correlates with the mutational
burden (113).

Lack of single agent activity led to studies testing PD-1/PD-L1
blockade as a part of a combined therapeutic strategy, particularly
with IMiDs (Table 2). Pembrolizumab in combination with
Len and dexamethasone (Dex) was evaluated in a phase
I dose-escalation in 40 RRMM patients who experienced
disease progression after more than two prior therapies (114).
The objective response rate (ORR) in the whole population
was 50%, with an ORR of 38% in Len-refractory patients
(114). Preliminary results from the phase II clinical trial
conducted on 48 RRMM patients, previously treated with a
median of three regimens, showed an ORR of 60%, including
8% of stringent complete response/complete response, 19%
VGPR, and 33% PR, with a median duration of response
of 14.7 months (115, 116). Interestingly, a phase II study of
Pembrolizumab following ASCT reported a CR rate of 31%
at 6 months, including a 67% rate of BM MRD-negative state
(117).

These results lead to the development of the phase III
studies of pembrolizumab in combination with Len and Dex
(KEYNOTE-185, NCT02579863) or Pom and Dex (KEYNOTE-
183, NCT02576977) and one phase III study of Pom and Dex
vs. nivolumab, Pom, and Dex vs. nivolumab, elotuzumab, Pom,
and Dex (CheckMate 602, NCT02726581). However, in June
2017 the US Food and Drug Administration transiently halted
the clinical trials of anti-PD-1/PD-L1 mAbs in combination with
IMiDs, due to an imbalance of deaths in the Pembrolizumab
arms in KEYNOTE-183 and KEYNOTE-185 and no significant
differences in terms of objective response (https://www.fda.gov/
Drugs/DrugSafety/ucm574305.htm). As these studies have not
yet been published in a peer-reviewed format, more details
that might shed light on the possible explanations for these
observations are lacking. With further review of safety data
on ongoing trials, some of the studies of combinations of
PD-1/PD-L1 blockade in MM have now been reinitiated.
Combinations of PD-1 blockade with other MM therapies
are also currently under evaluation. Preliminary results on
a phase I trial of the anti PD-1 Nivolumab in combination
with other established anti-myeloma agents (Len/Pom, Dex,
anti-CD38 Daratumumab, proteasome inhibitors) revealed
acceptable safety profile in refractory, heavily pre-treated,

high-risk MM patients (118). In addition anti-PD-1 based
therapy, clinical trials of mAbs targeting PD-L1 (Atezolizumab
and Durvalumab), both alone and in combination with other
agents (i.e., Elotuzumab, and Daratumumab) have also been
developed.

Together, these studies point to the need for careful evaluation
of immune checkpoint strategies and their combinations in MM,
with cautious attention to toxicities as well as pharmacodynamics
endpoints.

MAJOR UNMET NEEDS AND FUTURE
DIRECTIONS

The concept that immune system can regulate the growth of
MM cells is now well-established and immune-based approaches
carry the promise of long term disease control and even
cure without the need for ongoing therapy. Current MM
therapies, such as IMiDs and anti-CD38 antibodies can have
immunologic effects; newer therapies particularly CAR-T cells
and T cell-engaging bi-specifics are in active clinical investigation
and showing promising results. However, there remains an
unmet need to address the mechanisms operative in the tumor
microenvironment that restrict or prevent long term control of
tumors.

Further studies are needed to better understand the
mechanisms behind the lack of clinical activity of single agent
PD-1 blockade in MM. Several mechanistic possibilities exist,
including dominance of other inhibitory checkpoints, immune
suppressive cells, lack of agonistic signaling, the low number
of tumor-specific T cells in the tumor microenvironment,
poor antigen presentation, low mutational burden of MM
tumors, as well as senescence of tumor-infiltrating T cells.
Moreover, MM is not a single disease and it consists of
several distinct genetic subtypes; thus, it is likely that immune
microenvironment in MM may also differ between patients.
This heterogeneity may even be spatial within the same patient,
as recently illustrated for solid tumors (120). As MM is a
malignancy involving an immune cell, it is also theoretically
possible that PD-1 blockade may lead to altered cross-talk with
other immune cells and paradoxically promote tumor growth.
It is also of interest to identify if there are specific subsets
of patients (such as those with high mutational burden on
MM cells), who might preferentially benefit from checkpoint
blockade.

Some of the possibilities discussed above suggest the chance
that the lack of efficacy of PD-1 blocking antibodies as
single agents can be reverted by the combination with other
agents. This strategy could lead to distinct pharmacodynamics
effects as well as toxicity profiles compared to monotherapies
(121).

It should be noted that many of the published data involve
PD-1 targeted therapies; however, the effects of PD-L1 blockade
may differ.

Preclinical studies also suggest a potential efficacy of agonistic
antibodies in preclinical models as well. As an example, anti-
CD137 Abs were shown to lead to strong tumor immunity in
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TABLE 2 | Selected clinical trials of checkpoint inhibitor-based therapies in Multiple Myeloma.

Study Phase Clinical trial

identifier

References

A study of pembrolizumab (mk-3475) in combination with standard

of care treatments in participants with multiple myeloma

(MK-3475-023/KEYNOTE-023)

I NCT02036502 (114)

An investigational immuno-therapy study to determine the safety

and effectiveness of nivolumab and daratumumab, with or without

pomalidomide and dexamethasone, in patients with multiple

myeloma

I NCT01592370 (118)

Study of lenalidomide/dexamethasone with nivolumab and

ipilimumab in patients with newly diagnosed multiple myeloma

I NCT03283046 –

A study to determine dose and regimen of durvalumab as

monotherapy or in combination with pomalidomide with or without

dexamethasone in subjects with relapsed and refractory multiple

myeloma

I NCT02616640 –

A study of PVX-410, a cancer vaccine, and durvalumab ±

lenalidomide for smoldering MM

I NCT02886065 –

A study of atezolizumab (anti-programmed death-ligand 1 [PD-L1]

antibody) alone or in combination with an immunomodulatory drug

and/or daratumumab in participants with multiple myeloma (MM)

Ib NCT02431208 –

A study of durvalumab in combination with lenalidomide with and

without dexamethasone in subjects with newly diagnosed multiple

myeloma

Ib NCT02685826 –

1454GCC: Anti-PD-1 (MK-3475) and IMiD (Pomalidomide)

combination immunotherapy in relapsed/refractory multiple myeloma

I/II NCT02289222 (115, 116)

Pembrolizumab cyclophosphamide and lenalidomide for patients

with relapsed multiple myeloma (MUKfourteen)

I/II NCT03191981 –

Pembrolizumab, lenalidomide, and dexamethasone in treating

patients with newly diagnosed multiple myeloma eligible for stem

cell transplant

II NCT02880228 –

Phase 2 multi-center study of anti-pd-1 during lymphopenic state

after HDT/ASCT for multiple myeloma

II NCT02331368 (117)

Pembrolizumab + Lenalidomide post-autologous stem cell

transplant (ASCT) in high-risk multiple myeloma (MM)

II NCT02906332 (119)

Efficacy and safety study of pembrolizumab (MK-3475) in

combination with daratumumab in participants with relapsed

refractory multiple myeloma (MK-3475-668/KEYNOTE-668)

II KEYNOTE-

668

NCT03221634

–

A study of elotuzumab in combination with pomalidomide and low

dose dexamethasone and elotuzumab in combination with

nivolumab in patients with multiple myeloma relapsed or refractory

to prior treatment with lenalidomide

II NCT02612779 –

An exploratory study to evaluate the combination of elotuzumab and

nivolumab with and without pomalidomide in relapsed refractory

multiple myeloma

II NCT03227432 –

A Phase II trial if nivolumab, lenalidomide and dexamethasone in

high risk smoldering myeloma

II NCT02903381 Based on ClinicalTrials.gov. U.S. National

Library of Medicine [https://clinicaltrials.gov/].

Accessed 2 Jan 2018.

A study to determine the safety and efficacy for the combination of

durvalumab and daratumumab in relapsed and refractory multiple

myeloma (FUSIONMM-003)

II NCT02807454 –

A study to determine the efficacy of the combination of

Daratumumab (DARA) plus Durvalumab (DURVA) (D2) in subjects

with Relapsed and Refractory Multiple Myeloma (RRMM)

(FUSION-MM-005)

II NCT03000452 –

Study of pomalidomide and low dose dexamethasone with or

without pembrolizumab (MK-3475) in Refractory or Relapsed and

Refractory Multiple Myeloma (rrMM) (MK3475-183/KEYNOTE-183)

III KEYNOTE-

183/

NCT02576977

https://www.fda.gov/Drugs/DrugSafety/

ucm574305.htm

Study of lenalidomide and dexamethasone with or without

pembrolizumab (MK-3475) in participants with newly diagnosed

treatment naive multiple myeloma (MK3475-185/KEYNOTE-185)

III KEYNOTE-

185/

NCT02579863

https://www.fda.gov/Drugs/DrugSafety/

ucm574305.htm
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VKappa-myc MM models (122, 123). Although a small study
with this agent in MM was not completed, further evaluation
of this pathway particularly in combination may be of interest.
T cells in MM lesions also express other inhibitory molecules,
such as TIM-3 and LAG-3. Antibodies targeting these molecules
are now entering the clinic and the effects of these agents
in human MM are awaited. In addition to their effects on T
cells, immune regulatory pathways are also operative for innate
cells, such as NK-T cells and ILCs. These pathways may also
limit the efficacy of engineered T cells, such as CAR-T cells,
as well as bispecifics. Future combinations of these strategies
to harness immune-mediated MM control are therefore eagerly
awaited.
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Osteocytes are terminally differentiated cells of the osteoblast lineage. They are involved

in the regulation of bone remodeling by increasing osteoclast formation or decreasing

bone formation by the secretion of the osteoblast inhibitor sclerostin. Monoclonal

antibody anti-sclerostin, Romosozumab, has been developed and tested in clinical trials

in patients with osteoporosis. In the last years, the role of osteocytes in the development

of osteolytic bone lesions that occurs in multiple myeloma, have been underlined.

Myeloma cells increase osteocyte death through the up-regulation of both apoptosis and

autophagy that, in turn, triggers osteoclast formation, and activity. When compared to

healthy controls, myeloma patients with bone disease have higher osteocyte cell death,

but the treatment with proteasome inhibitor bortezomib has been shown to maintain

osteocyte viability. In preclinical mouse models of multiple myeloma, treatment with

blocking anti-sclerostin antibody increased osteoblast numbers and bone formation rate

reducing osteolytic bone lesions. Moreover, the combination of anti-sclerostin antibody

and the osteoclast inhibitor zoledronic acid increased bone mass and fracture resistance

synergistically. However, anti-sclerostin antibody did not affect tumor burden in vivo

or the efficacy of anti-myeloma drugs in vitro. Nevertheless, the combination therapy

of anti-sclerostin antibody and the proteasome inhibitor carfilzomib, displayed potent

anti-myeloma activity as well as positive effects on bone disease in vivo. In conclusion,

all these data suggest that osteocytes are involved in myeloma bone disease and may be

considered a novel target for the use of antibody-mediated anti-sclerostin therapy also

in multiple myeloma patients.
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INTRODUCTION

Multiple Myeloma (MM) is characterized by uncoupling bone resorption and osteoblast (OB)
formation resulting in severe bone formation inhibition leading to osteolytic bone lesions (1).
Currently, only osteoclast (OCL) inhibitors such as bisphosphonates (BPs) and the monoclonal
antibody anti- receptor activator of nuclear factor-κB ligand (RANKL) denosumab are FDA-
approved for the treatment of MM bone disease. To date, studies investigating the bone
anabolic effects of anti-MM drugs demonstrated that proteasome inhibitors stimulate osteogenic
differentiation of human mesenchymal stromal cells and also improve the viability of osteocytes
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reducing apoptosis and autophagic cell death both in vitro and
in vivo (2). Nevertheless, studies investigating new therapeutic
targets and approaches that improve bone formation are strongly
encouraged.

In recent years, there has been increasing interest in
elucidating the role of osteocytes in MM bone disease and
in developing new therapeutic strategy that target osteocyte
functions. It is a widely accepted notion that osteocytes are
involved in the regulation of physiological bone remodeling
through the release of molecules that affect OCL and OB
function. Moreover, recent studies demonstrated that MM cells
induced apoptosis and autophagic cell death in osteocytes
contributing to the increased activity of OCLs (2, 3).

Sclerostin (Scl) is a potent Wnt/β-catenin inhibitor secreted
by mature osteocytes that control bone formation and resorption
(4). Moreover, it has been demonstrated that MM cells increased
Scl expression in osteocytes in MM murine models (5, 6) and its
levels have been found elevated in MM patients in correlation
with abnormal bone remodeling (7).

Indeed, the use of anti-Scl antibody (Scl-Ab) has been
explored in experimental animal models of bone disorders
demonstrating its efficacy in increasing bone formation and
decreasing bone resorption (8, 9). In the clinical setting, the
Scl-Abs romosozumab and blosozumab have been efficaciously
tested in osteoporotic patients demonstrating potent activity in
stimulating bone formation and reducing bone resorption (10,
11). While some research has been carried out on the feasibility
of Scl-Ab therapy in MM mouse model, no clinical studies have
been yet conducted among MM patients. In this perspective,
the notion that Scl-Ab does not affect the activity of currently
available anti-MM drugs (8) encourages the use of a combined
therapy to treat skeletal disease and tumor progression.

The purpose of this review is to provide an overview of the
role of osteocytes in MM bone disease describing the numerous
improvements that have been made in this field. We first
describe the osteocyte role in physiological bone remodeling as
well as the importance of Scl in modulating their activity and
functions. Moreover, we discuss the main mechanisms underlie
the involvement of osteocytes in MM bone disease and the
preclinical use of an immunotherapeutic approach based on
Scl-Ab for improving bone disease in patients with MM.

OSTEOCYTES AND BONE REMODELING

Osteocytes are cells belonging to the osteogenic lineage
embedded in the bone matrix within the lacuno-canalicular
cavities. They are derived from the original rounded OBs through
conspicuous morphological and ultrastructural changes, such as
reduction in size, in parallel with the formation and elongation of
the cytoplasmic processes (12, 13). Osteocytes create an extensive
network throughout the skeleton, by means of multiple dendrite-
like processes, joining with the other bone cells (OBs/bone
lining cells and stromal cells); this functional syncytium, based
on interaction through intercellular junctions, is extended from
the inner bone to the vascular endothelia (14–16). The bone
cells’ activity is involved in all bone processes, i.e., bone growth,

bone modeling and bone remodeling. Bone remodeling induces
bone turnover throughout life, i.e., the continuous skeletal
“destruction” and “reconstruction,” in a dynamic manner, driven
by the activity of osteoclastic and osteogenic cell lineages, thus
allowing bone adaptation to both mechanical and metabolic
requirements. This process also occurs in repairing skeletal
damage, preventing accumulation of brittle hyper-mineralized
bone, and maintaining mineral homeostasis by liberating stores
of calcium and phosphorus (17). The activities of OCLs and
OBs must be strictly regulated to ensure that bone homeostasis
is maintained. Osteocytes are considered the key regulators to
maintain this balance (18). Recently, signaling pathways by which
the osteocyte exerts control over the other bone cells and also
the potential ways in which these pathways may be exploited
therapeutically have been investigated (19–29). In physiological
conditions, the bone remodeling should occur when required.
During targeted remodeling, which is the removal of a specific
area of old or damaged bone, the initiating signal originates from
the osteocytes that use their dendritic network to communicate
to other cells (25, 30–33). On the other hand, it has been reported
that the osteocyte damage, induced for example through the
disruption of bone matrix canaliculi, may lead to release of
paracrine factors that increase local angiogenesis and recruitment
of OCL and OB precursors (21, 33–35). Other authors have
suggested that another possible triggering event of the bone
remodeling cycle is osteocyte apoptosis, as the increase of
RANKL expression occurs concurrently, thus enhancing the
osteoclastogenesis (36–38).

Osteocytes are mechanosensors (39–44) and capable of
modulating OCLs and OBs that, together with the capillary
blood supply, form the Basic Multicellular Unit (BMU), which
is constantly replenished to perform the appropriate bone
remodeling (17). To explain the remodeling activation due
to mechanical requirements, Palumbo and coworkers (30),
proposed a sequence of phases, through which osteocytes
coordinate OCL and OB recruitment only when the micro-
deformations induced by loading exceed the physiological range
(i.e., fall above and below the lower and upper setpoint values,
respectively) in mineralized matrix. The osteogenic cell system
is organized in the Bone Basic Cellular System-BBCS (16), the
functional syncytium formed by osteocytes, bone lining cells and
stromal cells. The bone remodeling process is characterized by
distinct phases. Under the above conditions, osteocytes drive
steady ionic currents (45) outside the bone matrix to maintain
the steady state. During unloading or when sensitivity to strain
is altered by hormones, such as parathyroid hormone (PTH),
estrogens etc, osteocytes stop producing a steady resting state
ionic current and the bone lining cells, stromal cells and above
all the osteocytes themselves (sensitive to loading changes)
produce RANKL, as recently confirmed (27, 46–48) (1st Phase-
Resorption). During the progression of erosive activity, the only
cells which can inhibit OCLs are the surviving overstrained
osteocytes that arrest OCL erosion when the local upper setpoint
is exceeded. In this regard, it has been shown that an unexpected
high number (about 60%) of osteocytes survive the end of
OCL disruption (30). After this, the successive 2nd Phase-
Reversion begins and the cells of the reversal phase (probably
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of stromal-fibroblast origin) differentiate into OBs. The exact
signals that couple bone resorption to subsequent bone formation
are not yet fully understood. Various authors believe that the
cells of the reversal phase could be involved in sending or
receiving these signals (22, 49, 50). It has also been postulated
that OCLs may be the source of coupling factors, either secreting
cytokines or via regulatory receptors and their membrane bound
ligands (51). Other signaling pathways may include matrix
derived factors such as bone morphogenic protein (BMP)-2),
transforming growth factor β and insulin-like growth factor
(19, 26). In the last 3rd Phase-Deposition, bone is progressively
rebuilt. When the local strains fall again within the physiological
range, the osteocytes in the newly-laid-down bone matrix restore
the steady ionic current returning the bone to the resting state,
therefore halting OB activity.

Osteocytes play a key role in remodeling modulation via
secretion of antagonists of the Wnt signaling pathway, such
as Scl (18). Scl, encoded by the gene SOST is secreted by
osteocytes and negatively regulates Wnt signaling by binding
the co-receptors low-density lipoprotein receptor-related protein
(LRP5/6). During the new resting phase, osteocyte expression of
the Wnt inhibitors SOST, and DKK-1/2 prevents further bone
formation in the quiescent bone, (52, 53). Thus, during the
bone remodeling cycle, Scl osteocyte expression declines leading
to an OB-mediated new bone formation after bone resorption.
Finally, newly formed osteocytes become entombed within the
bone matrix and re-express SOST, resulting in cessation of bone
formation.

ROLE OF SCLEROSTIN IN THE

REGULATION OF BONE REMODELING

Various molecular mechanisms, underlying the osteocyte’s
regulatory role in response to skeletal and mineral homeostasis,
have been reported. As widely described by Sapir-Koren and
Livshits (4), three categories of molecules are involved: (i)
Scl, due to SOST promoter hypomethylation (54); (ii) the
group of “mineralization-related genes,” involved in regulating
mineralization and phosphate metabolism: dentin matrix protein
1 (DMP1), matrix extracellular phosphor glycoprotein (MEPE),
and fibroblast growth factor 23 (FGF23) (18, 55, 56); (iii) proteins
encoded by RANKL and OPG genes. Scl is currently considered
the major mediator of the molecular osteocyte mechanisms
involved in the process of adaptive bone responses. It is a 22-
kDa glycoprotein produced by the SOST gene and displays
both autocrine and paracrine effects. The SOST gene is mainly
expressed in bone cells, although it is also expressed during
fetal development in several tissues including cartilage, bone
marrow (BM), pancreas, heart, aorta, liver, and kidney. However,
postnatal expression of Scl is mostly limited to osteocytes,
chondrocytes and cementocytes (57). In the mature skeleton,
Scl is mainly synthesized by differentiated mature osteocytes
entrapped within the mineralized matrix, while immature
osteocytes, embedded in osteoid, bone lining cells and OBs,
express very low levels of Scl.

Scl has provided a pivotal step in the knowledge of bone
remodeling regulation. This central role is achieved through
interplay between two opposing mechanisms: (1) unloading-
induced high Scl levels, which simultaneously antagonize
canonical Wnt in osteocytes and OBs and promote noncanonical
Wnt and/or other pathways in osteocytes and OCLs (20, 58, 59);
(2) mechanical loading-induced low Scl levels, that activates
Wnt-canonical signaling and bone formation.

Thus, adaptive bone remodeling occurring in different bone
compartments is driven by altered Scl levels, which regulate
the expression of the other osteocyte-specific proteins, such as
RANKL, its decoy receptor osteoprotegerin (OPG), and proteins
encoded by “mineralization-related genes” (DMP1, PHEX, and
probably FGF23). For example, under specific condition, Scl
regulates differential RANKL, and OPG production, and creates
a dynamic RANKL/OPG ratio (60–62), leading to either bone
formation or resorption. It also controls the expression of PHEX,
DMP1, and most likely FGF23 (55), leading to either bone
matrix mineralization or its inhibition. Such opposite up- or
down-regulation of the remodeling phases allows osteocytes
(i.e., the cells always present in bone tissue) to function
as “the orchestrators” of OCLs and OBs (i.e., the transient
operating cells) ensuring the transition from bone resorption
to bone formation. The physiological role of osteocytes and
Scl in unloading and loading conditions is summarized in
Figures 1A,B.

The inhibition of Scl could represent a promising strategy
to target bone remodeling and has been investigated since 2009
in mouse and rat bone density disorder models (osteoporosis,
rheumatoid arthritis, genetic disorders). In these models the use
of Scl-Ab significantly increased bone mineral density (BMD),
bone mass and strength and also OB surface while decreasing
OCL surface (63, 64). Scl-Ab mechanism of action has been the
focus of different studies. Specifically, in nonhuman primate and
rat models, the short-term use of anti-Scl therapy improved and
prolonged the bone formation by activating bone lining cells,
while simultaneously reducing bone resorption (65, 66). In cynos,
single dose of Scl-Ab, mimicking intermittent Scl inhibition,
induced a rapid increase in serum procollagen type 1 amino-
terminal propeptide (P1NP) and osteocalcin which returned to
baseline as soon as the antibody was cleared from circulation (65).
No increase in the serum levels of bone resorption marker C-
telopeptide (CTX) was found in the serum levels, suggesting the
anabolic effect of single and short treatment with Scl-Ab.

Interestingly, longer-term treatment resulted in a robust and
transient increase in bone formation during the early phase of
treatment followed by a progressive reduction. On the contrary,
the anti-resorptive effects remained detectable throughout the
whole period (67).

Expression analysis performed by microarray and TaqMan
analysis on isolated OBs, bone-lining cells, and osteocytes
isolated from both short-term and long-term Scl-Ab treated
ovariectomized rats revealed the mechanisms underlying the
bone response to Scl inhibition. Short-term treatment resulted in
upregulated expression of canonical Wnt target genes: Wisp1, a
negative regulator of bone resorption, and Twist1 an inhibitor
of bone formation. In the same conditions, an increased
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FIGURE 1 | Physiological role of osteocytes and Scl and potential mechanism

of action of Scl-Ab in BM microenvironment. (A) Unloading conditions induce

the production of high Scl levels which, in turn, promote the production of

RANKL and decrease OPG with consequent increased RANKL/OPG ratio,

osteoclastogenesis, and enhanced bone resorption. Another possible

triggering event of RANKL release in BM microenvironment is the osteocyte

apoptosis. Simultaneously, high Scl inhibits Wnt signaling and osteoblast

formation. (B) Mechanical loading and other factors, such as PTH and

estrogens, suppress Scl expression with the consequent induction of Wnt

signaling and enhanced bone formation. The production of high

levels of OPG and the reduction of RANKL production lead to the suppression of

(Continued)

FIGURE 1 | resorption-associated activities. (C) Scl inhibition stimulates bone

formation and reduces bone resorption by different mechanisms. Firstly, by

blocking the binding between Scl and LRP5/6, Scl-Ab activates a set of Wnt

target genes associated with bone formation and resorption (Wisp and Twist)

and increased expression of extracellular matrix proteins, such as osteocalcin.

The increased of Twist, an inhibitor of bone formation, limits the early response

to Scl inhibition, whereas Wisp, a negative bone resorption, sustains the

anti-osteoclastogenic activity. The feedback mechanisms following Scl

inhibition, is associated with increased levels of Wnt antagonist to attenuate

the bone-forming response and prevent excessive bone accrual. Although the

anti-resorptive activity is demonstrated in animal studies and in clinical trials,

the regulation of osteoclastogenic factors, such as RANKL and OPG, is not

clearly and need to be elucidated in further studies. See text for details.

expression of all three osteogenic cell types of extracellular
matrix and mineralization genes, such as Bglap, has also been
observed within the first week of treatment (67, 68). Probably,
the upregulation of Twist may limit the stimulatory response
following Scl-Ab treatment. The progressive upregulation of
matrix genes in lining cells supports the notion that Scl-Ab
therapy differentiates lining cells into matrix-producing OBs on
the quiescent surface without prior bone resorption (model-
based bone formation) (68).

Interestingly, during extended treatment, at the time of peak
bone formation rate, there was a decrease in the number of
osteoprogenitor cells with a concomitant change in the global
gene expression of osteocytes. In particular, Twist1 returned
to baseline levels while Wisp1 remained increased suggesting
a switch from anabolic to anti-anabolic expression profile in
response to longer Scl-Ab treatment (67). The anti-resorptive
activity of long-term treatment seemed to be accompanied by a
reduction of Csf1, a gene encoding OCL regulator Macrophage
Colony Stimulating Factor 1 (MCSF1), and an increased Opg
expression (67). Further studies are needed to clarify how Scl-
Ab modulates bone resorption since some authors reported the
lack of modulation of RANKL, OPG, and other regulators of
osteoclastogenesis during Scl-Ab treatment (68, 69).

Further pathways that inhibit canonical Wnt signaling such
as Hippo, noncanonical Wnt (e.g., Wnat5b) and transforming
growth factor (TGF)-β are significantly modulated by long-
term treatment. These changes are likely driven by (i) increased
p53, (ii) decreased c-Myc, and (iii) induction of Wnt inhibitors
production dickkopf (Dkk)-1 and Scl, resulting in a self-regulated
inhibition of bone formation to prevent excessive bone accrual
(67, 70). The main effects on the BM microenvironment during
treatment with Scl-Ab are illustrated in Figure 1C.

CLINICAL STUDIES WITH SCL-AB IN

SKELETAL DISEASE

Given the numerous findings regarding the involvement of
Scl in bone remodeling and bone disease, humanized Scl-Abs
antibodies have been developed.

Romosozumab (AMG 785; Amgen, Thousand Oaks, CA,
USA, and UCB, Belgium) is a humanized monoclonal IgG2
antibody with high specificity for human Scl. It has been
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investigated as bone-forming drug among osteoporotic patients
with increased risk of fractures. The first clinical study was
a phase I randomized, double blind trial conducted in a
cohort of healthy men and postmenopausal women (71) The
subjects were randomized to receive subcutaneous or intravenous
romosozumab or placebo. Administration of romosozumab
was accompanied by an increase of serum levels of bone
formation markers P1NP, bone-specific alkaline phosphatase
(BSAP), osteocalcin, and decreased bone resorption CTX (71)
compared with placebo. The study of romosozumab effects
on trabecular and cortical bone was assessed in subject with
low bone mass in phase I-II studies. The authors observed a
significant improvement in vertebral trabecular and cortical bone
maintained during the off-treatment follow-up period (72, 73).
Moreover, romosozumab was superior to the bisphosphonate
aldronate and teriparatide, in increasing bone formation and
reducing bone resorption. Romosozumab administration, in
phase a III trial, was associated with a lower risk of vertebral
and clinical fractures as compared with placebo treatment.
A more recent study compared the effectiveness of starting
with romosozumab and transitioning to antiresorptive agent
alendronate vs. alendronate alone in reducing the risk of
fracture among postmenopausal women with osteoporosis (74).
Treatment with romosozumab before aledronate reduced the
risks of a new vertebral, clinical, nonvertebral, and hip fracture
compared to alendronate alone associated with a rapid gain in
BMD.

Blosozumab (Eli Lilly and Company, Indianapolis, IN, USA)
is a humanized monoclonal IgG4 antibody targeted against Scl
that displayed similar bone anabolic properties to romosozumab.
Specifically, results of a randomized, placebo-controlled phase
II clinical trial in postmenopausal women with low BMD
demonstrated that blosozumab increased bone formation and
spine and total hip BMD, while decreasing bone resorption (10).

The significant decrease in biochemical markers of bone
resorption observed with both drugs may be related to a
decreased RANKL and increased OPG levels, with a reduction
in the RANKL/OPG ratio and in bone resorption.

BPS804 (Novartis, Basel, Switzeland) is a human IgG2 Scl-Ab
being evaluated in clinical trials for osteogenesis imperfecta (OI)
has demonstrated a stimulatory effect on bone formation and
inhibitory effect on bone resorption (75).

Some limitation for the use of both drugs, came from the
studies reporting a reduction of circulating bone formation and
resorption markers to baseline levels within a year (10, 73). This
effect may be partly due to a Scl-independent bone response:
the reduced stresses and strains within the skeleton following
the new bone formation, determines a reduction of positive
signal for bone formation (76). In addition, Dkk-1, which is
upregulated in Scl deficiency (77) might reduce bone formation
as a compensatory mechanism in the absence of Scl. Moreover,
these Scl-Abs showed immunogenic properties leading to the
development of anti-drug antibody (ADA) even after short-
term treatment (71, 75). However, this phenomenon does not
affect the pharmacodynamics and pharmacokinetic properties
and does not induce adverse effects. Both pre-clinical and
clinical data showed that Scl-Ab administration increased the

expression of SOST and the level of serum Scl that decreased
after discontinuation. These effects might be due to either the
formation of Ab-Scl complex or the presence of a feedback
mechanism by which the blockade of Scl triggers its production
(67, 78).

MYELOMA BONE DISEASE

Bone remodeling alteration is one of the hallmarks of
MM (79). In this hematological malignancy, the plasma cell
accumulation into the BM leads to bone destruction due
to a severe unbalanced and uncoupled bone remodeling
(80, 81) Indeed an increase of OCL enrollment and activity
together with a deep OB suppression have been shown
in MM patients (80, 81). MM bone disease occurs in
about 80% of MM patients at diagnosis (82), resulting in
pathological fractures, spinal cord compression and pain,
significantly impacting their quality of life (80, 81). BPs,
such as zoledronic acid and pamidronate, are the current
treatments of choice for MM bone disease. BPs bind avidly
to bone matrix and are incorporated into areas of active bone
remodeling (83). During bone resorption OCLs incorporate BPs,
leading to reduced OCL recruitment, maturation and activity
(83).

Either soluble factors or the cell-to-cell contacts between
MM and microenvironment cells are involved in bone
alterations, resulting in the stimulation of OCL formation
and activity, and inhibition of OB differentiation. These
alterations of BM microenvironment and, consequently
MM bone disease development, provide a permissive niche
that promotes growth and survival of MM cells (80, 81).
Several cytokines and chemokines contribute to the bone
remodeling alterations in MM. These soluble factors are
directly released by MM cells and/or produced by stromal
and osteoprogenitor cells after interaction with MM cells.
Indeed, the cell-to-cell interaction with MM cells, upregulates
RANKL while downregulates OPG production in stromal
cells, sustaining OCL recruitment and survival (80, 81).
Furthermore chemokine (C-C motif) ligand (CCL)-3,
interleukin (IL)-1, IL-3, IL-6, activin A, and tumor necrosis
factor (TNF) α are known to be upregulated into the MM
BM microenvironment and involved in OCL formation
(80, 81, 84–86).

The interaction between MM cells and stromal cells also
inhibits in stromal cells the activity of Runx2, the main pro-
osteoblastogenic transcription factor, leading to the suppression
of OB differentiation (87). Moreover, MM patients show high
BM levels of cytokines such as IL-7 and HGF that contribute
to the Runx2 inhibition and osteoblastogenesis decrease (88,
89). Together with their role in MM-induced enhanced
osteoclastogenesis, IL-3 and Activin A also have a role in OB
inhibition in MM patients (90, 91). Lastly, it has been shown
that MM patients have high BM level of several Wnt signaling
inhibitors such as Dkk-1, soluble frizzled related protein (sFRP)-
2, and sFRP-3, that contribute to MM-induced OB suppression
and MM bone disease (80, 88, 92–94).
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OSTEOCYTE AND MYELOMA BONE

DISEASE

As described above, bone destruction in MM relies upon
the exchange of soluble factors as well as the interactions
between MM cells and OCLs and OBs. Nevertheless, little is
known about the interplay between MM cells and osteocytes
and their role in MM bone disease. A preliminary paper by
Eisenberger et al. (95) presented a transcriptome analysis of
the in vivo effects of MM cells on osteocytes. The study clearly
demonstrated that MM-induced stress generated specific gene
expression footprints in osteocytes. More recently, a histological
study performed on human bone biopsies, revealed that MM
patients were characterized by increased osteocyte death and
fewer viable osteocytes when compared with healthy controls
(3). Moreover, the presence of osteolysis in MM patients
correlated with the increased osteocyte death, probably due to
increased osteocyte apoptosis. Interestingly, MM patients, when
compared to healthy controls or monoclonal gammopathy of
undetermined significance (MGUS) patients, showed a higher
number of OCLs negatively correlating with the number of viable
osteocytes. The same study showed that in a co-culture system,
MM cells upregulated the production of pro-osteoclastogenic
molecules such as IL-11, Matrix metalloproteinase-1 (MMP-
1), and CCL3/macrophage inflammatory proteins (MIP)-1α by
preosteocytes (3). Indeed, the conditioned media of these co-
cultures increased the in vitro OCL formation that was inhibited
by the presence of anti-CCL3 and anti-IL11 antibodies. The
immunohistochemical analysis of bone biopsies showed that
the osteocytic expression of IL-11 was higher in osteolytic MM
patients when compared to non-osteolytic ones, even though
there were no differences between MM and MGUS patients.
Later, the same group demonstrated that MM cells induced
autophagic cell death in co-cultured osteocytes, thus supporting
the notion that other mechanisms, other than apoptosis, underlie
the role of osteocytes in MM bone disease (2).

Osteocytes are in direct contact with MM cells in MM-
bearing mice and so, these interactions increase apoptosis and
the production of RANKL and Scl by osteocytes (5). In vitro
experiments demonstrated that the activation of Notch signaling
underlined the increased osteocytic apoptosis resulting in: (1)
increased expression of RANKL and ability of osteocytes to
recruit OCL precursors, and (2) increased production of Scl,
which in turn inhibits Wnt signaling and OB differentiation. No
less important, this physical interaction induces the reciprocal
activation of Notch pathway in osteocytes and MM cells,
supporting the growth, and proliferation of tumor cells (5). One
of the possible MM-factors responsible for increased osteocyte
death was TNF-α, as recombinant TNF-α increased osteocyte
apoptosis and neutralizing anti-human TNFα antibody blocked
the MM-induced reduction of osteocyte viability (5).

Together these data suggest that, in MM-colonized bone,
osteocytes are responsible for the increased OCL recruitment
as well as the inhibition of bone formation through cell-to-
cell interactions and release of soluble factors. The complex
interplay between MM cells and osteocytes is shown in
Figure 2.

OSTEOCYTE AS THERAPEUTIC TARGETS

IN MM

The recent improvements in the knowledge of osteocyte role
in MM bone disease, have raised the possibility of targeting
osteocytes as new therapeutic strategy to treat bone disease.
Different studies sought to determine the effects of the main
anti-MM drugs, such as proteasome inhibitors (PIs), as well
as anti-resorptive agents BPs, and PTH on osteocytes. The
first observation came from a study by Terpos et al. reporting
a reduction of serum levels of Scl in MM patients receiving
four cycles of bortezomib monotherapy. On the basis of this
evidence, Toscani et al. investigated the effect of bortezomib
therapy on osteocyte viability on BM biopsies taken from
MM patients. Interestingly, patients treated with a bortezomib-
based regimen showed a significant higher number of viable
osteocytes compared with those treated without bortezomib.
Additionally, bortezomib counterbalanced the negative effect of
dexamethasone on osteocyte viability. A similar reduction of
apoptotic osteocytes was also observed (2). In keeping with data
described above reporting the ability of MM cells to induce
autophagic cells death in cocultured osteocytes, ex vivo analysis
showed that patients treated with bortezomib had a reduction of
autophagic osteocytes compared with controls treated without
bortezomib thus confirming the great impact of proteasome
inhibition in preventing osteocyte death. In vitro, PIs were also
able to block osteocyte death induced byMM cells and high doses
of dexamethasone by inhibiting the activation of the autophagic
pathway and the formation of autophagosome (2). Also, BPs are
able to target osteocytes. It has been reported that osteoporotic
patients treated with BPs had increased levels of serum Scl and
reduced bone turnover markers (96). The mechanism by which
BPs might modulate Scl levels remains unclear. It has been
suggested that BPs induce the accumulation of Scl-secreting OCL
precursors (96). Others linked the effect of BPs on Scl levels to the
anabolic effects of intermittent PTH (97, 98).

PRECLINICAL STUDIES WITH ANTI-SCL

ANTIBODY IN MM

Several clinical studies showed that patients with active MM
were characterized by high levels of circulating Scl, which
correlated with the presence of osteolytic fractures, disease stage
and biochemical markers of bone remodeling (7, 99). There
are controversial reports regarding the cellular origin of Scl in
MM. Some authors showed that MM cells directly produced Scl
(100) or were able to induce its production by osteocytes (5, 6).
Nevertheless, Giuliani et al. did not find any significant difference
in the expression of Scl in bone biopsies of MM patients (3).

More recently, Eda et al. identified spindle-shaped BM stromal
cells and OBs as the main source of Scl in BM biopsy samples
from MM patients (101), suggesting that, other than osteocytes,
these cells are responsible for the increased levels of Scl in MM
patients.

Delgado-Calle et al. generated a MM immunodeficient mouse
model with a global deletion of SOST (Sost–/–) injected with
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FIGURE 2 | Osteocyte role in MM bone disease. Bone destruction in MM rely up the exchange of soluble factors as well as the interactions between MM cells and

OCLs and OBs. Osteocytes play a pivotal role in orchestrating this interplay. Cell-to cell interaction with MM cells, upregulates RANKL while downregulates OPG in

osteoprogenitor cells, thus stimulating OCL survival. Under MM stimuli, osteocytes and OBs undergo apoptosis and autophagic cell death. In this scenario,

osteocytes produce the pro-osteoclastogenic factors IL-11, CCL3, and MMP1 increasing OCL activity. The physical contact between MM cells and osteocytes induce

the reciprocal activation of Notch pathway resulting in increased expression of RANKL, which stimulates OCL, and Scl, which suppress bone formation by osteocytes

as well as MM cells growth and osteocyte apoptosis. TNF-α produced by MM cells exacerbated these effects. The effects of MM cells on osteocytic expression of Scl

is controversial since some authors reported that osteocytes isolated from tumor-bearing mice expressed lower Scl than non-tumor bearing mice. Moreover, MM cells

induce the expression of Scl in OBs via secretion of Dkk-1. See text for details.

MM cells. Interestingly, the mice displayed decreased osteolysis
and improved bone loss compared with wild type mice, without
affecting MM growth (8). Moreover, whereas MM-injected wt
mice displayed reduced bone surface and OB number, MM-
injected Sost–/– mice did not display a reduction in the number
or function of OBs suggesting that Scl is involved in the OB
suppression induced by MM cells.

For further insight into the cellular effects of Scl inhibition, the
authors treated an established MM immune-competent mouse
model with Scl-Ab.

Mice receiving Scl-Ab showed reduced osteolysis and
increased bone formation compared with mice receiving control
IgG, no differences in MM growth and with a modest effect on
OCLs (8). Furthermore, the increased bone volume was present
in mice with both low and high tumor burden suggesting that the
anabolic effect is independent of tumor cells presence.

By using a human MM xenograft mouse model, Eda et al.
showed that, compared to controls, MM-bearing mice presented
high levels of mouse Scl, together with the inhibition of activated
β-catenin expression in bone (101).

The treatment with Scl-Ab determined an increase of bone
volume and bone formation markers osteocalcin and P1NP as

well as the increase of β-catenin staining in xenograft mouse
bones. Interestingly, the combination therapy with carfilzomib
increased bone formation together with important reduction
of tumor burden when compared with mice treated with
carfilzomib alone. Moreover, MM cells induced the expression
of SOST in cocultured mature human OBs, via secretion of
Dkk-1, and the treatment with neutralizing Scl-Ab blocked
MM-induced OB suppression. Importantly, neutralizing Dkk-
1 antibody blocked SOST upregulation induced by MM while
recombinant Dkk-1 increased SOST expression in immature and
mature OBs (101). RNA-seq analysis performed on osteocytes
isolated from non-tumor bearing mice revealed that these cells
expressed Sost, Dkk1 and other Wnt antagonist such as Sfrp1,
Sfrp2 and frizzled-b (Frzb) (6). In contrast with previous results,
the expression of Sost and Dkk1 decreased in osteocytes isolated
from tumor–bearing mice compared to naive non-tumor–
bearing mice. This suggests that osteocytes respond differently
in presence of MM cells although further studies are needed to
clarify this aspect.

Given the data demonstrating that Dkk-1 is a direct
transcriptional target of β-catenin (102), Florio et el. measured
Dkk-1 expression in whole-bone lysate in SOST knockout mice
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and mice treated with Scl-Ab. Dkk-1 was found significantly
upregulated after Scl-Ab treatment probabily due to a negative
feedback regulation to prevent excessive bone accrual (70).

A bispecific antibody against Scl and Dkk-1 has been
developed recently. In rat, mice and primates, the treatment
increased bone mass and bone strength, and improved fracture
repair while decreasing bone resorption. These effects were
associated with a consistent upregulation of osteoblastic genes
Dkk1, Bglap, Opg, and Runx2 and osteocyte activity markers
SOST and MEPE (70). Furthermore, treatment with a bispecific
antibody induced a compensatory increase in other secretedWnt
antagonists such as WIF1 and SFRP4, thus suggesting a feedback
regulation.

In view of a more realistic therapeutic strategy combining Scl-
Ab and available anti-MM drugs, several groups are spending
resources in this field. The in vitro treatment of MM cells
with Scl-Ab in combination with anti-MM drugs, such as
bortezomib and dexamethasone, did not affect their anti-MM
activity thus promoting the use of combination therapy to
improve bone disease and inhibit tumor progression (101).
Lastly, a combination therapy of Scl-Ab and zoledronic acid
and other anti-MM drugs has been tested. Delgado-Calle et al.
demonstrated that Scl-Ab therapy did not impact negatively the
anti-MM efficacy of Bortezomib and Dexamethasone in vitro (8),
while others reported a superior effect of Scl-Ab combined with
Zoledronic Acid in increasing bone volume and resistance to
fracture in vivo (6). This data emphasizes (i) the importance of
targeting Scl to improve bone disease in patients with skeletal
disorders, (ii) the efficacy of therapies combining Scl-Ab and
anti-MM drugs and antiresorptive agents, (iii) the feasibility of
evaluating combinatory treatment in clinical studies in patients
with MM.

CONCLUSIONS

MM patients’quality of life is strongly affected by the high
incidence of bone pain, fractures and other skeletal-related
events. Currently, few therapies are approved for the
treatment of MM bone disease strongly encouraging the
identification of new therapeutic approaches. Together with
the physiological role of osteocytes in bone remodeling,
recent studies highlight the involvement of osteocyte-MM cell
interaction in the pathogenesis of MM bone disease. Numerous
reports demonstrated that Scl, an inhibitor of canonical Wnt
pathway, is a negative regulator of bone formation and plays a
pivotal role in MM bone alterations thus supporting the use of

anti-Scl therapy for the treatment of skeletal disease. Scl-Abs
have been recently developed showing a good bone anabolic
response in osteoporotic patients. Nevertheless, this anabolic
effect is transient and followed by anti-catabolic effect with a net
increase in bone mass. So far, there are no clinical trials in MM
patients but numerous preclinical models of MM demonstrated
that the use of Scl-Ab stimulated bone formation. Some concerns
came from the controversial observations on the modulation of
osteoclastogenic factors as well as increased levels of other Wnt
antagonists that counterbalance the inhibition of Scl.

Moreover, since Scl-Ab induced strong bone anabolic
responses, it is possible that, prolonged stimulation of
bone formation, might cause bony overgrowth and skeletal
complications.

Since the levels of Scl change in different diseases and with
age, an antibody dose titration might be required. Moreover, the
relevance of the increased levels of Scl after Scl-Ab treatment
need to be clarified especially considering that other cell types,
beyond osteocytes, produce Scl. It is conceivable that, upon
inhibition of Scl, other cells are stimulated to produce Scl as a
feedback mechanism. Lastly, the effects of ADA on the efficacy
of drugs in patients treated with Scl-Ab therapy should be
considered. To conclude, the immunotherapy approach targeting
Scl appears to be promising also for the treatment of MM bone
disease.
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Multiple myeloma (MM) is a bone marrow plasma cell neoplasm and is the second

most-common hematologic malignancy. Despite advances in therapy, MM remains

largely incurable. Elotuzumab is a humanized IgG1 monoclonal antibody targeting

SLAMF7, which is highly expressed on myeloma cells, and the antibody is approved for

the treatment of relapsed and/or refractory (RR) MM in combination with lenalidomide

and dexamethasone. Elotuzumab can stimulate robust antibody-dependent cellular

cytotoxicity (ADCC) through engaging with FcγRIIIA (CD16) on NK cells and

antibody-dependent cellular phagocytosis (ADCP) by macrophages. Interestingly,

SLAMF7 is also expressed on cytolytic NK cells, which also express the requisite

adaptor protein, EAT-2, to mediate activation signaling. Accumulating evidence indicates

that antibody crosslinking of SLAMF7 on human and mouse NK cells can stimulate

EAT-2-dependent activation of PLCγ, ERK, and intracellular calcium mobilization. The

binding of SLAMF7 by elotuzumab can directly induce signal transduction in human NK

cells, including co-stimulation of the calcium signaling triggered through other surface

receptors, such as NKp46 and NKG2D. In RRMM patients, elotuzumab monotherapy

did not produce objective responses, but did enhance the activity of approved

standard of care therapies, including lenalidomide or bortezomib, which are known to

enhance anti-tumor responses by NK cells. Taken together, these preclinical results and

accumulating experience in the clinic provide compelling evidence that the mechanism

of action of elotuzumab in MM patients involves the activation of NK cells through

both CD16-mediated ADCC and direct co-stimulation via engagement with SLAMF7,

as well as promoting ADCP by macrophages. We review the current understanding of

how elotuzumab utilizes multiple mechanisms to facilitate immune-mediated attack of

myeloma cells, as well as outline goals for future research.
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INTRODUCTION

Multiple myeloma (MM) is a deadly
hematopoietic cancer characterized by the expansion of
monotypic plasma cells in the bone marrow, accumulation
of monoclonal immunoglobulin in the serum, and end-organ
damage such as anemia, lytic bone lesions, and renal dysfunction
(1). It is estimated that almost 31,000 cases of MM will be
diagnosed in the U.S. in 2018 and almost 13,000 will die of
the disease. Incidence increases with age, which accounts for a
steadily rising prevalence of MM overall (2). Rates of median
survival are improving, with overall 5-year survival of about 50%,
although survival is better in younger patients (2). Nonetheless,
MM is still a largely incurable disease, highlighting the need for
improved therapeutic options, which may include new agents
with novel mechanisms of action and innovative combination
therapies.

A variety of recently-developed therapies have contributed
to the extended survival of MM patients, including
proteasome inhibitors (bortezomib, carfilzomib, and ixazomib),
immunomodulatory imide drugs (IMiDs; namely thalidomide,
lenalidomide and pomalidomide), and monoclonal antibodies
(daratumumab and elotuzumab). Clinical results with these
therapies have been previously summarized in a variety of
quality reviews (3–6) and will not be further discussed here.
Importantly, however, optimal long-term control ofMM requires
combinations of two or even three different classes of drugs
(7). Furthermore, in contrast to older MM therapies such as
steroids or cytotoxic chemotherapies, these newer therapies can
mediate their anti-myeloma activity not just by acting directly on
the myeloma cell, but also through modulation of the patient’s
immune system (8). Thus, gaining a greater understanding of the
mechanisms of action of these new therapies, and particularly
how they impact host innate and adaptive immunity, will
be critical to further developing optimal combinations for
treatment.

Here, we will review current understanding of the
mechanisms by which elotuzumab promotes immune responses
toward MM, especially through facilitating NK cell-mediated
anti-tumor activity. We further summarize clinical results
from the use of elotuzumab in combination immunotherapies
and discuss how the immune potentiating mechanisms may
be contributing to anti-tumor responses in patients. While
the CD38 targeting antibody, daratumumab, shares some
mechanistic attributes with elotuzumab, we will only touch upon
some aspects of the effects of daratumumab, in view of recently
published reviews on the topic (9, 10).

NK CELLS AND MULTIPLE MYELOMA

NK cells are believed to play important roles in immune
surveillance of cancer, limiting neoplastic progression, and
effectors of anti-tumor therapies (11, 12). Their stimulation is
triggered upon recognition of certain ligands on tumor cells
by cell surface activating receptors [including NKG2D, CD16,
2B4, NKp80, and DNAM-1, and natural cytotoxicity receptors
(NCR: NKp30, NKp44, and NKp46)] (13). NK cell stimulation

is, however, tightly regulated by their expression of major
histocompatibility class I (MHC-I)-binding inhibitory receptors
[killer cell Ig-like receptors (KIR; CD158), CD94/NKG2A
heterodimers, and ILT2/LIR1/CD85j], which efficiently block
NK cell activation toward MHC-I-expressing normal cells (12).
Therefore, when an NK cell conjugates with an abnormal
tumor cell lacking MHC-I and expressing ligands for activating
receptors, the inhibitory receptors are not engaged, and
unsuppressed activating signals trigger targeted attack of the
conjugated cell.

The importance of NK cells in mediating anti-myeloma
activity has been demonstrated in several ways. A graft-vs.-
myeloma effect has been shown by the differences in post-
allogeneic stem cell transplant relapse rates based on the inherited
repertoire of KIR genes expressed by donor NK cells (14, 15),
indicating a role for NK cell-mediated suppression of relapse. NK
cells can clearly mediate direct cytotoxicity and ADCC against
myeloma cells in vitro and in vivo (16–19). This response depends
on the expression of activating receptors, such as NKG2D,
DNAM-1, and the NCRs, on the NK cells, along with their
respective ligands on the myeloma cells (16, 17, 20). Several
studies have now shown that the balance of activating and
inhibitory NK cell receptors and ligands is significantly altered
in MM patients, especially in advanced disease (16, 21–26). For
example, myeloma cells derived from a patient late in disease
course (from a pleural effusion) expressed much higher levels
of MHC-I (an inhibitory ligand) and lower levels of MICA (a
ligand for the NK cell activating receptor, NKG2D) and were
much more resistant to NK cell-mediated lysis than myeloma
cells derived earlier from the bone marrow of the same patient
(16). In addition, MICA can be shed off the myeloma cell
surface and reportedly down-regulate or block engagement of
the activating NKG2D receptor on NK and T cells (27, 28). This
mutual “immuno-editing” of receptor and ligand expression on
the surface of NK and myeloma cells, respectively, implies a
strong selective pressure of NK cells on the tumor, and suggests
that strategies augmenting NK cell activity may overcome this
immune evasion and eliminate MM. Finally, data that currently-
used therapies (e.g., melphalan, bortezomib, lenalidomide) can
augment NK cell-mediated cytotoxicity against MM (3, 20, 24,
26, 29–34) provide strong support for exploring combinations of
NK cell-targeted therapies with these active anti-myeloma agents.

SLAMF7 AS A PROMINENT BIOMARKER

AND POTENTIAL THERAPEUTIC TARGET

ON MYELOMA CELLS

Signaling Lymphocyte Activation Marker Family member 7
(SLAMF7) was found highly expressed on human plasma
cells and corresponding myeloma cells (18, 19). While the
physiological function of SLAMF7 on plasma cells is still
unknown, the high expression on myeloma cells raised interest
as a therapeutic antibody target. Hsi and colleagues detected
high levels of SLAMF7 mRNA in CD138+ plasma cells from
healthy donors, patients with MGUS, smoldering myeloma
and newly diagnosed patients, whereas NK cells expressed
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a substantially lower level of SLAMF7 mRNA (18). High
expression on myeloma cells was also found in MM patients,
regardless of cytogenetic abnormalities. Examination of SLAMF7
protein expression on MM, other plasma cell tumors, and
normal tissues was consistent with mRNA expression patterns,
where strong surface staining was found on plasmacytomas
(18), most myeloma cells from bone marrow biopsies, neoplastic
plasma cells frommost lymphoplasmacytic lymphoma, and some
peripheral T cell lymphomas. Importantly, SLAMF7 expression
was preserved on myeloma cells at significant levels upon
relapse in most patients (18). Tai et al. further confirmed that
SLAMF7 mRNA is expressed in CD138+ tumor cells from
more than 97% of MM patient analyzed and surface SLAMF7
protein was detected on several myeloma cell lines and 12
representative MM tumor samples (19). The same study also
detected soluble SLAMF7 in 32 of 54 serum samples from
MM patients, but not healthy donors, which they suggest could
serve as a biomarker of active disease (19). It was also shown
that myeloma cells with t(4;14) translocations (found in about
15% of MM patients) express higher levels of SLAMF7 mRNA
and surface protein, which appears to be due to overexpression
of MMSET (35). Interestingly, shRNA-mediated knockdown of
SLAMF7 expression in t(4;14) myeloma cells reduced colony
formation and induced G1 arrest and apoptosis, indicating that
maintaining high SLAMF7 expression promotes growth of these
myeloma cells (35). A recent analysis of gene expression data in
hematopoietic malignancies confirmed high SLAMF7 expression
onmyeloma tumors, but also identified high SLAMF7 expression
on tumors in patients with myelodysplastic syndrome, chronic
lymphocytic leukemia, and diffuse large B cell lymphoma (36).
This result suggests that SLAMF7 may also be a useful diagnostic
marker and therapeutic target in other hematopoietic cancers.
However, the biological role of SLAMF7 on the pathogenesis of
these tumors types has not been thoroughly evaluated.

ELOTUZUMAB AS A NEW THERAPEUTIC

TO TARGET MULTIPLE MYELOMA

Preclinical Studies: ADCC by NK Cells as a

Major Mechanism of Action
Elotuzumab (Elo; formerly HuLuc63) is a humanized IgG1
monoclonal antibody that was developed to target SLAMF7.
HuLuc63 was originally engineered by PDL BioPharma as
a humanized version of the SLAMF7 monoclonal antibody,
MuLuc63, which was originally generated in BALB/c mice (18,
19). HuLuc63 binds to the carboxy-terminal Ig-like constant
2 (C2) domain of SLAMF7, which encompasses amino acids
170-227 (U.S. patent 7842293B2). It is important to note that
HuLuc63 does not cross-react with other SLAM family proteins
and did not activate complement-dependent lysis or direct
cytotoxicity of myeloma cells (19, 37).

From the earliest studies, Elo was found to promote antibody-
dependent cellular cytotoxicity (ADCC) of myeloma cells by
NK cells both in vitro and in vivo (18, 19, 38). Hsi et al.
found that HuLuc63 induced specific myeloma cell lysis in
multiple assays using PBMCs or purified NK cells from healthy

allogeneic donors or autologous NK cells toward myeloma cells
or myeloma cell lines (18). HuLuc63 was also shown to induce
similar lysis of patient myeloma cells by NK cells from allogeneic
healthy donors as compared to NK cells from the same MM
patient, even in patients who were resistant to conventional
therapy (18). Furthermore, HuLuc63 was significantly more
effective in inducing ADCC responses by NK cells than another
chimerized SLAMF7 antibody (human IgG1-human Fc/mouse
variable regions) named ChLuc90 (18, 19, 39). Tai et al. also
demonstrated that HuLuc63 stimulated ADCC responses by NK
cells from healthy donors to a variety of myeloma cell lines, and
they further showed strong ADCC of autologous myeloma cells
by NK cells from MM patients, even if patients were resistant to
conventional therapies (19).

Preclinical in vitro studies also found minimal loss of NK
cells in PBMC treated with Elo, indicating that the antibody
does not induce significant NK cell fratricide upon binding to
SLAMF7 on NK cells themselves. Treatment of whole blood
overnight with 100 or 200µg/ml HuLuc63 resulted in a loss
of only 20% of NK cells (18). Another study found that in
cultures of PBMC overnight with up to 100µg/ml Elo, NK cell
viability was retained at >95% (39). Fratricide was also not
observed when purified NK cells were exposed to 100µg/ml
Elo for 72 h, possibly due to upregulation of MHC class I on
the NK cell surface as a ligand for inhibitory signaling (37).
Similarly, Elo therapy results in only a transient loss of NK
cells in peripheral blood of patients within hours after the initial
dose that recovers over time (40). A parallel loss of T and B
cells also occurred, which the authors attributed to an early
increase in serum levels of the chemokine IP-10 (CXCL10),
which induces migration of lymphocytes and myeloid cells. A
similar transient early loss and recovery of NK cells in peripheral
blood was also noted in another clinical trial (41). Thus, it
appears that NK cell fratricide is minimal in patients treated
with Elo. In contrast, patients treated with daratumumab exhibit
significant loss of NK cells in peripheral blood, due to ADCC-
mediated fratricide (42), although daratumumab-treated patients
alternatively benefit from depletion of immunosuppressive
regulatory T cells, regulatory B cells, and myeloid-derived
suppressor cells to boost anti-myeloma immune responses (9).

Preclinical Studies of Combination

Therapies With Elotuzumab
The early study by Tai et al. showed enhanced NK cell-
mediated ADCC responses by HuLuc63 if the myeloma cell
lines were pretreated with several drugs, including bortezomib,
dexamethasone, and lenalidomide (19). These experiments
provided the first preclinical evidence for the use of Elo in
combination with other therapies to treat MM patients.

Van Rhee at al. subsequently tested the effect of Elo in
combination with the 26S proteasome inhibitor, bortezomib,
in a severe combined immunodeficiency (SCID)-human mouse
xenograft model engrafted with primary myeloma cells (38).
Treatment of mice withMuLuc63 (the parental mouse mAb from
which Elo was derived) alone promoted significant reductions
of tumor volume and human IgG in serum, with equivalent
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responses to high- or low-risk myeloma samples (38). Treating a
MM target cell line or autologous myeloma cells with bortezomib
was found to enhance in vitro susceptibility to Elo-mediated
ADCC byNK cells (38). This increased susceptibility is consistent
with reports that bortezomib treatment reduces expression of the
NK cell inhibitory receptor ligand, MHC class I, and increases
expression of ligands for the activating receptor, NKG2D (3,
30, 43). Van Rhee et al. also showed that mice treated with
the combination of Elo plus bortezomib had significantly more
efficient anti-tumor response in an OPM2 myeloma cell line
xenograft mouse model, compared to treatment with either
agent alone (38). The group additionally showed that SLAMF7
expression on myeloma cells was not affected in patients treated
with bortezomib (38).

Balasa et al. investigated in vitro and in vivo effect of Elo in
combination with lenalidomide on NK cell activation, cytokine
production and myeloma cell death (44). Lenalidomide is a
member of the IMiD family, which also includes thalidomide
and pomalidomide, that can augment function of T and NK cells,
suppress angiogenesis, and directly restrain myeloma cell growth
(3). Treatment of the OPM2 xenograft mouse model with Elo
plus lenalidomide resulted in significantly greater reduction in
tumor volume and increased infiltration of NK cells into the
tumor microenvironment (44). The combination of Elo with
lenalidomide in co-cultures of peripheral blood mononuclear
cells (PBMC) and myeloma cells also increased upregulation of
NK cell activation marker, adhesion molecules, and cytokine
production (IFN-γ, TNF-α, IL-2), as compared to either agent
alone (44). These effects required the Fc domain of Elo, indicating
the primary role of NK cell-mediated ADCC, and were enhanced
by IL-2 production by CD56+ T cells within the PBMC. In
addition TNF-α production contributed significantly to NK cell
activation and myeloma cell cytotoxicity (44). Therefore, Elo in
combinationwith lenalidomide was highly effective and appeared
to primarily benefit from NK cell activation in response to IL-2
produced by T cells and TNF-α production by monocytes and
NK cells.

Bezman et al. studied the in vivo impact of a murine
IgG2a-modified version of Elo (Elo-g2a) in xenograft mouse
models using immunocompetent mice and syngeneic mouse
tumors expressing human SLAMF7 (25). Treatment with Elo-
g2a significantly reduced tumor volume and the effect was
reversed if NK cells were depleted from the mice or mice were
instead treated with a Fc mutant form of Elo-g2a that cannot
bind Fcγ receptors (25). In these xenograft mouse models, PD-
1 expression was found to be increased on tumor-infiltrating
T cells and the tumors expressed PD-L1. Consistent with this
observation, the combined treatment with Elo-g2a and PD-1
antibody resulted in significantly reduced tumor volume and
increased survival compared to either agent alone (25). The
combination therapy resulted in increased expression of IFN-γ,
TNF-α, CD69, and CD107a degranulation marker on tumor-
infiltrating NK cells, as compared to treatment with either
antibody alone. Furthermore, long-term survivingmice from one
of these mouse models were protected from subsequent challenge
with the same tumor, indicating that immunological memory had
been established in response to the combination therapy (25).

The results suggest that the combination of Elo with PD-1/PD-
L1 blocking antibody therapy may also be an effective strategy in
treating MM patients.

Taken together, these combination therapy preclinical studies
provided further evidence that NK cells play an important role
in the mechanism by which Elo effectively reduces MM tumor
burden in mice. In particular, both bortezomib and lenalidomide
are known to boost NK cell function, which could contribute
to better ADCC responsiveness (3). The potentiation of Elo
effectiveness by PD-1 blockade also corresponded to enhanced
NK cell responsiveness, likely due to overriding this important
immune checkpoint on T cells and perhaps NK cells (23, 45, 46).

Clinical Trials With Elotuzumab to Treat

Multiple Myeloma (Summarized in Table 1)
Zonder et al. performed the first-in-human phase I study
to evaluate safety, tolerability, pharmacokinetics and
pharmacodynamics of Elo (40). Thirty-five relapsed/refractory
(RR) MM patients were treated with 0.5–20 mg/kg of Elo every
2 weeks. Elo was generally well-tolerated, even at the highest
dose, and saturation of over 95% of SLAMF7 receptors on bone
marrow plasma cells was achieved at 10 and 20 mg/kg (40).
However, no objective anti-myeloma response was observed
in the MM patients treated with Elo as a single agent in this
highly pre-treated population, despite reaching high SLAMF7
saturation with Elo (40).

Jakubowiak et al. performed the first phase I trial of Elo in
combination with bortezomib in RRMM (41). The combination
was safe and showed promising activity with an objective
response in 48% of 27 patients, including partial responses
in patients refractory to previous bortezomib therapy. Serum
concentrations of Elo in these patients were >100 ug/ml at doses
of 10 or 20 mg/kg with 80 or 95% median saturation of SLAMF7
on CD38+ myeloma cells in bone marrow, respectively (41). The
most frequent adverse events were lymphopenia and fatigue.

A subsequent phase II study comparing the effects of Elo plus
bortezomib/dexamethasone (Bor/Dex; 75 patients) vs. Bor/Dex

TABLE 1 | Comparisons of response rates (RR) progression free survival (PFS) in

elotuzumab clinical trials.

Phase Regimen* N* Overall RR Median PFS References

I Elo 35 0% N/A (40)

I Elo/Bor 27 48% 9.46 months (41)

II Elo/Bor/Dex

vs. Bor/Dex

150 66 vs. 63% 9.7 vs. 6.9 months (47)

I Elo/Len/Dex 28 82% N/A (48)

Ib/II Elo/Len/Dex 73 84% 28.6 months (49)

III Elo/Len/Dex

vs. Len/Dex

646 79 vs. 66% 19.4 vs. 14.9 months (50)

II Elo/Td/Dex 40 38% 3.9 months (51)

II Elo/Pom/Dex

vs. Pom/Dex

117 53 vs. 26% 10.3 vs. 4.7 months (52)

*Elo, elotuzumab; Bor, bortezomib; Dex, dexamethasone; Len, lenalidomide; Td,

thalidomide; Pom, pomalidomide; n, number of evaluable patients.
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alone (75 patients) for RRMM was also reported by Jakubowiak
et al. (47). At 1 year, progression free survival rate was 39% for
the Elo-treated group compared to 33% for Bor/Dex alone, while
the rate was 18 vs. 11%, respectively at 2 years (47). Strikingly,
patients homozygous for the high affinity polymorphic variant
of FcγRIIIa (CD16 158V/V) in the Elo/Bor/Dex group had a
median progression free survival of 22.3 months compared to
only 9.8 months for patients homozygous for the lower affinity
variant (CD16 158 F/F) (47). This result suggests an important
role for CD16 in the mechanism of Elo activity in MM patients,
analogous to enhanced ADCC and clinical response to rituximab
in follicular lymphoma patients having CD16 158/V/V genotype
(53, 54). No significant increase in toxicity was noted when Elo
was added to Bor/Dex therapy, with the most common side
effects being infection, diarrhea, and thrombocytopenia (47).

The initial phase I trial of the combination of
Elo/Lenalidomide/Dexamethasone (Elo/Len/Dex) was carried
out by Lonial et al. (48). In that study, 29 previously-treated
advanced MM patients were treated with 5, 10, and 20 mg/kg
of Elo. Neutropenia and thrombocytopenia were the most
frequent adverse events. Outcomes were encouraging, with 82%
of patients achieving an objective response, including patients
who had received prior thalidomide, bortezomib or lenalidomide
therapy (48). Treatment with 10 or 20 mg/ml Elo resulted in
full saturation of more than 80% of SLAMF7 binding sites on
CD38+ myeloma cells and consistently achieved Elo serum
concentration of more than 70 ug/ml in patients, with peak
concentrations of up to 1 mg/ml in serum (48).

Richardson et al. subsequently reported on the phase
II portion of this trial (49). In this phase, 73 patients
were randomized to either 10 or 20 mg/kg of Elo, in
combination with Len/Dex. Objective responses were
observed in 84% of patients with a better response in the
low-dose group, and no dose-limiting toxicities observed.
Median progression free survival was 29 months (10 mg/kg,
32 months; 20 mg/kg, 25 months) (49). Retrospective
analysis of bone marrow samples obtained from this
trial revealed increased infiltration of CD56dimCD16+

NK cells exhibiting higher expression of the adhesion
molecule, CD54 (ICAM-1), and concomitant reduction in
CD45dimCD138+ myeloma cells at cycle 1 day 22, as compared
to baseline (25).

Lonial et al. performed a phase III Elo/Len/Dex trial
(ELOQUENT-2) comparing treatment of 321 RRMM patients
with 10 mg/kg Elo/Len/Dex and a control arm of 325 patients
treated with Len/Dex alone (50). At 1 year, progression free
survival in the Elo-treated patients was 68% compared to 57%
in the Len/Dex control group, and 41 and 27%, respectively at 2
years. Follow up analysis at 3 years found 26% progression free
survival for the Elo-treated patients vs. 18% for the control group
(55). Overall response rate was 79% for the Elo-treated patients
vs. 66% in the control group (50). Common adverse events
were lymphocytopenia, anemia, thrombocytopenia, neutropenia,
fatigue and diarrhea, but there was no evidence of autoimmunity
in Elo-treated patients. The significant reduction in disease
progression and death in the Lonial et al. study (50) was
instrumental in subsequent U.S. FDA approval in November

2015 for the use of the Elo/Len/Dex combination to treat RRMM
patients that have received one to three previous lines of therapy.

In addition to the combined use of Elo with Lenalidomide
and dexamethasone, clinical trials are underway combining Elo
with related IMiD drugs, thalidomide and pomalidomide. The
combination of Elo with thalidomide/dexamethasone was shown
to be safe and effective in a phase II study by Mateos et al. (51).
Furthermore, results from the randomized phase II ELOQUENT-
3 trial comparing Elo/pomalidomide/dexamethasone with
pomalidomide/dexamethasone in RRMM patients were recently
presented at the 2018 European Hematology Association
meeting by Dimopoulos et al. (52). Overall response rate of the
Elo-treated group was 53% compared to 26% for the control
group, and median progression free survival was 10.3 vs. 4.7
months, respectively. Therefore, combination therapies of Elo,
particularly with IMiDs have demonstrated significant clinical
activity in RRMM disease and additional combination studies,
including in newly-diagnosed patients, are underway.

SLAMF7 EXPRESSION AND SIGNALING IN

LEUKOCYTES (SUMMARIZED IN TABLE 2)

Expression and Structure of SLAMF7
SLAMF7 (CD319) was originally discovered as a CD2-related
receptor by the labs of Marco Colonna, who called it
CRACC (CD2-like receptor activating cytotoxic cells) (57),
and Porunelloor Mathew, who named it CS1 (CD2 subset 1)
(56). The gene encoding SLAMF7 is found on chromosome
1 in humans in a locus at 1q23-24 that contains most of the
other SLAM (signaling lymphocyte activation molecule) family
receptors (56, 57, 70). In addition to plasma cells and myeloma
cells, SLAMF7 is expressed in healthy donors on essentially
all CD56dim NK cells, the majority of CD56bright NK cells,
many CD56+ T cells, mature dendritic cells, and small subsets
of CD4+ T cells and B cells (18, 39, 57). IL-12 produced
by dendritic cells has been shown to increase expression of
SLAMF7 on NK cells (71). B cells have also been reported
to increase SLAMF7 expression upon activation with various
stimuli (57, 70, 72). While early studies did not detect SLAMF7
on CD14+ monocytes (18, 57), a more recent report found
significant expression on most non-classical (CD14lowCD16+)
and a fraction of intermediate (CD14+CD16+) monocytes (39).
In addition, SLAMF7 is preferentially expressed at higher levels
on M1 macrophages, as compared to M2 macrophages in
humans (73).

Mature SLAMF7 is expressed as a 66 kDa glycoprotein (57).
Similar to most SLAM family members, the extracellular domain
contains an amino terminal Ig-like variable (V) domain and a
carboxy-terminal Ig-like constant 2 (C2) domain and can interact
with other SLAMF7 extracellular domains via the V domains
as self-ligands (56–58). The cytoplasmic domain of SLAMF7
contains four tyrosine residues, one of which (TVY304STV)
is within an immunoreceptor tyrosine-based switch motifs
(ITSM; T-V/I-Y-x-x-V/I) and another that is embedded in
a similar ITSM-like sequence (TEY284DTI). ITSM sequences
are also found in most SLAM family receptors, and have
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TABLE 2 | Main biological functions of SLAMF7.

Function References

SLAMF7 is a self-ligand (56–58)

SLAMF7-S isoform lacking ITSM-like sequence (59)

NK cells activation upon SLAMF7 engagement with mAbs (57–62)

SLAMF7 preferentially recruits EAT-2 over SAP (57, 61–65)

EAT-2 stimulates calcium mobilization and ERK activation (63, 66)

SLAMF7 mediates inhibitory function in the absence of EAT-2 (37, 61, 67)

Memory-like NK cells lack EAT-2 (68, 69)

SLAMF7 signals through association with Mac-1 in macrophages (36)

capacity to switch between activating and inhibitory signaling
(64). Tyrosine phosphorylation is mediated by Src family
kinases, including Fyn, Lyn, and Src (67, 74). Upon tyrosine
phosphorylation, an ITSM can recruit either SLAM adaptor
protein (SAP, encoded by SH2D1A) or EWS-FLI1 activated
transcript 2 (EAT-2, encoded by SH2D1B) (65) to mediate
activation signaling in human leukocytes (mice also express ERT,
which is not found in humans). Interestingly, in addition to
this ITSM-containing form of SLAMF7 with a long cytoplasmic
domain (SLAMF7-L), a mRNA splice variant encodes a receptor
with a shorter cytoplasmic domain (SLAMF7-S) lacking the
two ITSM-like sequences and possessing an alternative ITSM-
like motif (SKYGLL) (59). NK cells predominantly express
the SLAMF7-L variant, which exclusively exhibits activation
signaling properties (59). It is currently unclear if a subset
of NK cells can predominantly express SLAMF7-S or if some
individuals preferentially express this truncated isoform.

SLAMF7 Signaling and the Importance of

EAT-2
From early studies, SLAMF7 was found to activate NK cells
upon engagement with monoclonal antibodies (mAb), SLAMF7-
Ig fusion protein, or exposure to SLAMF7+ target cells (57, 58,
60, 61). Crosslinking SLAMF7 with mAb induced the serine
phosphorylation of Akt and ERK and tyrosine phosphorylation
of phospholipase C (PLC)-γ1, PLC-γ2, c-Cbl, Vav1, and SHIP-
1 (57, 62). Engagement of SLAMF7 with biotinylated antibody
+ streptavidin crosslinking was shown to stimulate intracellular
calcium mobilization in mouse NK cells that required EAT-2
(61), and engaging human SLAMF7 in a rat NK cell line with
the 1G10 mAb + secondary crosslinking antibody induced a
strong calcium signal (59). In contrast, Pazina did not observe
any elevation of intracellular calcium when primary NK cells
from healthy donors were treated with biotinylated Elo ±

streptavidin (39), indicating that calcium signaling through
engaging SLAMF7 does not occur in normal human NK cells or
Elo binds to an epitope on SLAMF7 that is incapable of properly
engaging the receptor to directly mediate calcium signaling.

Tyrosine phosphorylated SLAMF7 was found to preferentially
recruit EAT-2, but not SAP, at tyrosine(Y)-304 within the ITSM
(61, 62). Although SAP association with SLAMF7 has also been
reported (59, 62), EAT-2 is recruited to tyrosine phosphorylated
SLAMF7 at >100-fold higher affinity than SAP (63). In addition,

antibody engagement of SLAMF7 stimulated comparable levels
of cytotoxicity by NK cells from both SAP-deficient X-linked
lymphoproliferative disease patients and healthy donors, further
indicating that SLAMF7 activation signaling is independent
of SAP (57). EAT-2 expression was shown to promote the
tyrosine phosphorylation of SLAMF7 by Src family kinases in
one study (62), but this was not confirmed in another study (61).
Importantly, EAT-2 is strongly expressed in NK cells, somewhat
in γδ T cells, but not in B, CD4+ T, CD8+ T, or dendritic cells
(62, 75). Interestingly, CD16+ non-classical monocytes express
both SLAMF7 and EAT-2 (39, 76), indicating that SLAMF7
is likely signaling competent in this population of monocytes
that is also capable of mediating antibody-dependent cellular
phagocytosis (ADCP) through CD16 (77).

EAT-2 is a small cytosolic adaptor protein that consists
of an SH2 domain, which binds to Y304 on SLAMF7,
and a short C-terminal sequence including a tyrosine at
position 127 (Y127), which is required for SLAMF7 activating
function (61). When EAT-2 is tyrosine phosphorylated on
Y127, it can subsequently recruit PLC-γ1 and PLC-γ2 to
stimulate downstream intracellular calcium mobilization and
ERK activation (63, 66). Consistent with these findings,
expression of EAT-2 in the EAT-2-deficient human NK cell line,
YT-S, enhanced tyrosine phosphorylation of PLC-γ1 and Cbl and
serine phosphorylation of ERK in response to crosslinking the
SLAM family receptor, 2B4 (66). Functionally, EAT-2 signaling
in NK cells can enhance polarization of cytolytic granules and
the microtubular organizing center (MTOC) toward target cells
and degranulation responses, but does not promote conjugate
formation with target cells (66). The known SLAMF7 signaling
mechanisms are outlined in Figure 1.

SLAMF7 has also been observed to exhibit some inhibitory
function in NK cells from EAT-2-deficient mice or the
human NK cell line, YT-S, in the absence of EAT-2 (61).
Therefore, available data indicate that EAT-2 is required for
activating function of SLAMF7, but the receptor can mediate
inhibitory function in the absence of EAT-2. Early work was
unable to demonstrate co-immunoprecipitation of the inhibitory
phosphatases, SH2 domain-containing 5′-inositol phosphatase
(SHIP)-1, SH2 domain-containing tyrosine phosphatase (SHP)-
1, or SHP-2 with tyrosine phosphorylated SLAMF7 in the EAT-2-
expressing human NK cell line, NK-92, treated with pervanadate
(57, 59), but a subsequent study by Guo et al. demonstrated
recruitment of SHIP-1 to mouse SLAMF7 when expressed in the
EAT-2-deficient human NK cell line, YT-S, and engaged with
a SLAMF7 mAb (67). The stimulation of these YT-S cells with
SLAMF7 mAb also induced tyrosine phosphorylation of SHIP-
1, but this did not occur if Y261 (analogous to human Y284) on
the mouse SLAMF7 was mutated to phenylalanine, even though
direct binding to Y261 was not demonstrated (67). There is also
no evidence that EAT-2 and SHIP-1 compete for binding to
SLAMF7. These results indicate that the inhibitory function of
mouse SLAMF7 in the absence of EAT-2 is mediated by SHIP-
1 and requires Y261 (human Y284) on SLAMF7. Interestingly,
“adaptive” or “memory-like” NK cells have been reported to lack
expression of EAT-2 (68, 69). It is currently unclear whether
the adaptive/memory-like cells, which exist as a subset of the
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NK cell repertoire in many human cytomegalovirus seropositive
individuals, are inhibited toward SLAMF7+ target cells or have
unique responsiveness to Elo compared to conventional NK cells.

Importantly, plasma cells and myeloma cells express high
levels of SLAMF7, but lack expression of EAT-2, thereby
compromising their activation signaling capacity through
SLAMF7 (37, 67). This lack of EAT-2 suggested that SLAMF7
may function as an inhibitory receptor in myeloma cells.
However, while treatment with SLAMF7 antibody (162) and
secondary crosslinker can induce varying levels of tyrosine
phosphorylation of the receptor in different myeloma cell lines,
SHIP-1 was only minimally tyrosine phosphorylated, if at all
(67). The defective tyrosine phosphorylation of SHIP-1 was
attributed to lack of CD45 expression in myeloma cells, since
CD45 is a tyrosine phosphatase required for maintaining activity
of Src family kinases that mediate the tyrosine phosphorylation
of SHIP-1 (67). Thus, SLAMF7 does not have activation or
inhibitory signaling function in myeloma cells, due to the lack of
EAT-2 tomediate activation and the lack of CD45 tomaintain Src
family kinases in an active state that is required to phosphorylate
SLAMF7 and the inhibitory SHIP-1 phosphatase. Consistent
with these findings, Elo was found to be incapable of inducing
proliferation or apoptosis of myeloma cell lines, even in plate
bound form (25, 67).

Recent intriguing work by Chen et al. established a novel
mechanism for SLAMF7 signaling through physical association
with the integrin receptor CD11b/CD18 (Mac-1) in the plasma
membrane on the surface of macrophages (36). This group
found that SLAMF7 serves as a key receptor promoting
the phagocytosis of SLAMF7-expressing hematopoietic tumor
cells by macrophages when the inhibitory SIRP-α receptor
on macrophages is blocked by antibodies from detecting its
ligand, CD47, on the same tumor target cells (36). The
SLAMF7 activation signaling was independent of the cytoplasmic
tyrosines, but instead relied upon signaling through Mac-1
association with DAP12 and FcR-γ, as well as their operative
protein tyrosine kinases, Syk and Btk (36).

Fc-DEPENDENT NK CELL ACTIVATION BY

ELOTUZUMAB THROUGH FCγRIIIA (CD16)

Elo is an IgG1 mAb and thereby possesses an Fc domain
that is capable of efficiently binding to CD16 on the surface
of leukocytes. FcγRIII is expressed in two distinct forms that
exhibit nearly identical extracellular amino acid sequence: (1)
as a transmembrane receptor, designated FcγRIIIA, or (2)
as a glycophosphatidylinositol-linked surface receptor, called
FcγRIIIB (78, 79). FcγRIIIA is expressed on the surface
of the cytolytic CD56dim subset of NK cells, as well as
intermediate and non-classical monocytes and macrophages,
and can trigger potent intracellular signaling, including tyrosine
phosphorylation and calcium mobilization, through physical
association with the transmembrane adaptor proteins TCR-ζ and
FcR-γ, which contain immunoreceptor tyrosine-based activation
motifs (ITAM) (79). In contrast, FcγRIIIB is expressed on the

surface of neutrophils, and signals through interactions with
FcγRIIA (CD32A) (80).

Elo was found to trigger robust ADCC responses by NK
cells through Fc-dependent interaction with FcγRIIIA. In the
early preclinical studies by Hsi et al., HuLuc63-mediated lysis
of myeloma cell lines in cultures with PBMC or in SCID mice
was significantly impaired by blocking CD16 with antibodies,
using an Fcmutant form ofHuLuc63 with reduced CD16 binding
capacity, or depleting NK cells (18). These results strongly
implied that the in vitro and in vivo anti-tumor activity of Elo
is mediated primarily by NK cells in a CD16-dependent manner.
In vitro Elo begins to stimulate ADCC responses at concentration
around 0.1 ng/ml, with peak responses in the range of 100 ng/ml
(19, 39). However, early preclinical studies in mice found that
serum concentrations that generated the most effective responses
to myeloma cell lines was 70–430µg/ml, whereas no biological
activity was observed with serum concentrations of <1µg/ml
(19).

ALTERNATIVE MECHANISMS OF ACTION

In addition to boosting ADCC responses by NK cells, several
alternative immune-promoting mechanisms of action may
contribute to the anti-myeloma responses of Elo in patients, as
detailed in this section. These alternative mechanisms include
promoting SLAMF7-SLAMF7 interactions between NK cells
and myeloma cells, co-stimulating calcium signaling by other
activating receptors in NK cells, and promoting ADCP of
myeloma cells by macrophages (Figure 2).

Alternative Mechanisms Involving NK Cells
Collins et al. were the first to provide in vitro evidence that
Elo can induce NK cell activation through direct binding to
SLAMF7 on NK cells (37). The bulk of their studies used
purified primary NK cells from healthy donors treated for
24 h with 100µg/ml Elo prior to addition to assays. The
addition of either Elo or F(ab’)2 Elo to purified NK cells was
found to induce expression of the activation marker CD69
in an Fc-independent manner, whereas granzyme B release
(degranulation) required the Fc domain on Elo, characteristic
of ADCC responses (37). In contrast, when MM target cells
were added, granzyme B was released by NK cells that had
been pretreated with Elo or a mutant form of Elo (G2M3)
with reduced CD16-binding capacity. It should be noted
that the actual mutations in Elo-G2M3 were not described
and lack of affinity toward CD16 was not demonstrated
(37). Nonetheless, this Fc-independent activation of NK cells
suggested a mechanism involving direct engagement with
SLAMF7 by the Fab domains of Elo. In accordance with
these results, the CD16− SLAMF7+ NK-92 cell line was
stimulated by Elo to kill SLAMF7+ target cells (37). This CD16-
independent cytotoxicity did not occur toward SLAMF7− target
cells, suggesting that Elo was “stabilizing” the SLAMF7 between
NK and target cell to promote NK cell-mediated cytotoxicity.
Furthermore, the effect was unique to Elo, since another
SLAMF7 antibody that inhibits SLAMF7-SLAMF7 homotypic
interactions instead inhibited cytotoxicity of SLAMF7+ target
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FIGURE 1 | ITSM-mediated signaling by SLAMF7 in NK cells. EAT-2 is predominantly recruited to phosphorylated tyrosine (pY)-304 within the ITSM of SLAMF7

(TVYSTV; numbering follows NCBI reference sequence NP_067004.3 and UniProt Q9NQ25-1) and PLCγ-1 and PLCγ-2 are recruited to pY-127 on EAT-2. Activated

PLCγ generates inositol trisphosphate (IP3), which induces release of calcium from the endoplasmic reticulum into the cytosol, causing activation of ERK and

downstream co-stimulation of polarization of the microtubular organizing center and cytolytic granules toward the tumor cell to enhance cytotoxicity. SAP has also

been reportedly recruited to pY-304 at lower affinity and can recruit Fyn to arginine (R)-78, resulting in downstream activation, although the functional relevance of SAP

recruitment is unclear. SHIP-1 can also be recruited to SLAMF7 to mediate inhibitory signaling in cells lacking EAT-2 expression and this recruitment requires Y-284 in

the ITSM-like sequence on SLAMF7, but direct binding has not been demonstrated to that site to date. These signaling pathways are abrogated in myeloma cells, due

to their lack of EAT-2 and CD45 expression.

FIGURE 2 | Model of the mechanisms of innate immune activation by elotuzumab. Elotuzumab promotes numerous innate immune mechanisms to enhance attack of

myeloma tumor cells by NK cells and macrophages. The known mechanisms are: (1) Facilitating NK cell-mediated antibody-dependent cellular cytotoxicity (ADCC) of

myeloma cells through Fc-dependent interactions with FcγRIIIA (CD16). (2) Promoting SLAMF7-SLAMF7 interactions to enhance ITSM-mediated co-stimulatory

signaling in NK cells, thereby potentiating natural cytotoxicity of myeloma cells. This mechanism likely requires simultaneous engagement of ITAM-linked activating

receptors on NK cells with ligands on myeloma cells. (3) Triggering ITSM-mediated co-stimulatory signaling in NK cells to enhance calcium signaling originating from

ITAM-linked activating receptors (such as NKp46 or CD16) engaging with ligands on myeloma cells. (4) Promoting macrophage-mediated antibody-dependent cellular

phagocytosis (ADCP) of myeloma cells through Fc-dependent interactions with Fcγ receptors. The operative Fcγ receptors in macrophages that can promote ADCP

are FcγRIIIA (CD16), FcγRIIA (CD32), and FcγRI (CD64). (5) Although not yet established, it is possible that elotuzumab may also be able to promote SLAMF-SLAMF7

interactions and co-stimulatory signaling to enhance ADCP in macrophages expressing both SLAMF7 and EAT-2.

Frontiers in Immunology | www.frontiersin.org November 2018 | Volume 9 | Article 2551110

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Campbell et al. NK Cell Activation by Elotuzumab

cells by NK-92 cells (37). Although further work is necessary
to convincingly prove this mechanism, the evidence from
Collins et al. suggest that Elo can also facilitate SLAMF7-
SLAMF7 interactions between NK cells and myeloma cells to
promote natural cytotoxicity, in addition to its capacity to
promote ADCC responses. Although currently unpublished,
Pazina et al. recently presented further evidence that Elo
has unique properties among several SLAMF7 antibodies in
facilitating SLAMF7-SLAMF7 interactions between NK cells and
myeloma cells at the 2018 European Hematology Association
meeting (81).

Pazina et al. also tested for CD16-independent effects of Elo
on activation of NK cells within healthy donor peripheral blood
mononuclear cells (PBMC) in vitro (39). Elo strongly promoted
degranulation of NK cells that required integrity of the Fc domain
and correlated with SLAMF7 expression level on the myeloma
cells, thereby confirming that the main mechanism of action of
Elo is NK cell-mediated ADCC (39). Pazina saw CD69 induction
on NK in PBMC, but it was Fc-dependent, so mediated by
opsonization of other SLAMF7+ immune cells and engaging
CD16 on the NK cells. In stark contrast, no increase in CD69
expression (overnight assay) or degranulation (2 h assay) was
detected on NK cells when PBMC were incubated with F(ab’)2
Elo or an Fc mutant form of Elo that they showed to be incapable
of binding to recombinant CD16 (39). Given these results, it
is unclear why Collins et al. observed Fc-independent CD69
induction on purified NK cells after 24 h treatment with F(ab’)2
or Fc mutant (G2M3) Elo, but perhaps due to their use of
purified NK cells (39). Pazina et al. also showed that a non-
fucosylated form of Elo that exhibited higher affinity toward
CD16 induced more potent degranulation and CD69 expression
in the presence or absence of myeloma cells, thereby providing
further support for the role of the Fc domain interacting with
FcγRIIIA. Whereas, Lee et al. demonstrated that the 1G2 mAb
could trigger intracellular calcium mobilization upon engaging
SLAMF7 expressed in a rat NK cell line (59), Pazina et al.
found that crosslinking SLAMF7 with Elo alone had no impact
on intracellular calcium concentrations in primary NK cells
(39).

Despite defining the clear importance of the ADCC response,
Pazina et al. also detected a novel co-stimulatory signaling
effect that resulted when Elo engaged with SLAMF7 on the
NK cell surface (39). They found that Elo binding to SLAMF7
can significantly enhance the intensity of intracellular calcium
responses triggered by the ITAM-linked NK cell activating
receptor, NKp46, and this co-stimulatory effect was independent
of the Fc domain of Elo (39). Interestingly, while the calcium
signaling required multimeric crosslinking of biotinylated
NKp46 antibody with streptavidin, the Elo was not biotinylated,
so was not forcibly co-aggregated with the NKp46 receptors (39).
This is important, since it suggests that Elo binding to SLAMF7
on the surface of NK cells (as would occur in treated patients)
can co-stimulate calcium signaling responses triggered by NKp46
and other ITAM-coupled receptors engaging with ligands on
the surface of myeloma cells. In addition, non-biotinylated
Elo could even further boost calcium signaling beyond levels
achieved with the combination of biotinylated antibodies to

NKp46 and the co-stimulatory NKG2D receptor (39). In this
way, Elo demonstrates unique co-stimulatory signaling capacity,
presumably resulting from SLAMF7 recruiting EAT2, which
recruits PLC-γ to initiate intracellular calcium mobilization (66).
It is also important that this co-stimulation effect by Elo has
the potential to enhance specific tumor target cell recognition
through other activating receptors, but would not universally
activate NK cells in a tumor non-specific and potentially
autoimmune manner. Interestingly, a similar boost in calcium
signaling was previously observed in mouse NK cells stimulated
with antibodies toward 2B4 + CD16, as compared to CD16
alone, and the effect was nearly lost in NK cells from EAT-2-
deficient mice (66). On the other hand, biotinylated Elo plus
streptavidin was unable to stimulate calcium mobilization in
human NK cells by Pazina et al., whereas previous work with
other SLAMF7 antibodies and secondary crosslinkers stimulated
strong calcium mobilization in mouse and human NK cells
(59, 61), indicating that Elo has unique properties, presumably
through binding a distinct epitope within the C2 domain of
SLAMF7.

Alternative Mechanisms Involving Other

Immune Cells
Recently, Kurdi et al. found that Elo can also stimulate ADCP
of tumor cells by tumor-associated macrophages (TAMs) in an
Fcγ receptor-dependent manner (77). Elo significantly reduced
tumor burden and prolonged survival in a xenograft mouse
model using SCID-beige mice implanted with a myeloma cell
line. SCID-beige mice lack T and B cells and have compromised
NK cell cytolytic function (82), leaving monocytes/macrophages
as the primary anti-tumor effector cells. The effects were
abrogated using a form of Elo with the Fc domain mutated
to prevent interactions with Fcγ receptors or if macrophage
function was compromised by using NOD SCID gamma (NSG)
immunodeficient mice (77). Elo also enhanced infiltration
of TAMs, which displayed higher expression of activation
markers. Finally, TAMs that had been polarized to the
M1 phenotype in culture demonstrated enhanced in vitro
ADCP capacity toward myeloma cells in the presence of Elo
(77).

Although the Kurdi et al. study relies on the interactions
of mouse Fcγ receptors with the humanized Elo antibody,
the results open a new chapter of understanding by showing
that TAMs may be an additional innate immune effector cell
contributing to the mechanism of Elo anti-tumor activity in
human patients (77). ADCP by monocytes and macrophages
can be triggered through their surface expression of FcγRIIIA
(CD16), FcγRIIA (CD32), or FcγRI (CD64) and can contribute
significantly to anti-tumor effects of IgG antibodies, such as
rituximab (83–86). Of note, the Fc domain of Elo has been shown
to bind with approximately 5,000-fold higher affinity to CD64
than to the high affinity isoform of CD16 (39), exemplifying the
potential biological relevance of this mechanism. It should be
further noted that depletion of NK cells in an immunocompetent
xenograft mouse model by Bezman et al. significantly reduced
the anti-tumor effects of Elo, but activity was not completely
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lost (25). This result indicates that NK cells play a major role
in Elo function, but other immune cells are also involved.
Furthermore, Kurdi et al. found that either depletion of NK
cells or macrophages resulted in essentially identical loss of
the anti-tumor benefits of Elo in immunocompetent xenograft
mice (77), although it is unclear if these results in a mouse
model phenocopy the roles of these innate effector cells
in humans. In addition, Bezman et al. found significantly
enhanced tumor growth if CD8+ T cells were depleted in
combination with Elo, thereby further implicating a cooperative
role for cytotoxic T cells in the anti-tumor function of Elo
(25). Taken together, these mouse studies demonstrate that
NK cells are key effectors in mediating the biological anti-
myeloma effects of Elo through ADCC and direct engagement
of SLAMF7, but significant contributions are likely also derived
from ADCP by TAMs, as well as supporting adaptive immune
responses involving cytotoxic T cells, at least in these mouse
models.

FUTURE RESEARCH AND CLINICAL

TRIALS

In summary, accumulating published evidence demonstrates that
Elo mediates strong ADCC by NK cells, enhanced SLAMF7-
SLAMF7 interactions, co-stimulatory signaling in NK cells, and
ADCP by macrophages (Figure 2), but additional questions
remain to fully elucidate the mechanism of action by which Elo
boosts immune function toward MM in patients. In addition,
new preclinical studies and clinical trials are needed to develop
additional effective combination therapies, to establish roles of
other immune cells in Elo function, and to find biomarkers that
identify patients that will best respond to Elo therapy.

A variety of mechanistic questions also remain to fully
understand the mechanism of Elo activation of NK cells. For
instance, accumulating data suggest that Elo binds to a unique
epitope on SLAMF7 to mediate co-stimulation or facilitate
SLAMF7-SLAMF7 interactions. Improved understanding of this
binding site and how binding influences SLAMF7 structure,
orientation, etc. are of high interest. In addition, while elegant
SLAMF7 signaling function studies have been performed on NK
cells in mice, particularly knockout models, more mechanistic
studies in human NK cells are needed.

As with other immunotherapies, certainMMpatients respond
substantially better to Elo therapy, and further work is necessary
to identify molecular characteristcs that are unique to high-
responding vs. low-responding patients. Such findings could
result in the identification of biomarkers that stratify the patients
most likely to respond and tailor their therapy accordingly.
For example, little is known about the expression of SLAMF7-
L vs. SLAMF7-S alternative splice variants in NK cell subsets
and whether these expression patterns change in subsets
of MM patients or different stages of disease. Predominant
expression of SLAMF7-S could render a subset of NK cells
resistant to co-stimulatory signaling or perhaps inhibitory,
and therefore differentially responsive to Elo. Of note, a
subset of HCMV seropositive individuals exhibit “adaptive”

or “memory-like” NK cell subsets lacking expression of EAT-
2, and these NK cells are likely incapable of co-stimulatory
signaling through SLAMF7 in HCMV seropositive individuals
(68, 69) or may demonstrate inhibitory signaling through the
receptor.

Since Elo is only therapeutically effective when used in
combination with IMiDs or bortezomib and dexamethasone, the
biological basis for these synergies require further resolution and
additional combination therapies should be tested. Importantly,
the mechanistic basis by which IMiDs enhance NK cell function
to benefit therapeutic efficacy of Elo are largely unexplored.
It was previously shown that lenalidomide can lower the
threshold of NK cell activation to promote cytotoxicity and
IFN-γ responses (87), but this has not yet been studied in
combination with Elo. Also, early clinical trial results suggest
unique synergies when pomalidomide is combined with Elo
(52), raising questions of whether immune cells in addition
to NK cells are contributing or if supplementation with
additional immune stimulating drugs could further improve
responses. Furthermore, it may be worthwhile to combine
or alternate Elo therapy with the other currently available
antibody that promotes NK cell-mediated ADCC in MM,
daratumumab. The availability of two antibodies targeting
distinct myeloma cell surface markers (SLAMF7 and CD38,
respectively) provides an advantage that could be exploited in
treating MM patients. In addition, expression of SLAMF7 has
also been identified on tumor cells in a subset of patients
with chronic lymphocytic leukemia, myelodysplastic syndrome,
diffuse large B cell lymphoma, and peripheral T cell lymphoma.
Therefore, other hematopoietic malignancies may be amenable
to treatment with Elo.

The pre-clinical finding that non-fucosylated Elo is more
potent in stimulating NK cell activation than conventional Elo
(39) suggests that this enhanced form of the mAb could have
improved efficacy in the clinic. While the potential toxicity of
hyperactive ADCC responses by NK cells or ADCP responses
by macrophages must be considered, non-fucosylated Elo may,
in fact, have efficacy as a single agent or may have even better
efficacy in combination therapies.

Further research is also clearly warranted to improve our
minimal understanding of the impacts of Elo on anti-myeloma
responses by SLAMF7-expressing monocytes, macrophages, and
DC. The discoveries that SLAMF7 is highly expressed on M1
macrophages (73) and Elo promotes ADCP by inflammatory M1
macrophages (77) provide an exciting new direction that has only
beenminimally studied to date. Furthermore, it is interesting that
non-classical “patrolling” monocytes express CD16, SLAMF7
and EAT-2 (39, 76), which are the same molecular components
necessary for NK cell activation by Elo and likely contribute
to ADCP and possibly co-stimulatory signaling through direct
SLAMF7 engagement (Figure 2). Finally, studies are needed
to test whether Elo activity is affected by SLAMF7 expression
on other cells, such as subsets of B cells and CD8+ T
cells.

Taken together, Elo has proven to be safe and effective
when used in combination therapy to treat MM. Although
our understanding is rapidly expanding, this unique
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antibody offers a wide array of additional opportunities
for performing further research and for conducting
new combination clinical trials to improve efficacy
in treating MM and potentially other hematopoietic
cancers.
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The NAD+-metabolizing ectoenzyme CD38 is an established therapeutic target

in multiple myeloma. The CD38-specific monoclonal antibodies daratumumab and

isatuximab show promising results in the clinic. Nanobodies correspond to the single

variable domains (VHH) derived from heavy chain antibodies that naturally occur in

camelids. VHHs display high solubility and excellent tissue penetration in vivo. We recently

generated a panel of CD38-specific nanobodies, some of which block or enhance the

enzymatic activity of CD38. Fusion of such a nanobody to the hinge, CH2, and CH3

domains of human IgG1 generates a chimeric llama/human hcAb of about half the size

of a conventional moAb (75 vs. 150 kDa). Similarly, a fully human CD38-specific hcAb

can be generated using a CD38-specific human VH3 instead of a CD38-specific camelid

nanobody. Here we discuss the advantages and disadvantages of CD38-specific hcAbs

vs. conventional moAbs and provide an outlook for the potential use of CD38-specific

hcAbs as novel therapeutics for multiple myeloma.

Keywords: antibody engineering, CD38, heavy chain antibody, monoclonal antibody, multiple myeloma, nanobody

INTRODUCTION

CD38 is a cell surface ectoenzyme that metabolizes NAD+ released from damaged cells in
inflammation (1). In concert with the ecto-enzymes CD203 and CD73, CD38 contributes
to the conversion of NAD+ to immunosuppressive extracellular adenosine. In the tumor
microenvironment, CD38 may promote tumor growth by suppressing effector T cell responses
(1, 2). Since CD38 is overexpressed by multiple myeloma cells and other hematological tumors, it
has attracted interest as a target for therapeutic antibodies (3–5).

Nanobodies are single domain antibody fragments derived from the heavy chain IgG antibodies
naturally occurring in llamas and other camelids (6–8). In these animals, the IgG2 and IgG3
isotypes lack the CH1 domain and do not bind to light chains. Nanobodies correspond to the
variable domain (VHH) of these heavy chain antibodies. VHHs carry characteristic residues in the
framework region 2 (FR2) that render them highly soluble in the absence of a paired light chain
(8–10). VHHs often have a long complementarity determining region 3 (CDR3) that can mediate
binding to the catalytic cavity of an enzyme and other hidden epitopes that are not accessible for
conventional antibodies (11–13). Their robust, soluble single domain format renders nanobodies
amenable for genetic fusion to the hinge and Fc domains of other antibody isotypes (14, 15). Owing
to their high solubility, it is much easier to link two or more VHHs into bi- or multivalent formats
than the corresponding VH+VL domains of conventional antibodies.
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CD38-SPECIFIC THERAPEUTIC CHIMERIC
MOUSE/HUMAN AND FULLY HUMAN
CONVENTIONAL ANTIBODIES

The conventional CD38-specific moAbs daratumumab and
isatuximab have proven therapeutic efficacy in multiple myeloma
(5, 16). Both antibodies were derived from mice immunized with
human CD38. While daratumumab was generated from CD38-
immunized transgenic mice that carry genomic loci encoding
human IgH and IgL (17), isatuximab was generated from CD38-
immunized wild type mice (18). The VH and VL domains
of the murine moAb were genetically fused to the CH1-
hinge-CH2-CH3 domains of human IgG1 and to the constant
domain of the kappa light chain (Cκ), respectively, generating
a classic mouse/human chimeric antibody (Figure 1A). The
crystal structure of isatuximab in complex with CD38 indicates
that its capacity to inhibit the enzymatic activity of CD38 is
by an allosteric mechanism (18). Recently, the VH and VL
domains of daratumumab were used to construct a single-chain
human anti-CD38 cytokine-antibody fusion protein termed IL2-
αCD38-αCD38-scTRAIL (19). The bivalent tandem scFv of
daratumumab mediated specific binding to CD38 expressing
myeloma cells, while the engineered homotrimeric format of
TRAIL induced apoptosis of these cells, presumably by binding
to cognate death receptors.

CD38-SPECIFIC CHIMERIC
LLAMA/HUMAN AND FULLY HUMAN
HEAVY CHAIN ANTIBODIES

Recently, CD38-specific nanobodies were generated from CD38-
immunized llamas (20, 21). Some of these nanobodies inhibited
or enhanced CD38 enzymatic activity in a dose dependent
manner and effectively targeted CD38 on human tumor cells
in a mouse Xenograft model (20). Several nanobodies bind
independently of daratumumab. Such nanobodies have proven
useful for detecting cell surface CD38 in patients treated
with daratumumab (22). Owing to their high solubility, the
nanobodies can readily be fused to other protein domains,
including the hinge and Fc domains of human IgG1 (Figure 1B).
Such chimeric llama/human heavy chain antibodies acquire
the capacity to induce classic Fc-mediated effector functions,
including ADCC and CDC (23).

In contrast to the hydrophylic nature of camelid VHH
domains, human VH domains display a natural “stickiness”
and tendency to aggregate in the absence of a light chain (24–
26). This “stickiness” is attributed to the hydrophobic interface
that helps to properly orient VH and VL domains for joint
interaction with the target antigen (27). “Camelization” of human

Abbreviations: ADCC, antibody-dependent cytotoxicity; CDC, complement-

dependent cytotoxicity; CDR, compelementarity determining region; Fc,

crystallizing fragment; FR, framework region; Ig, immunoglobulin; kD, kilodalton;

NAD, nicotinamide adenine dinucleotide; moAb, monoclonal antibody; Nb,

nanobody; Nb-hcAb, nanobody-based (human) heavy chain antibody; scFv, single

chain variable fragment; VH, variable domain of a conventional heavy chain;

VHH, variable domain of a camelid heavy chain antibody.

FIGURE 1 | Schematic diagram of conventional and heavy

chain CD38-specific antibodies. (A) Schematic diagrams of therapeutic

CD38-specific conventional antibodies. Daratumumab is derived from a

CD38-immunized human-antibody transgenic mouse. Isatuximab is derived

from a CD38-immunized wildtype mouse. The chimeric antibody was

generated by genetic fusion of the VH and VL domains of the mouse

monoclonal antibody to the constant domains of human IgG1 and kappa,

respectively. (B) Schematic diagrams of CD38-specific heavy chain antibodies.

A fully human CD38-specific heavy chain antibody has been derived from a

CD38-immunized human heavy chain transgenic rat. The chimeric

WF211-human IgG1 heavy chain antibody was generated by genetic fusion of

the VHH domain of a llama heavy chain antibody to the hinge, CH2 and CH3

domains of human IgG1. Human heavy chain antibodies display a natural

“stickiness,” i.e., tendency to bind light chains via the hydrophobic interface

that helps to stabilize the orientation of the VH-VL pair in conventional

antibodies. In contrast, chimeric llama-human heavy chain antibodies do not

show any natural “stickiness” or tendency to bind light chains. VHH domains

have been shaped by 50 Mio years of evolution for high solubility in the

absence of a light chain.

VH domains by substituting hydrophobic amino acid residues in
FR2 with hydrophilic residues can greatly enhance the solubility
of human VH domains (28–30). In order to express human
heavy chain antibodies in transgenic mice or rats it is therefore
advisable to inactivate not only the endogenous rodent heavy
chain locus, but also the kappa and lambda light chain loci.
Interestingly, during the ensuing immune response, somatic
hypermutation and selection drive the expansion of VH variants
that increase the solubility of heavy chain antibodies (31, 32). A
similar mechanismwas observed when humanVH domains were
affinity matured in vitro (33). Recently, CD38-specific human
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heavy chain antibodies were generated successfully from CD38-
immunized human heavy chain-only transgenic rats (32).

ADVANTAGES AND DISADVANTAGES OF
CD38-SPECIFIC HEAVY CHAIN
ANTIBODIES VS. CONVENTIONAL MOABS

Tissue Penetration and in vivo Half Life
Heavy chain antibodies are only half the size of conventional
moAbs (75 vs. 150 kDa). HcAbs may therefore penetrate more
effectively into CD38-expressing tumors than full size moAbs,
particularly when the tumors promote increased interstitial
pressure. Better tissue penetration has indeed been demonstrated
for nanobodies vs. conventional antibodies in solid tumors and
subcutaneous tumors (34, 35). Tissue penetration is a highly
relevant issue, in particular when considering that multiple
myeloma resides in the bone marrow and is surrounded by
a dense immune suppressive microenvironment (1). It will be
important to determine whether nanobody-based hcAbs do
reach myeloma cells in the bone marrow more efficiently than
conventional antibodies.

The half life of therapeutic antibodies is influenced by several
factors, including size, glycosylation, and affinity to the neonatal
Fc receptor. While a smaller size may facilitate tissue penetration,
a small size may also facilitate renal filtration and thereby shorten
the persistence of the therapeutic in vivo. Several strategies
have been employed successfully to prolong the in vivo half
life of nanobodies, including conjugation to polyethylene glycol
polymers (36), genetic fusion to an albumin-specific nanobody
(34, 37). In case of nanobody based hcAbs, Fc engineering could
be used to introduce mutations that enhance binding to the
neonatal Fc receptor and thereby prolong persistence in vivo
(38, 39).

Developability of Bispecific Therapeutics
The soluble nature of the nanobody VHH domain, facilitates
the construction and production of bispecific antibodies. For
example, a bispecific nanobody-based heavy chain antibody can
readily be generated simply by fusing a second nanobody to the
N-terminus of a nanobody-based hcAb. Importantly, nanobody-
based bispecific hcAbs are composed of two identical polypeptide
chains, i.e., their production does not require any “knob in hole”
technology or adjusting the of expression levels of two or more
vectors (40, 41). This simplifies the production and developability
of bispecific hcAbs, although the moderate increase in size of
a bispecific vs. a mono-specific hcAb (from ∼75 to ∼100 kDa)
may compromise tissue penetration. By tandem fusion of two
nanobodies that recognize independent epitopes of CD38 to
the Fc domain of human IgG, we recently generated tetravalent
biparatopic hcAbs that exhibit a markedly enhanced capacity to
induce CDC of CD38-expressing myeloma cells.

Modulation of Enzyme Activity
Owing to the inherent capacity of nanobodies to extend into
and block active site crevices (11, 12), a heavy chain antibody
containing a CD38-antagonistic nanobody may provide an
additional therapeutic benefit by inhibiting the production of

immunosuppressive adenosine (1, 2). Conceivably, the potency
of enzyme inhibition may be enhanced by fusion of an enzyme-
inhibiting nanobody to a nanobody recognizing a distinct epitope
of CD38, e.g., in a biparatopic activity blocking hcAb.

Immunogenicity
The potential immunogenicity of antibody therapeutics is a
relevant concern (5, 42, 43). The development of neutralizing
antibodies against the therapeutic antibody by the patient usually
renders the patient resistant to the therapeutic. This risk for
developing such antibodies is larger for chimeric antibodies that
contain murine VH and VL domains such as rituximab and
isatuximab than for fully human antibodies such as dartumumab
which is composed only of human domains. However, it is
impossible to fully humanize the idiotype of an antibody without
losing specificity of effectivity since the unique CDR loops of
the VH and VL domains are required for specificity. Hence, the
potential development of antibodies directed against the unique
CDR loops remains a concern for any therapeutic antibody. Drug
antibodies have not yet been detected in any daratumumab-
treated patients (5). However, it is uncertain to what extent this is
due to the lack of a sensitive assay for such antibodies.

The human germline encodes ∼50 distinct VH domains
and 4 distinct IgG isotypes (Figure 2A) (44, 45). V-D-J
recombination during B-cell development generates millions
of distinct idiotypes (antigen binding paratopes). Subsequent
to antigen encounter, somatic hypermutation generates many
more variant VH domains. During pregnancy, maternal IgG
is translocated from the maternal blood through placental
trophoblasts into the blood stream of the fetus, leading to
tolerization of the new born immune system against millions
of VH variants, but only 4 distinct IgG isotypes. In germline
configuration, llama VHH domains show ∼80–90% amino acid
sequence identity to human VH3 domains, i.e., the predominant
VH subset found in human immunoglobulins (46). As a result
of somatic hypermutation, two matured human VH domains
often differ more from one another than a germline human VH3
domain from a llama VHH3 domain. A few hydrophilic amino
acid residues in framework region 2 and the long CDR3 that can
partially fold back onto the former interface to the VL domain
largely account for the dramatically improved solubility of
camelid VHH domains vs. human VH3 domains. These residues
cannot be fully humanized without compromising solubility.
Notwithstanding, the idiotype (CDR regions 1, 2, and 3) cover
a much larger space (both, in the literal sense and in terms of
potential immunogenicity) than these hydrophilic amino acids in
the former VL interface.

Although the immunogenicity of a therapeutic antibody can
be reduced by humanization, the residual risk remains for
any therapeutic antibody that the patient develops antibodies
directed against the idiotype (Figure 2B). Such anti-drug
antibodies usually render the therapeutic useless for the patient.
If more than one therapeutic antibody is available for a particular
target, an option in such cases is to switch to a different
biologic targeting the same molecule (e.g., from daratumumab to
isatuximab or vice versa). It is conceivable that in the future, the
risk of developing anti-drug antibodies can be reduced further
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FIGURE 2 | Potential immunogenicity of heavy chain antibodies. (A) The human germline encodes ∼50 distinct VH domains and 4 distinct IgG isotpyes. V-D-J

recombination during B-cell development generates millions of distinct idiotypes (antigen binding paratopes, CDR regions 1, 2 indicated in red). Subsequent to antigen

encounter, somatic hypermutation generates many more variant VH domains. During pregnancy, maternal IgGs are translocated through the placental trophoblasts to

the fetus, leading to tolerization of the new born human immune system against millions of VH variants, but only 4 distinct IgG isotypes. (B) In germline configuration,

llama VHH domains show ∼80-90% amino acid sequence identitiy to human VH3 domains. A few amino acid substitutions in the VL face (mainly framework region 2,

indicated by dashed lines) and a long CDR3 that can partially fold back onto this face largely account for the dramatically improved solubility of camelid VHH domains

vs. human VH3 domains. The solubility of human VH can be improved by “camelization,” i.e., by replacing hydrophobic residues at the interface of the VL domain

(indicated in black) with hydrophylic residues resembling those found in VHH domains. Conversely, camelid VHH domains can be “humanized,” i.e., by replacing

amino acid residues in the framework with residues corresponding to germlin human VH domains. However, the idiotype of a therapeutic moAb or hcAb cannot be

fully humanized without compromising binding to the target antigen. Similarly, the VL face cannot be fully humanized without compromising solubility. Therefore, small

risks remain, that the patient will develop antibodies against the idiotype and/or against the (much smaller) hydrophilic VL face.

by tolerization strategies that will become available and permit
tolerization of the patient to the therapeutic antibody before
treatment is initiated.

CONCLUSIONS AND OUTLOOK

Later this year, Caplacizumab, a dimeric nanobody directed
against the van Willebrand factor, is expected to receive FDA
approval as the first nanobody in the clinic (47, 48). Nanobodies
that antagonize CD38 provide proof of concept for the notion
that these small biologics represent attractive alternatives to
small molecule inhibitors for inhibiting the production of
immunosuppressive adenosine. Nanobody-based heavy chain
antibodies retain all effector functions of full sized moAbs, at
half the size. This size advantage will likely facilitate targeting of
tumor cells in vivo, even under conditions of increased interstitial
pressure within tumors. Owing to their excellent solubility, it is
much easier to link different nanobodies in a single therapeutic
than the combined VH+VL domains of conventional moAbs.

The high solubility of CD38-specific heavy chain antibodies may
come at the price of a slightly higher risk for inducing anti-
drug antibodies compared to conventional human CD38-specific
moAbs. In addition to the complementarity determining regions,
the VL face of heavy chain antibodies may provide a second,
albeit much smaller, vulnerability than the idiotype. It will be
interesting to see whether “humanized” nanobody heavy chain
antibodies or “camelized” human heavy chain antibodies will
hold the leading nose in the race to the clinic.
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The advent of immune checkpoint (ICP) blockade has introduced an unprecedented

paradigm shift in the treatment of cancer. Though very promising, there is still a substantial

proportion of patients who do not respond or develop resistance to ICP blockade.

In vitro and in vivo models are eagerly needed to identify mechanisms to maximize the

immune potency of ICP blockade and overcome primary and acquired resistance to ICP

blockade. Vγ9Vδ2 T cells isolated from the bone marrow (BM) from multiple myeloma

(MM) are excellent tools to investigate the mechanisms of resistance to PD-1 blockade

and to decipher the network of mutual interactions between PD-1 and the immune

suppressive tumor microenvironment (TME). Vγ9Vδ2 T cells can easily be interrogated

to dissect the progressive immune competence impairment generated in the TME by

the long-lasting exposure to myeloma cellss. BM MM Vγ9Vδ2 T cells are PD-1+ and

anergic to phosphoantigen (pAg) stimulation; notably, single agent PD-1 blockade is

insufficient to fully recover their anti-tumor activity in vitro indicating that additional players

are involved in the anergy of Vγ9Vδ2 T cells. In this mini-review we will discuss the value

of Vγ9Vδ2 T cells as investigational tools to improve the potency of ICP blockade and

immune interventions in MM.

Keywords: Vγ9Vδ2T cells, immune checkpoint blockade, immunotherapy, tumor vaccination, multiple myeloma

INTRODUCTION

Multiple myeloma (MM) is a disease characterized by the malignant growth of clonal plasma
cells (hereafter referred to as myeloma cells) driven by intrinsic and extrinsic mechanisms. MM is
uniformly preceded by a premalignant phase, termed monoclonal gammopathy of undetermined
significance (MGUS). The risk of progression fromMGUS to MM varies from 1 to 5% per year (1).
Interestingly, myeloma cells isolated from the BM ofMGUS already harbormany of the genetic and
epigenetic abnormalities of myeloma cells isolated from patients with overt disease. Interestingly,
long-term follow up has shown that almost 50% of high-risk MGUS never progresses to overt MM
(2). These clinical data strongly support the concept that other factors, in addition to intrinsic
myeloma cell features, are important to determine the fate and aggressiveness of myeloma cells.

122

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2018.00508
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2018.00508&domain=pdf&date_stamp=2018-11-06
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:massimo.massaia@unito.it
https://doi.org/10.3389/fonc.2018.00508
https://www.frontiersin.org/articles/10.3389/fonc.2018.00508/full
http://loop.frontiersin.org/people/494286/overview
http://loop.frontiersin.org/people/632651/overview
http://loop.frontiersin.org/people/149497/overview
http://loop.frontiersin.org/people/75554/overview
http://loop.frontiersin.org/people/189455/overview


Castella et al. Vγ9Vδ2 T Cells as Immunotherapy Enhancers in MM

FIGURE 1 | Immune-based approaches in MM patients (A–C) and major hurdles to their definitive clinical success (D-G). (A) The monoclonal immunoglobulin

produced by myeloma cells is a very specific TAA. The antigenic determinants localized in the complementary determining regions of monoclonal heavy and light

chains (yellow and green rectangles) are termed idiotypes (Id) and are tumor-specific. Id specifities have been used to address tumor-specific immune responses. A

vaccine formulation consisting of Id-specific proteins conjugated with KLH as immunogenic carrier has been shown to generate very specific and long-lasting

anti-myeloma immune responses (6). (B) The ultimate goals of allogeneic transplantation (allo-tx) are to ensure a rapid blood engraftment mediated by donor HSC and

concurrently address donor immune effector cells to eliminate residual malignant cells (GVL) and to control post-transplant infections (GVI; green lines). Ideally, these

goals are achieved in the absence of graft rejection and/or GVHD (red lines) (72). So far, it has not been possible to clearly separate GVL from GVHD in the clinical

practice. (C) Immunomodulatory drugs like lenalidomide fine-tune multiple immune functions in MM patients: (i) they enhance and potentiate the cytototoxic and ADCC

activity of T cells and NK cells, respectively; (ii) they inhibit myeloma cell growth and induce apoptosis; (iii) they inhibit osteoclasts, ECs, and Tregs suppressor functions.

(D) The role of innate effector cells such as NK cells, NKT cells and γδ T cells has been neglected when initial immunotherapy approaches have been developed; the

need to overcome or neutralize the suppressor role of MDSCs, Tregs, TAMs, and suppressive neutrophils type II (GN2) was unkown and not addressed. (E) Another

major hurdle is represented by the ICP/ICP-L immune suppressive circuitry. The interactions between ICP expressed by effector cells (ICOS, CTLA-4, PD-, BTLA,

TIM-3) and ICP-L expressed by myeloma cells and bystander cells in the TME (ICOS-L, CD80/CD86, PDL-1/PDL-2, HVEM, GAL-9) impair anti-myeloma immunity. (F)

MM is characterized by clonal and subclonal diversity which is shaped over time by repeated treatments, responses, and relapses. This clonal heterogeneity facilitates

the immune escape of myeloma cells. (G) The TME immune infiltration discriminates between cold and hot tumors. The former are characterized by the local

recruitment and/or activation of immune suppressor cells like Tregs and MDSC; the latter are characterized by the presence of cytotoxic cells (NK, CD8, γδ T cells).

Clonal diversity, mutational load, and treatments are key factors to drive the immune infiltration of cold vs. hot tumors. Hot tumors are more sensitive to

immunotherapy than cold tumors. The MM TME is closer to cold than hot tumors. Id, idiotype; KLH, keyhole limpet hemocyanin; allo-tx, allogeneic transplantation;

HSC, hematopoietic stem cells; MM, multiple myeloma; graft-vs.-leukemia, GVL; graft-vs.-infections, GVI; graft-vs. host desease (GVHD); IMIDs, immunomodulatory

drugs; Tregs, regulatory T cells; MDSC, myeloid derived suppressor cell; tumor-associated macrophages (TAM); GN, granulocyte neutrofils; NK, natural killer; ADCC,

antibody-dependent-cellular-cytotoxicity; NKT, natural killer T cells; ICP, immune checkpoint; ICP-L, immune checkpoint ligands; TAA: tumor associated antigen.

The nature and relevance of the tumor microenvironment
(TME) in MM have comprehensively been described
elsewhere, including the role of immune cells (3, 4).
We have anticipated these insights in the mid ‘80s,
when we have shown a defective CD73 expression in
CD8+ cells which was correlated with the proliferative
activity of BM PC in both MGUS and MM (5). These
initial findings have been corroborated by many other
preclinical studies leading to the pioneeristic development
of active specific immunotherapy approaches. The unique
expression of idiotype (Id) by clonal B cells encouraged
the generation of a variety of Id-specific vaccines
(from protein- to DNA-based vaccines) which were
able to induce long-lasting and tumor-specific immune
responses (6).

Clinical results in allo-transplanted MM patients have
strengthened the perception that the only chance to
permanently eliminate residual myeloma cells [including
those surviving high dose melphalan and autologous stem cell
transplantation (ASCT)] is the recognition and elimination
by allogeneic immune effector cells (7). The development of
immunomodulatory imide drugs (IMiDs) and the clinical results
obtained with lenalidomide (including maintenance treatment
after ASCT) have brought further evidences that immune cells in
the TME are key targets to interrupt the myeloma cell prosurvival
network (8).

These approaches have significantly impacted on the clinical
outcome, but none of them has generated such an impressive
cure rate to definitely change the natural history of the disease
(Figure 1).
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RECONSIDERING THE IMMUNE
COMPETENCE OF MGUS AND MM
PATIENTS

The unsatisfactory results of immune-based approaches in MM
should not generate a pessimistic view. The reasons are rooted in
the increased knowledge about the pathogenesis of the disease,
the pathophysiology of immune responses, and the innovative
technologies available to monitor the disease, assess clinical
responses, and develop novel strategies of immune interventions.
Additional progresses have been made by shedding some
misconceptions like the wisdom thatMGUS are immunologically
blessed conditions in which myeloma cells are hold in check
by very effective immune responses. This misconception was
based on mouse models and preclinical results obtained in
humans when much less was known about the mechanisms of
immune surveillance and immune escape (9). Only recently, this
misconception has been breached by us and others revealing
that multiple immune dysfunctions are already present in MGUS
(10–13).

Another misconception to be abandoned is that the remission
state after ASCT represents a unique opportunity for immune
interventions since it is possible to achieve a minimal residual
disease (MRD) condition in this setting. We have shown more
than 10 years ago that the T-cell receptor (TCR) repertoire is
highly disrupted in patients in remission after ASCT (14). These
results have been confirmed and consolidated (15) explaining
why Id vaccination could not fulfil clinical expectations and why
lenalidomide maintenance, even nowadays, significantly extends
progression free survival (PFS), but does not definitely protect
MM patients from late or very late relapse (8).

The time is ripe to apply more informative assays to
investigate the immune competence of MGUS and MM. The
aim of this minireview is to recapitulate how interrogating the
immune competence of BM Vγ9Vδ2T cells has deepen our
knowledge about the immune derangement occurring in MGUS
and MM patients and how these informations can be applied to
design more effective immune interventions in MM.

Vγ9Vδ2T CELLS AS ULTRASENSITIVE
TOOLS TO ASSESS THE IMMUNE
SUPPRESSIVE TME COMMITMENT
IN MGUS AND MM

Vγ9Vδ2 T-cells are non-conventional T cells half-way between
adaptive and innate immunity with a natural inclination to
react against malignant B cells, including malignant myeloma
cells (16). These cells are able to sense supra-physiological
concentrations of phosphorylated metabolites (pAgs) generated
in the mevalonate (Mev) pathway of mammalian cells.
Isopentenyl pyrophosphate (IPP) is the prototypic pAg
recognized by Vγ9Vδ2 T cells. The pAgs-reacitivity of Vγ9Vδ2 T
cells can be tested in vivo and in vitro by stimulating monocytes
or dendritic cells (DC) with aminobisphosphonates like
pamidronate or zoledronate (ZA). Both compounds inhibit
farnesylpyrophosphate synthase in the Mev pathway (17, 18)

and induce intracellular IPP accumulation and extracellular IPP
release that are detected by Vγ9Vδ2 T cells. IPP recognition by
Vγ9Vδ2 T cells is mediated by the γδ TCR in association with
the isoform A1 of the butyrophilin-3 (BTN3A1) protein family
(19, 20).

Vγ9Vδ2 T cells are endowed with peculiar functional
properties which make them very good candidates for
immunotherapy: they do not require MHC restriction and
co-stimulation; they produce pro-inflammatory cytokines
(IFN-γ and TNF-α); they recognize antigens shared by a
variety of stressed and tumor cells; they behave as professional
antigen-presenting cells (21); they can provide help to B cells to
produce antibodies (22); and they can induce DC maturation
boosting αβ T cell priming and MHC-restricted antigen-specific
T-cell responses (23). We believe that this multifaceted array of
immune functions gives a unique predisposition to Vγ9Vδ2 T
cells to behave as very sentitive biosensors of the immune
suppressive TME commitment occurring in the BM of MGUS
and MM patients (24).

We have previously shown in a large series of patients (MGUS:
n = 10; MM at diagnosis: n = 70; MM in remission: n = 52;
MM in relapse: n = 24) that BM MM Vγ9Vδ2 T cells are unable
to properly react to pAgs stimulation in terms of proliferation,
CD107 expression and IFN-γ production. This is an early and
long-lasting immune dysfunction, already detectable in MGUS
individuals, largely anticipating that of CD8+ T cells and not
disappearing even when most of tumor cells have been cleared
by ASCT as in MM in remission. The investigation of pAgs
reactivity of BM MM Vγ9Vδ2 T cells has been instrumental
to show that the frequency of immune suppressor cells in
the TME [bone marrow stromal cells (BMSC), regulatory T
cells (Tregs) and myeloid-derived suppressor cells (MDSC)] are
similar in the BM of MGUS, MM at diagnosis and MM in
remission.

ROLE OF IMMUNE CHECKPOINTS (ICP)
AND ICP-LIGANDS (ICP-L) IN THE
IMMUNE SUPPRESSIVE TME
COMMITMENT OF MGUS AND MM
PATIENTS

Immune checkpoints (ICP) are key regulators of immune
activation, immune homeostasis, and autoimmunity driven by
interactions with the corresponding ligands (ICP-L) expressed
by surrounding cells (25). In cancer, the ICP/ICP-L network is
often hijacked by tumor cells to suppress anti-tumor immune
responses. This has led to the development of anti-ICP/ICP-L
monoclonal antibodies (mAbs) to treat a variety of cancers with
heterogenous results.

Among the ICP/ICP-L pairs identified so far, the PD-1/PD-
L1 axis plays a major role in the generation of the immune
suppressive TME in MM. PD-L1 expression in myeloma cells
is higher in MM and SMM than in MGUS and predicts an
increased risk of disease progression (26, 27). Paiva et al.
have shown a significant upregulation of PD-L1 expression in
residual myeloma cells of MM patients who are in first complete
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remission (27). PD-L1 expression can protect residual myeloma
cells from the immune modulation driven by lenalidomide and
promote their immune escape and regrowth. Beside myeloma
cells, MDSC, and BMSC also express high levels of PD-L1 cells
in the BM microenvironment [24 and our unpublished data],
underlining a redundancy of immune suppressor cells exploiting
the ICP/ICP-L circuitry to hamper anti-myeloma immunity in
the TME.

PD-L1 expression is paired by PD-1 overexpression in CD4+

and CD8+ T cells, and NK cells (28–30) isolated from PB and
BM of MM patients creating a very effective network to protect
myeloma cells from immune recognition and killing. Preliminary
data from our laboratory indicate that multiple ICP can be
expressed by effector cells, as already reported by Koyama’s group
in solid tumors (31).

These and other pre-clinical evidences (30, 32, 33) have
been the groundwork to introduce anti-PD-1/PD-L1 treatment
in MM patients, but clinical results have not met clinical
expectations (34–36). These data have confirmed the complexity
of the ICP/ICP-L and shown that single PD-1/PD-L1 blockade
is insufficient to recover anti-tumor immune responses in MM
patients. Investigating the defective pAg reactivity of BM MM
Vγ9Vδ2 T cells represent a unique opportunity to identify
potential partners and strategies to improve the efficacy of
ICP/ICP-L blockade and immune interventions in MGUS and
MM.

LESSONS FROM BM MM Vγ9Vδ2T CELLS

The unsatisfactory results of anti-PD-1/PD-L1 monotherapy
have stimulated the hunt for combinatorial treatment including
lenalidomide (28, 37), elotuzumab (anti-SLAMF7) (38), histone
deacetylase inhibitors, oncolytic reovirus (39), and radiation
therapy (40). Lenalidomide and pomalidomide in combination
with pembrolizumab (anti-PD-1) and dexamethasone have
progressed up to phase III first-line trials, but unexpected
toxicity in the pembrolizumab arm has led to the temporary
discontinuation of these trials (https://www.onclive.com/
web-exclusives/fda-discloses-data-on-halted-pembrolizumab-
myeloma-trials). These hitches are paradigmatic examples how
difficult is to carry on immunotherapy studies without a full
knowledge about the TME landscape and the local conundrum
of tumor-host interactions.

We have shown that a significant fraction of Vγ9Vδ2 T cells
that are anergic to pAg stimulation in the TME of MGUS
individuals and MM patients are PD-1+ (24). The attempts to
fully recover anti-myeloma BM Vγ9Vδ2 T-cell activity in vitro
by single PD-1 blockade has failed (24). Investigating the
mechanisms of resistance to PD-1 blockade in PD-1+ BM MM
Vγ9Vδ2 T cells can provide useful hints to improve the potency
of ICP blockade in MM and other diseases.

Multiple ICP expression by immune cells, paired by multiple
ICP-L expression in tumor cells and surrounding cells in
the TME is emerging as a general mechanism of cancer
resistance to ICP blockade. Our preliminary results show that
BM MM Vγ9Vδ2 T cells express multiple ICP engaged by the

corresponding ICP-L expressed by myeloma cells and bystander
cells. ICP-L overexpression in MDSC reinforces their intrinsic
immune suppressive commitment, but ICP-L overexpression in
endothelial cells and BMSC reflects a contranatural protumoral
recruitment operated by myeloma cells in the TME. Our data
showing that anergic PD-1+ Vγ9Vδ2 T cells up-regulate PD-
1 and express alternative ICP (TIM3, LAG3; that we have
defined super-anergic state), if stimulated with pAgs in the
presence of single PD-1 blockade, indicates that the TME is
reprogrammed to resist any mild and/or insufficient attempt to
recover antitumor immune function (Figure 2). This is not very
different from what we have learned from chemotherapy when
polychemotherapy has replaced single-agent chemotherapy (i.e.,
ABVD for Hodgkin’s disease, R-CHOP for diffuse large B-cell
lymphoma, ICE for acute myeloid leukemia etc).

Currently, the most common strategies to overcome the
onset of alternative ICP are combinations of multiple anti-ICP
antibodies. This approach, supported by in vitro and in vivo
data, is impeded by the prohibitive costs and increased side
effects and toxicity in the clinical setting. The analysis of
the molecular interactions between different ICP (PD-1, TIM-
3, LAG-3) in anergic Vγ9Vδ2 T cells could help to identify
mechanistic interventions to prevent alternative ICP uregulation
and boost the immune potency of ICP inhibitors.

POTENTIAL CONTRIBUTION OF Vγ9Vδ2T
CELLS TO NOVEL IMMUNE TREATMENTS

The spectrum of immune interventions has significantly
broadened inMM over the last few years thanks to novel findings
and technical advances. Immune responses mediated by non-
conventional T cells like Vγ9Vδ2 T cells, NKT cells, and CD1a-
restricted T cells have gained significant consideration similar to
MHC-restricted immune responses mediated by CD8+ cells. The
characterization of suppressor cells like MDSC, Tregs, BMSC,
and very importantly, the discovery of the ICP/ICP-L network
have been other important steps to promote the renaissance of
immunotherapy in MM. The identification of additional targets
other than Id has led to an unprecedented surge of mAbs directed
against myeloma cells (CD38, CD138, SLAMF7, CD138, BCMA),
the TME (ICP/ICP-L), or both (CD38, SLAMF7, anti-PD-L1)
(41, 42). Notably, CD38-targeted therapy with daratumumab has
emerged as of the most effective passive immunotherapy ever
developed in MM (43).

Current adoptive immunotherapy approaches under
preclinical or clinical investigation include ex-vivo (CAR-T,
TCR-engineered T cells) or in vivo redirected T cells [bispecifc
T-cell engager (BiTEs)] (44, 45). Clinical trials testing BCMA-
redirected CAR-T cells are producing impressive results in
heavily pretreated relapsed and/or refractory MM patients
(44–49).

TCR-engineered T cells are genetically modified in order
to express αβ TCR with enhanced affinity for selected TAA.
In contrast to CAR, αβTCR gene transferred cells retain HLA
restriction of Ag recognition and are sensitive to intracellular
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FIGURE 2 | Potential contribution of rescued Vγ9Vδ2 T cells to immune treatments in MM. (A) BM Vγ9Vδ2 T cells in the TME are PD-1+ and anergic to

pAg-stimulation. This anergy is not overcome by pAg stimulation in the presence of anti-PD-1. Paradoxically, the pAg + anti-PD-1 combination deepens the anergy of

BM MM Vγ9Vδ2 T cells (super-anergic state). One possible hallmark of super-anergic immune effector cells is the expression of multiple ICP (i.e., LAG-3. TIM-3) on the

same cells. Combinations of multiple anti-ICP antibodies (anti-PD-1/anti-LAG3/anti-TIM-3) is necessary to overcome the super-anergic state. If rescued from the

anergic or super-anergic state, Vγ9Vδ2 T cells can become attractive candidates for immune interventions as proposed in panels B-E. Compared to conventional T

cells, Vγ9Vδ2 T cells are not MHC-restricted and can be activated by pAgs (IPP), and stress-induced self ligands (i.e., MICA/B) other than CARs, tumor-specific

transferred αβ TCR genes, and BITEs (see also text). (B) The “costimulatory only” CAR Vγ9Vδ2 T cells approach (58). In these cells, the cytotoxic capacity of CD3

(signal 1) is mediated through the native γδ-TCR recognition of IPP, whereas costimulation (signal 2) is provided by a CAR recognizing BCMA with an endodomain

consisting of the innate NKG2D signaling molecule, DAP10. The cytotoxic ability of CAR Vγ9Vδ2 T cells is improved by the recognition of other molecules expressed

by myeloma cells like MICA/B via NKG2D. (C) BITEs can be used to re-direct CD16-expressing Vγ9Vδ2 T cells against MM antigen (i.e., BCMA) and enhance their

cytotoxic anti-tumor activity. (D) Vγ9Vδ2 T cells can act as APC to present TAA to MHC-restricted CD4+ and CD8+ T cells. APC-Vγ9Vδ2T cells express many

APC-related cell surface receptors like MHC-I and II, and co-stimulatory proteins (CD80, CD86). (E) The beneficial activity of Vγ9Vδ2 T cells in the allo-tx settings can

be exploited as follows: i) direct infusion of unmanipulated grafts containing small amounts of donor circulating Vγ9Vδ2 T cells; these cells can increase in number after

infusion depending on several factors like infections etc; (ii) donor Vγ9Vδ2 T cells from healthy donors are expanded ex-vivo before reinfusion in graft recipients using

pAg like zoledronic acid and IL-2 (73); (iii) donor Vγ9Vδ2 T cells are expanded in vivo in the recipient after allo-tx with pAgs like zoledronic acid and IL-2. BM, bone

marrow; pAg, phosphoantigen; CAR-T, chimeric antigen receptor-T; co-stim-CAR, “costimulatory only” CAR; BITEs, bispecifc T-cell engager; APC, antigen-presenting

cell; TAA, tumor-associated-antigen; allo-Tx, allogenic-transplantation; GVHD, graft-vs.-host disease; GVL, graft-vs.-leukemia; GVI, graft-vs.-infections; IL-2,

interleukin-2.

peptides (44, 45). Cancer testis antigens are under investigation
as potential TAA in MM patients (50, 52).

Despite a growing enthusiasm, immunotherapy progresses
are still facing many hurdles. The majority of MM treated with
anti-CD38 mAbs (daratumumab) eventually progress and the
mechanisms involved in resistance to daratumumab are largely
unknown. CAR T cells also are not free from handicaps like
reduced expression of BCMA onmyeloma cells, short persistence
or loss in vivo of functional CAR T cells (44–49). Bispecific CAR
T cells targeting simultaneously twomyeloma associated antigens
may compensate the decreased BCMA expression, but it may also
increase on-target off-tumor toxicity. MHC down-regulation on
tumor cells may compromise the therapeutic efficacy of αβTCR
gene transferred T cells, whereas the eventual recognition of cross
reactive epitopes from alternative target antigens may account
for considerable on-target off-tumor toxicity. Autoimmune fatal
complications have occurred with MAGE-A3 enhanced affinity
αβTCR gene transferred T cells (51). Another drawback of
αβTCR gene transfer to conventional CD3+ αβ T cells is the
formation of mixed TCR dimers with unknown specificities

due to pairing of endogenous and introduced α and β TCR
chains (53).

BMVγ9Vδ2 T cells can be very attractive candidates to deliver
antitumor responses in MM, provided that they are rescued from
the immune dysfunction they are afflicted. These cells recognize
a broader range of targets (including metabolic targets like IPP
and self-induced stress ligands) and possess a more favorable
safety profile than conventional T cells (16). This unique feature
has been exploited to reduce the potential “off target” toxicity
of CAR Vγ9Vδ2 T cells (54–57). Fisher et at (58) have designed
“costimulatory only” CAR Vγ9Vδ2 T cells in which activation
signals 1 and 2 are provided by separate receptors. In these dual-
receptor CAR Vγ9Vδ2 T cells, the cytotoxic capacity of CD3
(signal 1) is mediated via the native γδ-TCR recognizing IPP,
whereas costimulation (signal 2) is provided by a CAR-mediated
recognition of TAA mediated by DAP10, the endodomain
consisting of the NKG2D receptor (Figure 2B). Normal healthy
tissues which do not express IPP do not activate Vγ9Vδ2 TCR
and are spared from Vγ9Vδ2 T cell cytotoxicity. Interestingly,
these “costimulation only” CAR Vγ9Vδ2 T cells express lower
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levels of PD1 and TIM3 than traditional CAR Vγ9Vδ2 T cells
after long term culture (58).

Vγ9Vδ2 T cells are excellent candidates for αβTCR gene
transfer without the risk of expression of undesired mixed TCR
dimers (59). Another interesting approach is to engineer αβ T
cells to express tumor-specific Vγ9Vδ2 TCRs (TEGs) to redirect
αβ T cells against cancer cells (60). Vγ9Vδ2 TCR-redirected αβ

T cells very efficiently kill cancer cell lines in vitro and primary
acute myeloid leukemia blasts in a humanized mouse model.
Very recently, TEGs have also been generated in MM patients
and shown to be able to recognize and kill myeloma cells in a
3D model (61). Vγ9Vδ2 T cells can also be redirected against
myeloma cells with BITEs (Figure 2C). The bispecific antibody
[(HER2)2xCD16] has been used to re-direct CD16+ Vγ9Vδ2 T
cells against Her2+ tumor cells that were killed with very high
efficiency (62). HLA-independent recognition of TAA by tumor-
redirected CAR Vγ9Vδ2 T cells or BITEs-activated Vγ9Vδ2 T
cells may prelude to the development of allogeneic “off the shelf ”
CAR products.

Another unique feature of Vγ9Vδ2 T cells is their capacity
to act as antigen-presenting cells (APC) to boost antigen-
specific immune responses mediated by CD8+ cells (21, 63)
(Figure 2D). Combination therapy of Vγ9Vδ2 T-APC-based
vaccines with ICP blockade may have synergistic activity leading
to enhanced anti-tumor immune responses and long-lived
immuno-surveillance (64, 65). These adjuvant properties are not
lost even after chimerization of Vγ9Vδ2 T cells as demonstrated
by Capsomidis A. (57)

Lastly, the multifunctional properties of Vγ9Vδ2 T cells may
also be beneficial in the allo-tx setting (allo-tx) (Figure 2E)
(66). Vγ9Vδ2 T cells have been reported to cause less graft-vs.-
host disease (GVHD) than αβ T cells while retaining graft-vs.-
leukemia activity (GVL) (67, 68). A protective effect of Vγ9Vδ2 T
cells against both leukemia cell regrowth and infections has
been reported in haploidentical HSCT depleted of TCR-αβ/CD19

lymphocytes (69). Lastly, recent studies suggest an overall
favorable effect of high Vγ9Vδ2 T cells immune reconstitution
after HSCT; patients with elevated numbers of Vγ9Vδ2 T cells
had a significantly higher overall survival rate and a decreased
rate of acute GVHD compared to patients with low Vγ9Vδ2 T
cell counts (70).

CONCLUSIONS

Investigation of BMMMVγ9Vδ2 T cells has been useful to gather
a faithfully picture of the immune suppressive TME in MGUS
andMM.Understanding themechanisms that are responsible for
BM Vγ9Vδ2 T-cell dysfunction, with special regard to resistance
to PD-1 blockade, can help to overcome ICP resistance and
safely integrate ICP/ICP-L blockade in the immune treatments
of MGUS and MM patients. The use of nanotechnologies
may improve delivery of antagonistic antibodies to block ICP
inhibitory receptors compared to free antibodies and improve T
cell activation (71).

Finally, the functional rescue of BM Vγ9Vδ2 T cells
is an attractive opportunity to exploit their multifaceted
immune functions to carry on ex-vivo and in vivo adoptive
immunotherapy interventions.
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Daratumumab has proven to be highly efficacious for relapsed and refractory multiple

myeloma (MM) and has recently been approved in the frontline setting for MM

patients ineligible for transplantation. In the future, expanded indications are possible for

daratumumab and other anti-CD38 monoclonal antibodies in development. For several

years, it has been recognized that these therapies interfere with blood bank testing

by binding to CD38 on red blood cells and causing panagglutination on the Indirect

Antiglobulin Test. This can lead to redundant testing and significant delays in patient

care. Given the anticipated increase in utilization of anti-CD38 monoclonal antibodies, as

well as the transfusion needs of MM patients, it is critical to understand the nature of this

interference with blood bank testing and to optimize clinical and laboratory procedures. In

this review, we summarize the pathophysiology of this phenomenon, examine the clinical

data reported to date, describe currently available methods to resolve this issue, and

lastly provide a guide to clinical management of blood transfusions for patients receiving

anti-CD38 monoclonal antibodies.

Keywords: CD38, monoclonal antibody, daratumumab, isatuximab, transfusion

INTRODUCTION

In 2015, daratumumab became the first anti-CD38 monoclonal antibody to be approved by the
United States Food and Drug Administration. Its high efficacy and favorable safety profile in recent
trials led to expanding indications for relapsed or refractory multiple myeloma (MM) (1–3), and it
has recently become the first monoclonal antibody approved in the front-line setting for MM, in
transplant-ineligible patients along with bortezomib, melphalan, and prednisone (4).

In addition, there may be further approvals of anti-CD38 monoclonal antibodies in the future.
Daratumumab is being tested in various stages of development across a wide variety of cancers
as well as in a subcutaneous formulation. Other anti-CD38 monoclonal antibodies are also under
investigation including isatuximab, with several ongoing phase 3 trials in MM, as well as MOR202
and TAK079 in early clinical trials for MM (5). A bispecific monoclonal antibody targeting CD38
and CD3, GBR-1342, has also begun a phase 1 trial for MM.

From early on, it was recognized that daratumumab interfered with blood compatibility testing
by causing panagglutination in the Indirect Antiglobulin Test (IAT) (6). This was also been shown
to be true of isatuximab andMOR-202 surrogates, and indeed is likely to be a class effect rather than
specific to any one antibody (7). With increasing numbers of patients receiving anti-CD38 therapy,
it is important to recognize this issue in order to prevent delays in obtaining red blood cells and to
reduce laboratory costs.
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Given the frequency of anemia in patients with myeloma
due to marrow replacement by plasma cells, comorbidities
(e.g., infections, myelodysplastic syndrome), and various
myelosuppressive treatments, blood transfusions are an
important part of the supportive care of patients with MM. In
this review, we will summarize the pathophysiology of anti-CD38
interference with blood bank testing, review published clinical
data, examine various solutions to this problem, and lastly
propose a clinical decision algorithm to optimize transfusion
management.

PATHOPHYSIOLOGY

CD38 is a transmembrane glycoprotein with various receptor
and enzymatic functions (8). It is found in low levels on
many cells of both hematopoietic and non-hematopoietic
lineages, but has high expression on normal plasma cells.
Furthermore, CD38 is highly expressed in nearly all myeloma
cells, making it an attractive target for therapy (9). Anti-
CD38 antibodies work through a variety of mechanisms,
including complement-dependent cytotoxicity, antibody-
dependent cell-mediated cytotoxicity, antibody-dependent
cellular phagocytosis, induction of apoptosis, and incompletely
understood immunomodulatory functions affecting regulatory
cells and cytotoxic T cells (8, 10, 11).

The indirect antiglobulin test (IAT) utilizes a secondary
antibody, antihuman globulin (AHG), directed against the Fc
portion of the immunoglobulin molecule to detect antibodies
bound to the red blood cell (RBC) membrane. This test is used
as part of the RBC antibody screen, RBC antibody identification
testing, phenotyping of RBCs for RBC antigens, and in the full
crossmatch. CD38 is expressed at low levels on RBCs (12–14),
therefore, leading to positive results (agglutination) when plasma
from patients on anti-CD38 monoclonal antibodies is used in
the IAT. When antibody screening and antibody identification
panels are performed as part of pretransfusion testing, anti-
CD38 antibody in the patient’s serum binds to CD38 on reagent
RBCs to cause a weak, usually 1+ panagglutination, in all testing
using AHG (gel, tube, solid phase) (see Figure 1) (6). Additional
testing is required to identify if RBC alloantibodies are present,
leading to delays in the provision of RBCs to the patient for
routine transfusions. This cannot be assumed to be a false-
positive as many patients have received multiple transfusions
in the context of relapsed and refractory MM and may in
fact have RBC alloantibodies, necessitating the identification of
antigen-negative RBCs for transfusion. Importantly, anti-CD38
antibodies do not affect ABO and Rh(D) typing.

This phenomenon does not routinely occur with a patient’s
own RBCs, and Direct Antiglobulin Testing (DAT) and
autocontrol (AC) on the RBC antibody identification panel are
often both negative. In the DAT, the patient’s RBCs are reacted
with AHG to identify the presence of in vivo bound antibodies
or complement, while in the AC the patient’s own plasma is
reacted against their own RBCs to detect both antibodies bound
to the red cell membrane and self-reactive antibodies. The lack
of detection of antibodies in either test has been shown to be

due, at least in part, to downregulation of CD38 on RBCs after
exposure to daratumumab (12). Even in the period immediately
following infusion of daratumumab, there has been no evidence
of any clinically significant hemolysis (15), potentially due to the
low expression of CD38 on RBCs.

CLINICAL DATA ON IMPACT OF
ANTI-CD38 ANTIBODIES ON BLOOD
TYPING

To our knowledge, 10 published studies have reported on the
results of blood bank testing of patient samples after initiation of
anti-CD38 therapy (6, 7, 12, 15–21). In aggregate, these studies
provide results for 91 patients (88 treated with daratumumab
and 3 treated with isatuximab). All 91 (100%) demonstrated a
positive IAT after receiving therapy. In patients who were tested
prior to initiating therapy, 5/65 (7.7%) had an RBC alloantibody;
the specific antibodies are detailed in Table 1. Six of 43 (14.0%)
patients had a positive autocontrol IAT, and 13/67 (19.4%) had
positive DAT. One study performed long-term follow-up DAT
on three patients who previously had a positive result, and
all became negative (17). Three studies reported on time to
resolution of positive IAT after cessation of therapy; the durations
were 2–6 months (range), median 5 months (range 1–9 months),
and median 3.4 months (range 2.1–6.3) (7, 15, 17). Data from
these individual studies are presented in Table 1.

SOLUTIONS TO ANTI-CD 38 ANTIBODY
INTERFERENCE WITH IAT

Overcoming this interference is possible through a variety of
methods, each with its own benefits and downsides. There is no
universal solution that can be practically applied in all scenarios,
and therefore it is necessary to understand the available options.
In this section, we will discuss the methodology, applicability,
optimal use, and relative cost of each, as well as the supporting
clinical data. A summary is provided in Table 2.

Dithiothreitol and Proteolytic Enzymes
The most common method of interrupting the binding of anti-
CD38 antibody with CD38 receptor is to treat reagent RBCs
with dithiothreitol (DTT). The precise laboratory technique has
been described in detail elsewhere (22). DTT is a reducing agent
that cleaves disulfide bonds present on CD38 receptors. As a
result, it can denature CD38 antigen and prevent the antibody
from binding. However, this technique also denatures other
clinically significant RBC antigens, most notably Kell, but also
less immunogenic antigens including those in the Lutheran, Yt,
JMH, LW, Cromer, Indian, Dombrock, and Knops systems (23).
Therefore, to reduce the risk of a possible hemolytic transfusion
reaction due to an unidentified anti-Kell antibody, all patients
need to be transfused with Kell-negative blood, unless they are
known to be Kell-positive. Clinically significant antibodies in
patients with antibodies against the DTT-sensitive antigens such
at the Cartwright blood group system (Yt) would be missed
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FIGURE 1 | Mechanism of daratumumab interference with the indirect antiglobulin test (IAT). (A) Negative IAT in a sample without RBC alloantibodies or

daratumumab. (B) Positive IAT due to RBC alloantibodies in the sample. (C) Positive IAT due to interference from daratumumab, which binds to CD38 on RBCs and

causes agglutination with the addition of Coombs reagent.

using this test method and put the patient at risk of a hemolytic
transfusion reaction.

Although DTT treatment is a technically straightforward
method to perform in the laboratory, it can require more than
2–4 h to perform manually, requires properly trained medical
technologists using standardized procedures, andDTT is noxious
and should be used under a hood. The cost of the reagent
is minimal, but implementation is usually encumbered by the
absence of resources that are not routinely available in many
hospital blood banks.

Treating RBCs with DTT is very reliable and has been
validated in an international multi-center study (22). In this
study, 25 centers each received two blood samples, one spiked
with daratumumab and another spiked with daratumumab plus
a clinically significant RBC alloantibody (either anti-s, anti-D,
or anti-Fya). 24/25 (96%) of centers observed daratumumab
interference in the first sample with their routine tests, and all of
them could resolve this using DTT-treated reagent RBCs. In the
second part of the study, 100% of the study sites could identify

the RBC antibody after removal of daratumumab interference
with DTT. Most of the centers surveyed at the conclusion of the
study found the method to be simple and reported they would
use it in the future as their standard of care. However, it is
important to note that these were all academic medical centers
or blood center reference laboratories, and feasibility for smaller
community laboratories may differ.

Treatment of RBCs with the proteolytic enzymes trypsin or
papain has not been studied to the same extent as DTT and
these methods are unlikely to replace DTT at this time. Chapuy
et al. demonstrated that 2% trypsin reduced daratumumab
binding to CD38-transduced HL-60 cells by 40%, compared
to 92% for 10 mmol/L DTT (6). Trypsin does not degrade
Kell antigens, but does destroy a number of other clinically
significant antigens including M, N, EnaTS, and the less
immunogenic Ge2, Ge3, Ge4, Ch/Rg, and Lutheran antigens (24).
Additional studies are needed to determine the advantages in
clinical utility and laboratory operations using trypsin compared
to DTT.
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TABLE 1 | Clinical data on anti-CD38 monoclonal antibody interference with blood bank testing.

Study No. of

patients

Anti-CD38

MoAb

Pre-existing

alloantibodies

Positive

IAT

Positive

auto-control IAT

Positive DAT Duration IAT

positivity

Bub et al. (16) 5 Dara n/a 5/5 2/5 2/5 n/a

Carreño-Tarragona

et al. (17)

33 30 Dara

3 ISA

anti-D and anti-C (n = 2),

anti-E and anti-C (n = 1)

33/33 n/a 5/21 for Dara

1/2 for ISA

Median 5 months

(range 1–9 months)

Chapuy et al. (6) 5 Dara n/a 5/5 3/5 3/5 n/a

Chari et al. (15) 7 Dara anti-D and anti-E (n = 1),

anti-E, K, Jkb, Fya, Fyb S,

Knops (n = 1)

7/7 1/7 1/7 Median 3.4 months

(range 2.1–6.3)

Deneys et al. (18) 14 Dara None 14/14 n/a n/a n/a

Oostendorp et al. (7) 11 Dara None 11/11 0/11 0/11 Range 2–6 months

Sullivan et al. (12) 13 Dara n/a 13/13 0/13 0/13 n/a

Subramaniyan

et al.(19)

1 Dara n/a 1/1 0/1 0/1 n/a

Lin et al. (20) 1 Dara n/a 1/1 0/1 0/1 n/a

Setia et al. (21) 1 Dara n/a 1/1 n/a 1/1 n/a

MoAb, monoclonal antibody; IAT, indirect antiglobulin test; DAT, direct antiglobulin test; Dara, Daratumumab; ISA, isatuximab; n/a, not available.

Papain was successfully used to eliminate IAT interference
from daratumumab and isatuximab in all 33 patients in one study
(16). The authors were able to identify Rh group antibodies in
all three patients with pre-existing alloantibodies. Hypothetically,
papain could be used for quick identification of Kell antibodies
as it does not denature Kell antigen, but this was not tested
in the study. Papain does degrade antigens from the Duffy and
MNS blood group systems, as well as several minor antigens
including Ch/Rg, Ge2, and Ge4 (24), so its use would mainly
be complementary to other approaches. In the study, papain
was used in conjunction with phenotypically matched RBCs for
safe provision of transfusions. If used in parallel with DTT, it
could overcome the limitation of having to provide Kell-negative
blood when using DTT alone. This would, however, increase the
complexity of laboratory procedures and may not be practical in
a routine setting.

Typing of RBCs
Extended phenotyping and genotyping of patient RBCs
are effective, albeit expensive, methods for safely providing
compatible blood. Phenotyping must be done prior to initiation
of anti-CD38 antibody therapy and in the absence of both
RBC transfusion in the prior 3 months and positive DAT.
Extended phenotyping assesses, at a minimum, the most
common immunogenic antigens, namely those in the Rh, Duffy,
Kidd, Kell, and MNS blood group systems (18). Genotyping
for RBC antigens can be performed at any time during therapy
and can provide more comprehensive detail than phenotyping,
particularly regarding minor antigens (25). Genotyping is
expensive and requires at least 1 week of turnaround time in
most cases.

Information collected from RBC typing is stored and
then used to provide phenotypically matched blood for
future transfusions. Providing antigen-matched RBCs can be a
challenge for blood banks with smaller inventories and may
unnecessarily use scarce resources that are better utilized for

patients more likely to have broad alloimmunization (e.g.,
sickle cell anemia). Use of extensively matched RBCs may not
be necessary if DTT treatment is used; a negative antibody
screen after DTT treatment would only require RhD and Kell
compatible blood.

In practice, transfusion with phenotypically matched RBCs
has been very safe. Chari et al. (15) reported on transfusion
outcomes in SIRIUS, a phase 2 trial of single agent daratumumab
for treatment-refractory MM (26). In this study, 47 patients
received a total of 147 units of packed RBCs without any
transfusion reactions or evidence of hemolysis (15). In-depth
analysis of two clinical sites showed that exclusively using
phenotypically-matched RBCs resulted in no adverse transfusion
reactions, hemolysis, or development of new alloantibodies.

Deneys et al. reported on 11 patients at their institution who
had been enrolled in daratumumab clinical trials and required
transfusion (18). These patients were assigned phenotypically-
matched RBCs that were cross-match compatible when DTT
treated donor RBCs were tested against the patients’ serum.
Patients received between 2 and 44 units of RBCs and there
were only 2 mild transfusion reactions (1 fever, 1 erythema).
Another short letter reported five patients in a daratumumab
clinical trial who received between 1 and 20 units of RBCs on
the basis of extended phenotyping and/or genotyping; again, no
adverse events were reported (16).

It should be noted that these data, while encouraging, were
obtained from clinical trial contexts in large academic centers.
The feasibility of RBC-typing and provision of antigen-matched
RBCs in the community setting should be assessed on a case-by-
case basis.

Anti-Idiotype Antibody and Soluble CD38
Receptor
The most direct approach to prevent IAT panreactivity is to
neutralize the anti-CD38 antibody in the patient’s serum prior to
conducting the IAT. This can be done with a reagent antibody
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TABLE 2 | Approaches for overcoming anti-CD38 monoclonal antibody interference with IAT.

Method Mechanism Advantages Disadvantages

DTT Denatures CD38 antigen on reagent

RBCs

Cheap

Easy to apply

Well-validated and reliable

Denatures Kell antigen; must give K-negative

RBCs (unless Kell status known)

Destroys other clinically significant minor

antigens (Lutheran, YT, JMH, LW, Cromer,

Indian, Dombrock, and Knops systems)

Trypsin Cleaves CD38 antigen on reagent

RBCs

Cheap

Easy to apply

Denatures several significant antigens (M, N,

EnaTS, Ge2, Ge3, Ge4, Ch/Rg, and Lutheran)

Not validated

Less reliable than DTT at removing CD38 from

reagent RBCs

Papain Cleaves CD38 antigen on reagent

RBCs

Cheap

Easy to apply

Reliable

Destroys many significant antigens, including

MNS and Duffy systems as well as Ch/Rg,

Ge2, and Ge4

Due to above, can only be used as a

complementary method

RBC phenotype Antigen profiling of patient RBCs Only needs to be performed once

Provides reliable information for future use

Does not require future IAT testing if matched

units available

Cannot be done if already started anti-CD38

therapy, or blood transfusion within 3 months

Requires extended match to ensure no

antibodies or future alloantibody formation

Extended-match units may be scarce and

better utilized for patients with known

alloantibodies

RBC genotype Antigen profiling of patient RBCs Only needs to be performed once

Provides reliable information for future use

Does not require future IAT testing if matched

units available

Can be performed at any time

Expensive

Requires extended match to ensure no

antibodies or future alloantibody formation

Extended-match units may be scarce and

better utilized for patients with known

alloantibodies

Anti-idiotype antibody Neutralizes anti-CD38 antibody prior

to IAT

Simple and would allow for normal blood bank

testing once anti-CD38 antibody removed

Commercially available (for daratumumab)

Expensive

Not typically available in blood bank inventory

Would require different reagent for each

anti-CD38 monoclonal antibody

Soluble CD38 antigen Neutralizes anti-CD38 antibody prior

to IAT

Simple and would allow for normal blood bank

testing once anti-CD38 antibody removed

Applicable to any anti-CD38 monoclonal

antibody

Commercially available

Expensive

Not typically available in blood bank inventory

May be less efficacious than anti-idiotype

antibody

Would require large amount of soluble CD38

to neutralize therapeutic monoclonal antibodies

F(ab
′

)2 fragments Fragments preferentially bind CD38

and do not cause IAT positivity

Simple and would allow for routine blood bank

testing after application

Not validated

Not commercially available

Cord blood/In (Lu) RBCs Reagent cells lack CD38 antigen Easy to perform; no additional steps required In (Lu) RBCs are rare

Cord blood cell antigen expression differs from

reagent RBCs; therefore, would need to be

typed prior to use

directed at the specific anti-CD38 monoclonal antibody or a
decoy soluble CD38 receptor. The efficacy of these techniques
was demonstrated in two studies in which blood samples
were spiked with daratumumab and then treated with anti-
daratumumab antibody or soluble CD38 receptor (6, 7). Both
were able to eliminate the interference with the IAT, although
in one study the soluble CD38 receptor was perhaps slightly less
effective (6). Importantly, these did not interfere with known
alloantibodies present in the spiked serum.

Recently an anti-daratumumab antibody was approved
to similarly mitigate the interference of daratumumab on
serum immunofixation tests (27). However, these reagents
are expensive and a specific anti-idiotype antibody would

have to be designed for each new anti-CD38 monoclonal
antibody. For soluble CD38 receptor, large quantities would
need to be used to reliably overcome the anti-CD38 antibody
concentration in the patient’s serum. A recent correspondence
reported the use of F(ab

′

)2 fragments, produced by digestion
of daratumumab with pepsin, to preferentially bind CD38
on reagent RBCs and prevent daratumumab interference
(28). The authors were able to detect known RBC allo-
antibodies in several samples using this technique. This
method may prove useful but requires further validation
and widespread commercial availability. For the foreseeable
future, these are likely to be utilized only in a research
setting.
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CD38-Negative RBCs
RBCs lacking CD38 antigens do not bind anti-CD38 monoclonal
antibodies and therefore do not demonstrate panagglutination
in the IAT. It has been shown that cord blood may lack
CD38 antigen, which was exploited in pre-transfusion testing to
successfully screen for antibodies at one clinical site; 17 units
of RBCs were transfused without adverse events (29). However,
cord blood may have different antigen expression than RBCs
routinely used in blood bank testing (e.g., P1, Lewis), and would
need to be typed prior to use (30). Similarly, the rare In(Lu)
RBCs which are Lu(a– b–) do not react with daratumumab (31).
However, these are not readily available and therefore not a
practical solution.

CLINICAL DECISION-MAKING

As of yet, there is no universal solution to the problem of
anti-CD38 antibody interference in pre-transfusion and RBC
compatibility testing. As a result, clinicians must understand
the various techniques described and factor in local practices,

cost, and availability when approaching this issue. This section
will serve as a general guide to approaching blood transfusions
in patients receiving anti-CD38 monoclonal antibodies. An
algorithm for clinical management is presented in Figure 2.

Prior to Initiation of Therapy
Prior to the first dose of an anti-CD38 monoclonal antibody,
all patients should get a type and screen to identify any
alloantibodies present at baseline. They should also get
either an extended phenotype or genotype, depending on the
resources available. Incorporating a baseline type and screen and
phenotype/genotype into the electronic or written chemotherapy
order set can ensure that a type and screen sample is collected
and sent to the blood bank along with notification of impending
anti-CD38 therapy. Importantly, phenotyping may be inaccurate
if a patient has received a blood transfusion in the prior 3 months
or if they have a positive DAT; genotyping is unaffected.

This baseline testing ensures that the patient can receive
appropriately matched blood even if their local blood bank does
not perform DTT or trypsin testing. This is especially valuable in
patients who are anticipated to require many transfusions in the

FIGURE 2 | Blood transfusion management algorithm for patients treated with anti-CD38 monoclonal antibodies.
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future. Ideally, the blood bank would provide the patients with
a card detailing their blood type and RBC antigens. However, at
a minimum, patients should always carry a card indicating they
are receiving anti-CD38 therapy that could interfere with blood
typing along with contact information for the treating oncologist
and blood bank. This allows other professionals to readily obtain
this information in the event of travel or an emergency requiring
care away from a cancer center.

Patients on Therapy Who Require a Blood
Transfusion
If a patient has already received therapy and requires a blood
transfusion, the blood bank should be explicitly notified that the
patient is on a CD38 monoclonal antibody and requires special
testing. Given near universal IAT positivity in this scenario,
the blood bank can proceed with DTT treatment of RBCs, if
available, as this is currently the most validated method. If there
is a negative RBC antibody screen after application of DTT, the
patient can be assumed to have no alloantibodies, bearing in
mind those antigens, particularly Kell, denatured by the reagent.
The blood bank can then crossmatch DTT-treated Kell-negative
RBCs with the patient’s serum and safely issue compatible blood.
There remains a very slim possibility of a transfusion reaction
to one of the minor antigens destroyed by DTT treatment,
so clinicians should remain alert of this possibility. If the IAT
is positive even after application of DTT, this suggests a true
alloantibody, and antibody identification should be performed
using DTT-treated RBCs.

The availability of an extended RBC phenotype or genotype
can simplify this process. Matched RBCs can be issued by the
blood bank depending on the extent of matching required and
the availability of those units. Not all blood banks will have
sufficient inventory to provide extended matches and may wish
to preserve these scarce resources for patients known to have
multiple alloantibodies. In this case, the blood bank can proceed
with DTT-treated RBC antibody screen, with the advantage
of knowing ahead of time the patient’s Kell status. The blood
bank can then provide crossmatched and Kell-compatible blood
without the need for extensive antigen matching.

In the case that the blood bank is unable to perform testing
with DTT and there is no phenotype or genotype available, a
sample should be sent to a reference laboratory that has methods
for removing anti-CD38 interference. This will increase the time
required to procure appropriate blood, but it is a necessary step
to ensure patient safety, provided that there is no urgency for
transfusion.

Emergent and Urgent Transfusions
Patients who require blood transfusion in a life-threatening
situation should receive uncrossmatched ABO and Rh-
compatible blood. If the patient’s blood type is unknown, they
should be given group O red cells, as with other patients. There
should not be any delay due to IAT positivity.

In the case of urgent, but not life-threatening, need for
transfusions, the clinician must weigh the risks and benefits of
providing uncrossmatched blood. In general, the acute risk to the
patient is quite low as the likelihood of prior alloimmunization

is low. In a large study of emergency-release transfusions
involving 1,407 patients and 4,144 units of RBCs, 3% of patients
developed alloantibodies after the acute event, while only 0.3%
had received incompatible blood and 0.02% had a delayed
hemolytic transfusion reaction, with no acute hemolytic reactions
reported (32). These rates are likely to be higher in MM patients
who have received transfusions previously. The turnaround time
required to provide phenotypically-matched RBCs (if patient has
a known phenotype or genotype) or performing DTT testing
must be considered in the context of the urgency of the clinical
situation and the risks of alloimmunization.

CONCLUSION

Anti-CD38 monoclonal antibodies are highly efficacious
therapies for MM, and their use is likely to increase as they
continue to gain new indications. Daratumumab has now
been approved in the frontline setting for transplant-ineligible
MM and is in late-stage testing for many other malignancies,
while isatuximab is in phase three trials for MM. As use
of these antibodies becomes routine and expands into the
community setting, the challenges and costs associated with
blood compatibility testing will continue to grow. It will
become imperative for laboratories and medical centers to
streamline processes and maintain open communication. To
date, there have been no safety issues for these patients receiving
transfusions, and it must remain a priority to ensure that patient
safety is preserved. This will require the awareness and education
of patients, clinicians, and blood bank personnel.
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The treatment of cancer, especially of various types of solid tumors, has been

revolutionized by the blockade of the PD-1/PD-L1 pathway by immune checkpoint

inhibitors. Their success amongst hematologic malignancies, however, has been limited

so far to the treatment of classic Hodgkin’s lymphoma, which portrays a typical

overexpression of PD-1 ligands (PD-L1, PD-L2) as a consequence of changes in

chromosome 9p24.1. Their current application in multiple myeloma (MM) is rather

uncertain, as discordant results have been reported by distinct research groups

concerning especially the expression of PD-1/PD-L1 molecules on malignant plasma

cells or on the responsible immune effector cell populations, respectively. In MM it

seems that an approach based on combination treatment might be appropriate as

unsatisfactory results have been yielded by monotherapy with PD-1/PD-L1 inhibitors.

Immunomodulatory drugs, which are the current cornerstone of MM treatment, are the

most logical partners as they possess many possibly synergistic effects. Nevertheless,

the initially optimistic results have become disappointing due to the excessive and

unpredictable toxicity of the combination of pembrolizumab with lenalidomide or

pomalidomide. The FDA has suspended or put on hold several phase 3 trials in relapsed

as well as in newly diagnosed myeloma patients. There are also other potentially

synergistic and promising combinations, such as the anti-CD38 monoclonal antibody

daratumumab, irradiation, etc. Not only the effective partner but also the correct timing of

the initiation of the PD-1/PD-L1 inhibitors treatment seems to be of utmost importance.

These strategies are currently being examined in various stages of myeloma such as

during consolidation post autologous stem cell transplantation, targeting minimal residual

disease or even in high risk smoldering myeloma.

Keywords: multiple myeloma, PD-1, PD-L1, pembrolizumab, nivolumab, durvalumab, safety, toxicity

INTRODUCTION

Multiple myeloma (MM) is a genetically heterogeneous clonal plasma cell disorder which is
virtually always preceded by monoclonal gammopathy of undetermined significance (MGUS),
an asymptomatic premalignant stage (1, 2). An increased threat of progression to symptomatic
disease is represented by smoldering multiple myeloma (SMM), the transitional clinical stage
between MGUS and MM (3). MM represents ∼1% of all cancers with the estimated incidence
of 6 cases per 100,000 persons per year (1, 4, 5) and is the second most common hematologic
malignancy. Though still believed to be incurable by many authors, recent progress in its treatment
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has indicated that the so-called operational cure can be
achieved by at least a small proportion of these patients
(6). Proteasome inhibitors (PIs) and immunomodulatory drugs
(IMiDs) have become the standard of care and newer generations
of these agents (pomalidomide, carfilzomib, ixazomib) have
been recently approved (7–9). Moreover, there has been
recent implementation in routine clinical practice of molecules
that possess distinct mechanisms of action like monoclonal
antibodies (daratumumab [anti-CD38], elotuzumab [anti-CS1])
and histone deacetylase inhibitors [panobinostat] (10, 11).
Daratumumab and isatuximab (both anti-CD38 mAbs) have
especially demonstrated exceptional results in relapsed as well as
in newly diagnosed myeloma (12–17).

Immunotherapy has proven to be very encouraging in the
therapy of many cancers. Its objective is the identification
of malignant cells and their annihilation by the process of
stimulating and provoking the body’s own immune system (18).
In MM, immunotherapy efficacy depends on the observation
that while allogeneic stem cell transplantation is limited by
its toxicity, it is curative for a subset of patients with MM
due to the graft-versus-myeloma effect (19). In order to
develop new tools to elicit the myeloma-specific immune
response, the mAbs targeting surface antigens on malignant
plasma cells such as the above-mentioned daratumumab,
elotuzumab, isatuximab, and others have been introduced.
Cellular therapy, including dendritic cell vaccines, bi-specific
mAbs (especially BCMA—T cell bi-specific antibody), chimeric
antigen receptor T cells—CAR T cells [the most promising
being CAR-T cells targeting BCMA (B cell maturation
antigen)] is another form of immunotherapy (20–22). This
review aims to describe a group of mAbs targeting immune
checkpoints that represent a novel group of immunotherapeutic
agents.

TARGETING IMMUNE CHECKPOINTS

Immune checkpoints, a plethora of inhibitory or stimulatory
pathways, are encoded in the immune system and are essential
for self-tolerance and also for the modulation of physiological
immune responses. The processes of activation, maturation and
expansion of T lymphocytes, and inhibition of their apoptosis
are supported by stimulatory checkpoints and their ligands
(e.g., CD137/CD137L, CD28/CD80, and CD86, CD27/CD70,
CD40/CD40L, OX40/OXO4OL, GITR/GITRL, ICOS/ICOSL),
while an opposite effect is elicited by inhibitory checkpoints
with their ligands (PD-1/PD-L1 and PD-L2, CTLA-4/CD80
and CD86, A2AR/adenosine, KIR/MHC class I, LAG3/MHC
class II) (18). They are crucial against the activation of
autoimmunity and for the protection against damage of tissue
when the immune system is activated against an infection
under normal circumstances (23). Nevertheless, there is a
possibility that tumor cells may become invisible to the
host’s immune system when they start to express ligands
of checkpoint receptors on their surface and thus abuse
and hijack these native pathways (24). Inhibitory immune
checkpoint blockade with blocking mAbs (immune checkpoint

inhibitors) has consequently emerged as a novel option for
cancer treatment. Indeed, checkpoint inhibitors are now a
conventional part of the treatment of numerous types of
solid tumors (melanoma, non-small cell lung cancer, renal cell
carcinoma, head and neck carcinoma) and Hodgkin’s lymphoma
(25–28).

PD-1/PD-L1 PATHWAY

There are two chief, well-described inhibitory pathways: (i)
cytotoxic T-lymphocyte associated protein 4 (CTLA-4, CD152)
as a checkpoint receptor and its cognate ligands B7–1 (CD80)
and B7–2 (CD86), and (ii) programmed-death 1 (PD-1, CD279)
receptor with its two ligands PD-L1 (CD274, B7-H1) and PD-L2
(CD273, B7-DC). PD-1, a 288 amino acid type I transmembrane
protein, is a part of the CD28 receptor family and is expressed
on antigen-activated and exhausted T and B cells (29). Two
ligands, PD-L1 and PD-L2, are expressed on antigen binding
cells (macrophages and dendritic cells) as well as on a subset
of activated B lymphocytes and microvascular endothelial cells.
Furthermore, there has been a detection of a constitutive level of
PD-L1 expression on the cells of various tissues (heart, lung, liver,
pancreatic islet cells, astrocytes, etc.) (30, 31). As described earlier,
engagement of the PD-1 receptor with its ligands PD-L1 or PD-
L2 prompts the temporary down-regulation of T cell function
(24, 30, 32). It was recently discovered that not only T cells, but
tumor-associated macrophages and NK cells too are involved in
the PD-1/PD-L1 pathway (33, 34). Tumor cell visibility for the
host immune system is regained by targeting either PD-1 or its
receptors (PD-L1/PD-L2) by blocking mAbs, thus leading to the
annihilation of the cancer cells.

Many of these checkpoint inhibitors are examined also inMM.
This review provides a comprehensive update mainly focused
on the clinical efficacy and toxicity of these drugs and their
combinations.

PRECLINICAL DATA AND RATIONALE FOR
COMBINATIONS

Expression of PD-L1 on Myeloma Plasma
Cells
There are discrepancies between many research groups
concerning PD-L1 expression on plasma cells (PCs). It has been
demonstrated by several studies that PD-L1 expression is limited
to PCs of MM patients, and is absent on those of healthy donors
(HD) (35–38). Likewise, PD-L1 expression was reported to be
higher on PCs in MM and SMM than in MGUS (35, 39). On the
other hand, no differences have been found in the expression
of PD-L1 in MM, MGUS and HD by Paiva et al. and Kelly
et al. studies (40, 41). The Dhodapkar et al. study has also
shown that PD-L1 expression on malignant PCs was associated
with an increased risk of progression from SMM to MM (39).
Interestingly, the Paiva et al. study has revealed statistically
higher PD-L1 expression on clonal PCs from MRD positive MM
patients compared to PCs from HD (40).
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Expression of PD-L1 and PD-1 on Immune
Cell Subsets
A crucial role in regulating the response of T cells against tumors
is played by dendritic cells (DCs). The BM of MM patients was
found to have increased levels of plasmocytoid DCs (pDCs).
Their diminished ability to trigger T cell response contributed
to immune dysfunction (42). The over-expression of PD-L1 on
pDCs in MM patients has been demonstrated by several authors
(37, 43).

Numerous studies have demonstrated that there is an
overexpression of PD-1 on CD4+ and CD8+ T cells from MM
patients compared to HD (38, 44). Paiva et al. have shown
a significant surge in PD-1 expression on CD4+ and CD8+
T cells only in relapsed or relapsed/refractory MM (RRMM)
and MRD positive MM patients (40). PD-1 absence on normal
CD56+CD3- NK cells from HD has been confirmed by all
published studies. A markedly increased expression of PD-1 on
NK cells fromMM patients compared to HD was reported by the
Benson et al. and Görgün et al. studies; whereas Paiva et al. found
no difference between them (34, 38, 40).

Rationale for the Combination of
PD-1/PD-L1 Inhibitors and IMiDs
Immunomodulatory drugs are back-bone agents in the treatment
of newly diagnosed MM (NDMM) as well as in RRMM
patients (45). IMiDs, possessing many potentially synergistic
properties, could enhance the efficacy of PD-1/PD-L1 blockade.
Lenalidomide has been shown to: (i) directly down-regulate PD-
L1 expression on MM PCs, (ii) decrease the levels of regulatory
T cells (Tregs), (iii) co-stimulate T and NK cells and (iv)
down-regulate PD-1 expression on T cells (34, 38, 46–48). This
combination, however, has the potential to unleash the immune
response, leading to severe toxicity.

The Boston group pioneered preclinical work testing the
combination of PD-1/PD-L1 blockade with lenalidomide. FACS
sorted T cells and NK cells were separately co-cultured with
CD138+MM cells from RRMM patients in addition to anti-PD-
1, anti-PD-L1, alone or in combination, and with lenalidomide.
They have demonstrated that effector cell-mediated anti-
myeloma cytotoxicity is induced by the blockade of PD-1
and PD-L1 alone, and more significantly, in combination with
each other. They found that checkpoint blockade-mediated
cytotoxicity is further enhanced by lenalidomide (38).

Rationale for the Combination of
PD-1/PD-L1 Inhibitors and Elotuzumab
There has been recent demonstration that elotuzumab and
anti-PD-1 mAb in combination lead to antitumor efficacy
enhancement in the myeloma mouse model in the study
published by Bezman et al. In these mouse models, combination
treatment with elotuzumab and anti–PD-1 promoted tumor-
infiltrating NK and CD8+ T-cell activation, as well as increased
intra-tumoral cytokine and chemokine release. The rationale for
the clinical investigation of elotuzumab/anti–PD-1 combination
therapy in patients with MM has been supported by these
observations (49).

Rationale for the Combination of PD-1/PD-
L1 Inhibitors and Anti-CD38 mAbs
Anti-CD38 mAbs such as daratumumab or isatuximab are highly
effective breakthrough agents for the treatment of MM, with
daratumumab already being approved in several indications. As
was demonstrated by Chen et al. in the lung cancer mouse model,
CD38 could act as a mechanism of resistance in the context of
anti-PD-1/PD-L1 therapy. The combination therapy of anti-PD-
L1 and anti-CD38 demonstrated a dramatic therapeutic benefit
on primary lung cancer tumor growth and metastasis (50). This
finding was confirmed also in the MM mouse model J558 by
Bezman et al. who demonstrated that combined treatment of
anti-CD38 and anti-PD-1 mAb was more effective than each
of them alone (51). Thus, based on these preclinical data this
combination stands to yield promising results.

Rationale for the Combination of
PD-1/PD-L1 Inhibitors and Irradiation
Radiation therapy (RT), a procedure already renowned for its
synergism with checkpoint inhibitors, is a promising candidate
for combination treatment due to its capacity for the induction
of cancer cell death as well as the mobilization of immune
responses for tumor control (52, 53). Radiation appears to
intensify cancer cell annihilation and the release of DNA, with a
resulting augmentation of T cell priming mediated by dendritic
cells. Immune-mediated tumor regression in specific locations
out of the irradiated field can be a result of localized RT through
the so-called “abscopal effect” (54–56). Preclinical evidence of the
efficacy of PD-1/PD-L1 inhibitors plus irradiation is based on the
study in the myeloma mouse model. The administration of PD-
L1 blockade post lymphodepleting irradiation led to the survival
of approximately 66% of mice, compared to 0% in the control
group (irradiation without anti-PD-L1 mAb). Interestingly, there
was evidence of complete abrogation of the therapeutic efficacy of
irradiation plus anti–PD-L1 due to the depletion of either CD4+
or CD8+ T cells. Depletion of NK cells, on the other hand, did
not cause any marked effect on therapeutic efficacy (57). This
hypothesis has been further confirmed also in the clinical trial
phase 1, when only one patient with nivolumab monotherapy
reached CR which was only after therapeutic RT on the rib
plasmocytoma (58).

Rationale for the Use of PD-1/PD-L1
Inhibitors After ASCT
Administration of checkpoint inhibitors after ASCT as
consolidation therapy has an immunologic merit. On the
basis of the study by Chung et al., it is believed that during
this period the Tregs numbers drop, tumor burden reaches
nadir, and CD8+ cytototoxic lymphocytes increase in number
and express checkpoint inhibitory molecules such as PD-1 and
others (59). There is also preclinical evidence of this approach
based on the myeloma mouse model when anti-PD-L1 mAbs
were administered with cell vaccination. PD-L1 blockade was
used after ASCT and administration of whole cell vaccination.
This exhibited an improvement in survival from 0 to 40% of
myeloma bearing mice in comparison to ASCT and whole cell
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vaccination alone (60). Indeed, initiation of immunotherapy
at this point may be clinically relevant and several studies are
already ongoing.

CLINICAL DATA

Monoclonal antibodies targeting the PD-1/PD-L1 axis can be
essentially separated into two groups: (i) those against the PD-1
receptor and (ii) those against the ligands (PD-L1/PD-L2).
Nivolumab (OPDIVO, MDX1106, BMS-936558, Bristol-
Myers Squibb)—a fully human IgG4 mAb; pembrolizumab
(KEYTRUDA, MK-3475, Merck)—a highly selective
humanized IgG4 mAb, pidilizumab (MDV9300, CT-011,
Medivation/Pfizer)—an IgG1 mAb, cemiplimab (REGN-2810,
Sanofi), PDR001 (Novartis), and JNJ-63723283 (Janssen) are the
main anti-PD-1 mAbs in use. The most promising anti-PD-L1
mAbs are durvalumab (Imfinzi, AstraZeneca), atezolizumab
(Tecentriq, Roche), and BMS-936559 (Bristol-Myers Squibb).
All available clinical results are summarized in Table 1.

Pembrolizumab
Pembrolizumab in Relapsed or Relapsed/Refractory

Multiple Myeloma
Monotherapy with pembrolizumab was examined in RRMM
patients in the KEYNOTE-013 phase 1b clinical trial.
Pembrolizumab at the rate of 10 mg/kg every 2 weeks or at
a set dose of 200mg every 3 weeks in total was administered in
30 patients with a median of 4 previous lines of therapy. None
of the subjects experienced response and 57% (17/30) had stable
disease (SD). Only one grade 3 adverse event (AE) related to
treatment occurred—myalgia (61). At the 2017 EHA (European
Hematology Association) meeting, updated preliminary results
of the phase 1 study (KEYNOTE-023) of pembrolizumab plus
lenalidomide and dexamethasone were presented. In total, 51
RRMM patients with a median of 4 previous lines of therapy
received 200mg of pembrolizumab every 2 weeks, 25mg of
lenalidomide orally on days 1–21, and 40mg of weekly oral
dexamethasone in each 28-day cycle. Responses occurred in
50% (20/40) (1 sCR, 5 VGPR, 14 PR) of patients and there was
evidence of progressive disease (PD) in 1 patient. The disease
control rate (sCR + CR + VGPR + PR + SD) was 39/40 (98%)
in the efficacy population and 28/29 (97%) in the lenalidomide-
refractory population with ORR being 38% (11/29) in this
subgroup of patients. The most frequent grade ≥3 treatment-
related AEs were neutropenia (33%), thrombocytopenia (18%),
and anemia (12%); AE related death occurred in 2 patients (4%)
(ischemic stroke, hepatic failure). Five (10%) patients suffered
from immune-related AEs (irAEs). No incidence of pneumonitis
was reported (62). Another combination of pembrolizumab plus
pomalidomide and dexamethasone was examined in a single-
center phase 2 study. Twenty-eight-day cycles of pembrolizumab
200mg every 2 weeks, pomalidomide 4mg daily for 21 days, and
dexamethasone 40mg weekly were administered to 48 RRMM
patients with a median of 3 previous lines of therapy. ORR was
60% (29/48), including sCR/CR (8%), VGPR (19%) and PR
(33%). Progression-free survival (PFS) was 17.4 months at the
median follow-up of 15.6 months, and overall survival (OS)

had not yet been reached. Grade 3/4 adverse events occurred
in 40% (19/48) of patients. These included pneumonia (15%),
hyperglycemia (25%) and hematologic toxicities (40%). Immune-
related AEs included pneumonitis (13%) and hypothyroidism
(10%), mostly ≤ grade 2 (63). In June 2017, FDA suspended a
randomized phase 3 trial (KEYNOTE-183) of pomalidomide
and low-dose dexamethasone with or without pembrolizumab
in patients with RRMM who had received at least two prior lines
of therapy. Two hundred and forty-nine randomized patients
were included in a complete evaluation of safety and efficacy of
the trial. The ORR in the investigation arm was 34 vs. 40% in
the control arm. The median time to progression (TTP) for the
pembrolizumab arm was 8.1 vs. 8.7 months in the control arm
(HR: 1.14). Median PFS for the pembrolizumab arm was 5.6 vs.
8.4 months in the control arm; HR, 1.53 (95% CI, 1.05–2.22); P=

0.98. Median OS was not reached vs. 15.2 months; HR, 1.61 (95%
CI, 0.91–2.85); P = 0.95 (71). The toxicity issue has particularly
been addressed in a specific paragraph of this manuscript1

Pembrolizumab as Consolidation After Autologous

Stem Cell Transplantation
Pembrolizumab has also been tested as a part of consolidation
strategy during the lymphodepleted state post autologous stem
cell transplantation (ASCT) for the eradication of the residual
clone of plasma cells. First, pembrolizumab monotherapy
[200mg every 3 weeks starting day +14 after ASCT (upon
engraftment) for 9 doses (day+180)] was examined in a two-
site, single arm phase 2 study. Twenty-nine patients who had not
reached CR after induction treatment were enrolled in the study,
and the CR rate in the evaluable patients was 31% (7/23). Among
29 patients, there were two grade 3 toxicities (colitis, infusion
reaction), and one grade 2 toxicity (radiculopathy) which led
to treatment discontinuation. Overall, another 12 irAEs not
leading to discontinuation included grade 1–2 events including
4 cases of infusion reactions, 2 cases of hypothyroidism, skin
rashes and colitis each and grade 3 events of acute kidney injury
and hepatitis. The authors concluded that the administration of
pembrolizumab after ASCT was safe. Nevertheless, the results
must be interpreted carefully, as it is not possible to distinguish
between the effect of HD melphalan and pembrolizumab (65).
Another phase 2, single center study was performed in high risk
MM patients during the 3–6 months after ASCT. Patients were
administered pembrolizumab 200mg on day 1; lenalidomide
25mg daily on days 1–14; and dexamethasone 40mg daily on
days 1, 8 and, 15 of a 21-day cycle for a total of 2 cycles and
then an additional 2 cycles of pembrolizumab + lenalidomide
without corticosteroids at the same dose and frequency. ORR to
upfront therapy was 100% with 1 (8.3%) achieving CR, 5 (41.6%)
achieving VGPR and 6 (50%) achieving PR to induction. Four
patients (33%) achieved stringent CR after the study treatment.
2 patients suffered from non-hematologic grade 3 AEs including
hypoxia and maculopapular rash. This study was suspended as
of 7th May 2017 after the FDA placed Merck studies using the
combination of pembrolizumab and IMiDs on hold (64).

1https://www.fda.gov/Drugs/DrugSafety/ucm574305.htm
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TABLE 1 | Available results of clinical trials with PD-1/PD-L1 inhibitors in multiple myeloma.

Title (author) N Con. T Experimental ORR CR SD Identifier

(n) arm n (%) n (%) n (%) Phase

PEMBROLIZUMAB

A Trial of Pembrolizumab (MK-3475) in

Participants With Blood Cancers

(MK-3475-013/KEYNOTE-013) (61)

100 RRMM 4 Pembrolizumab 0/30 (0) 0/30 (0) 17/30 (57) NCT01953692

1

A Study of Pembrolizumab (MK-3475) in

Combination With Standard of Care

Treatments in Participants With Multiple

Myeloma (MK-3475-023/KEYNOTE-023) (62)

115 RRMM 4 Pembrolizumab/

Lenalidomide/

Dexamethasone

20/40 (50) 1/40 (3) 19/40 (48) NCT02036502

1

1454GCC: Anti-PD-1 (MK-3475) and IMiD

(Pomalidomide) Combination Immunotherapy

in Relapsed/ Refractory Multiple Myeloma

(63)

48 RRMM 3 Pembrolizumab/

Pomalidomide/

Dexamethasone

29/48 (60) 4/48 (8) 14/48 (30) NCT02289222

1, 2

Pembrolizumab + Lenalidomide Post

Autologous Stem Cell Transplant (ASCT) in

High-risk Multiple Myeloma (MM) (64)

43 NDMM

RRMM

NA Pembrolizumab/

Lenalidomide/

Dexamethasone

12/12 (100) 1/12 (8) NA NCT02906332

2

suspended

Phase 2 Multi-center Study of Anti-PD-1

During Lymphopenic State After HDT/ASCT

for Multiple Myeloma (65)

50 NDMM 0 Pembrolizumab/

Lenalidomide

29/29 (100) 7/23(31) NA NCT02331368

2

Pembrolizumab (MK-3475) in MM Patients

With Residual Disease (66)

20 NDMM

RRMM

0

1

Pembrolizumab 3/14 (21) 2/14 (14) sCR

1/14 (7) iCR

5/11 (42) NCT02636010

2

Study of Lenalidomide and Dexamethasone

With or Without Pembrolizumab (MK-3475) in

Participants With Newly Diagnosed

Treatment Naive Multiple Myeloma

(MK-3475-185/KEYNOTE-185) #

640 NDMM 0 a) Lenalidomide/

Dexamethasone

b) Pembrolizumab/

Lenalidomide/

Dexamethasone

93/150 (62)

97/151 (64)

NA

NA

NA

NA

NCT02579863

3

suspended

Study of Pomalidomide and Low Dose

Dexamethasone With or Without

Pembrolizumab (MK-3475) in Refractory or

Relapsed and Refractory Multiple Myeloma

(rrMM) (MK-3475-183/KEYNOTE-183) #

300 RRMM NA a) Pembrolizumab/

Pomalidomide/

Dexamethasone

b) Pomalidomide/

Dexamethasone

50/124 (40)

43/125 (34)

NA

NA

NA

NA

NCT02576977

3

suspended

NIVOLUMAB

An Investigational Immuno-Therapy Study to

Determine the Safety and Effectiveness of

Nivolumab and Daratumumab, With or

Without Pomalidomide and Dexamethasone,

in Patients With Multiple Myeloma

(58, 67)

375 RRMM 3

5

Nivolumab

Nivolumab/

Ipilimumab

0/27 (0)

0/7 (0)

0/27 (0)

0/7 (0)

17/27 (63)

1/7 (14)

NCT01592370

1

put on hold

(enrolment

resumed)

Check Point Inhibition After Autologous Stem

Cell Transplantation in Patients at High Risk

of Post Transplant Recurrence (CPIT001) (68)

42 NDMM

RRMM

NA Nivolumab/

Ipilimumab

NA

4/4 (100)

NA

4/4 (100)

NA

0/4 (0)

NCT02681302

1, 2

PIDILIZUMAB

Lenalidomide and Pidilizumab in Treating

Patients With Relapsed/Refractory Multiple

Myeloma (69)

53 RRMM 2 Pidilizumab/

Lenalidomide

4/12 (33) NA 4/12 (33) NCT02077959

1/2

Blockade of PD-1 in Conjunction With the

Dendritic Cell/Myeloma Vaccines Following

Stem Cell Transplantation (70)

35 NDMM 0 Pidilizumab

Pidilizumab/

Dendritic Cell

Fusion Vaccine

NA

12/44 (54)

NA

6/22 (27)

NA

NA

NCT01067287

2

Pembrolizumab - mAb anti-PD-1; Nivolumab - mAb anti-PD-1; Pidilizumab - mAb anti-PD-1; mAb - monoclonal antibody; N -estimated enrolment; Con. - condition; RRMM - relapsed

or refractory multiple myeloma; NDMM - newly diagnosed multiple myeloma; T - prervious therapies; m - median number of previous therapies; NA, not available; ORR - overall response

rate; CR - complete response; sCR - stringent CR; iCR - immunophenotypic CR; SD - stable disease, n - number of assessed patients. # data were presented on https://www.fda.gov/

Drugs/DrugSafety/ucm574305.htm

GEM-Pembresid is a Spanish phase 2 clinical trial evaluating
pembrolizumab monotherapy as consolidation after ASCT in
those patients that achieved at least VGPR but with persistent
residual disease. A dose of 200mg of pembrolizumab was given

every 3 weeks for 12 months. Amongst the 14 patients that
were evaluable, 3 (21%) upgraded their response, 2 patients in
VGPR converted into sCR, and 1 CR patient achieved MRD
negativity. There was ongoing reduction of the FLC and MRD
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levels, respectively, in two additional patients. Treatment with
pembrolizumab showed good tolerance with no related AEs.
Another objective of the study was to identify biological markers
of response or resistance to pembrolizumab. Flow cytometric
studies revealed that early progressions were related to lower
basal NK numbers and a lower PD1 expression in effector
memory CD8+ T cells (66).

Pembrolizumab in Newly Diagnosed Multiple

Myeloma
KEYNOTE-185 was a phase 3, randomized, clinical trial of
lenalidomide and low-dose dexamethasone with or without
pembrolizumab in patients with NDMM who were ineligible for
ASCT. The safety and efficacy analysis included 301 randomized
patients. Based on this evaluation, FDA suspended this trial in
June 2017 due to excessive toxicity that is further discussed
in detail in a specific paragraph of this manuscript. In the
investigation arm, the ORR was 64% compared to 62% in the
control arm; median TTP was not reached in both arms2 Median
PFS was not reached in either arm; HR, 1.22 (95% CI, 0.67–2.22);
P = 0.75 as well as median OS; HR, 2.06 (95% CI, 0.93–4.55); P
= 0.97 (72). The toxicity issue has particularly been addressed in
a specific paragraph of this manuscript.

Pembrolizumab in Smoldering Multiple Myeloma
At the ASH (American Society of Hematology) 2017
annual meeting, the preliminary results of a pilot study of
pembrolizumab for immunoprevention in smoldering MM were
presented. The study included patients with intermediate—high
risk smoldering multiple myeloma (I-HR-SMM) according to
the PETHEMA, Mayo, or SWOG criteria. Pembrolizumab doses
were given at 200mg every 21 days for up to 8 cycles. Those
patients that achieved ≥ minor response after 8 cycles were
eligible to continue treatment for up to 24 cycles. The target
ORR was 25%. Twelve patients with I-HR-SMM were enrolled.
Stringent CR was achieved by one patient (8%), 10 patients had
SD (83%), and one patient had PD (8%). Therapy had to be
discontinued in five patients as a result of related AEs due to
elevated liver function tests (n = 2), acute kidney injury (n = 2),
and myalgia (n= 1) (73).

Ongoing clinical trials with pembrolizumab are summarized
in Table 3.

Nivolumab
Nivolumab in Relapsed or Relapsed/Refractory

Multiple Myeloma
Leshokin et al. have published the results of a phase 1 clinical trial
assessing nivolumab as a single-agent in patients with relapsed
or refractory T- or B-cell lymphoma or MM. Of the 27 RRMM
patients evaluated (median of 3 previous lines of therapy), 63%
(17/27) had reached SD as a best response with the exception
of one patient who reached CR but only after irradiation of
a focal plasmacytoma. Nivolumab’s safety profile was similar
to that observed in solid tumors. Thirty-four percentage of
patients suffered from irAEs, with pneumonitis being the most

2https://www.fda.gov/Drugs/DrugSafety/ucm574305.htm

frequent (11%) (58). The phase 1 study’s preliminary results
of nivolumab plus ipilimumab were presented at ASH 2016.
There was no response in any of the 7 enrolled RRMM patients
(with a median of 5 previous therapies), and 14% (1/7) had SD
(67).

Nivolumab as Consolidation After Autologous Stem

Cell Transplantation
At the 2017 ASH meeting, the initial safety and efficacy data for
the combination of nivolumab and ipilimumab as consolidation
following ASCT for high-risk hematologic malignancies were
presented. 25 patients with different diagnoses including diffuse
large B cell lymphoma and peripheral T cell lymphoma were
enrolled in the study. 11MM patients (7 newly diagnosed, 4
relapsed after the first ASCT within 3 years) were also enrolled
in the study in total. All 4 relapsed patients (100%) were in sCR
after consolidation (before ASCT only 2 had been in sCR). There
have been a significant number of irAEs (80%). The nivolumab
plus ipilimumab combination was discontinued after six patients
(24% total: colitis 12%, pneumonitis 4%, adrenal crisis 4%, and
hepatotoxicity 4%) presented with AEs of any grade related
to treatment. One case of death that could be attributed to
experimental treatment occurred (due to recurrent pneumonitis
complicated by parainfluenza) (68).

Table 2 summarizes ongoing clinical trials with nivolumab
and other anti-PD-1 mAbs.

Pidilizumab
Pidilizumab in Relapsed or Relapsed/Refractory

Multiple Myeloma
The initial results of the phase 1/2 study of pidilizumab with
lenalidomide in RRMM patients were presented at ASH 2015. Of
the 12 patients that were evaluable (median of 2 prior lines of
therapy), 33% (4/12) responded/had responses and another 33%
of patients reached SD (69).

Pidilizumab as Consolidation After Autologous Stem

Cell Transplantation
The combination of pidilizumab with a dendritic cell/myeloma
fusion cell vaccination was administered post ASCT. Of the
22 RRMM patients that were enrolled, VGPR was reached
by 27% (6/22) and CR was reached by another 27% (6/22).
We must interpret these results carefully, however, as the
type of treatment that led to these outcomes is not clear
(70).

IMMUNE-RELATED TOXICITY

The therapeutic usage of mAbs such as PD-1 or CTLA-
4 that block inhibitory checkpoint molecules may serve to
enhance the specific (dominantly T cell) immune response which
activates the immune system against the tumor (74). Functional
disruption of immune checkpoint molecules, however, can
lead to immunologic tolerance imbalances and thus an
uncontrolled immune response, which may present clinically
with autoimmune-like/inflammatory side-effects, leading to
collateral damage of normal tissues and organ systems. Such
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TABLE 2 | Ongoing clinical trials with Nivolumab and other anti-PD-1 monoclonal antibodies (PDR001, JNJ-63723283, Cemiplimab) in multiple myeloma.

Title N Con. Experimental arm Identifier Phase

Nivolumab Role in the Treatment of Patients With Refractory or

Relapse Multiple Myeloma

40 RRMM a) Nivolumab/Pomalidomide/ Dexamethasone

b) Nivolumab/Elotuzumab/

Pomalidomide/Dexamethasone

NCT03023527

1

put on hold

(enrolment resumed)

An Investigational Immuno-Therapy Study to Determine the Safety

and Effectiveness of Nivolumab and Daratumumab, With or

Without Pomalidomide and Dexamethasone, in Patients With

Multiple Myeloma

375 RRMM a) Nivolumab

b) Nivolumab/Ipilimumab§

c) Nivolumab/Daratumumab

d) Nivolumab/Daratumumab/

Pomalidomide/Dexamethasone

NCT01592370

1

put on hold

(enrolment resumed)

ASCT With Nivolumab in Patients With Multiple Myeloma 30 NDMM* Nivolumab NCT03292263 1/2

An Exploratory Study to Evaluate the Combination of Elotuzumab

and Nivolumab With and Without Pomalidomide in Relapsed

Refractory Multiple Myeloma

70 RRMM a) Nivolumab/Elotuzumab

b) Nivoluma/Elotuzumab/

Pomalidomide/Dexamethasone

NCT03227432

2

A Study of Elotuzumab in Combination With Pomalidomide and

Low Dose Dexamethasone and Elotuzumab in Combination With

Nivolumabin Patients With Multiple Myeloma Relapsed or

Refractory to Prior Treatment With Lenalidomide

95 RRMM a) Elotuzumab/Pomalidamide/Dexamethasone

b) Nivolumab/Elotuzumab

NCT02612779

2

put on hold

(enrolment resumed)

Nivolumab Combined With Daratumumab With or Without

Lenalidomide

60 RRMM a) Nivolumab/Daratumumab

b) Nivolumab/Daratumumab/

Lenalidomide/Dexamethasone

NCT03184194

2

An Investigational Immuno-therapy Study of Nivolumab,

Elotuzumab, Pomalidomide and Dexamethasone Combinations in

Patients With Multiple Myeloma (CheckMate 602)

406 RRMM a) Nivolumab/ Pomalidomide/Dexamethasone

b) Pomalidomide/ Dexamethasone

c) Nivolumab/Elotuzumab/

Pomalidomide/Dexamethasone

NCT02726581

3

put on hold

Study of Single Agent CJM112, and PDR001 in Combination With

LCL161 or CJM112 in Patients With Multiple Myeloma

70 RRMM a) CJM112

b) PDR001/ CJM112

c) PDR001/LCL161

NCT03111992

1

A Study of JNJ-63723283, an Anti-programmed Death-1

Monoclonal Antibody, Administered in Combination With

Daratumumab, Compared With Daratumumab Alone in

Participants With Relapsed or Refractory Multiple Myeloma

386 RRMM a) Daratumumab

b) JNJ-63723283/Daratumumab

NCT03357952

1

Isatuximab in Combination With Cemiplimab in

Relapsed/Refractory Multiple Myeloma (RRMM) Patients

105 RRMM Cemiplimab/Isatuximab NCT03194867

1/2

N - estimated enrolment; Con. - condition; RRMM - relapsed or refractory multiple myeloma; NDMM - newly diagnosed multiple myeloma; mAb - monoclonal antibody; PDR001; mAb

anti-PD1 - JNJ-63723283 - mAb anti-PD1; Cemiplimab - mAb anti-PD1; Ipilimumab - mAb anti-CTLA-4; Lirilumab - mAb anti-KIR; Elotuzumab - mAb anti-SLAMF7; CJM112 - mAb

anti-IL-17A; LCL161 - mitochondrial-derived activator of caspases mimetic and inhibitor of apoptosis antagonists *NDMM who achieved partial remission, stable disease or progression

disease after autologous stem cell transplantation, § Ipilimumab or Lirilumabb.

adverse events are termed ‘immune-related adverse events’
(irAEs) and are thought to be principally T-cell mediated
(75, 76). The safety data comes dominantly from the studies
performed in solid oncology. IrAEs generally occur quite
early. They mostly present within weeks to 3 months after
the initiation of treatment with immune checkpoint blockers.
The most commonly reported AE with anti-PD-1/PD-L1 is
fatigue. Across monotherapy studies the incidence of fatigue
is 16–37% for anti-PD-1 and 12–24% for anti-PD-L1 (76).
The most frequent and typical organ specific irAEs are:
(i) dermatologic toxicities, (ii) diarrhea/colitis, (iii) endocrine
toxicities, (iv) hepatic toxicities, (v) pneumonitis, and (vi)
rare toxicities such as neurologic syndromes, renal toxicity,
myocarditis, and others. Standard treatment algorithms for irAEs
utilizing immune-modulating medications that include high-
dose corticosteroids, antihistamines, anti-tumor necrosis factor
α (TNFα) mAbs, and calcineurin inhibitors have been developed
(76–78).

Pembrolizumab and nivolumab monotherapy in RRMM
patients exhibited safety profiles which were consistent with
those observed in other cancers (58, 61). However, concerns
have recently been raised regarding the excessive toxicity of the
combination of pembrolizumab with IMiDs used specifically
in myeloma trials. A move based on safety concerns identified
in KEYNOTE-183 and KEYNOTE-185 was made by the
FDA. Pembrolizumab in combination with dexamethasone and
pomalidomide or lenalidomide for the treatment of RRMM
or NDMM patients, respectively, was evaluated by two phase
three clinical trials. The discontinuation of both trials was
directed by the agency on July 3rd 2017, as according to interim
results, an added risk of death was linked to pembrolizumab.
In KEYNOTE-183 (N = 249, pembrolizumab, pomalidomide,
dexamethasone) there were 29 deaths in the pembrolizumab
arm vs. 21 deaths in the control arm at the median follow-
up of 8.1 months. In the pembrolizumab group the hazard
ratio (HR) for overall survival (OS) compared with the control

Frontiers in Immunology | www.frontiersin.org November 2018 | Volume 9 | Article 2431144

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Jelinek et al. PD-1/PD-L1 Inhibitors in Multiple Myeloma

TABLE 3 | Ongoing clinical trials with Pembrolizumab in multiple myeloma including smoldering multiple myeloma.

Title N Con. Experimental arm Identifier Phase

Pembrolizumab for Smoldering Multiple Myeloma (SMM) 16 SMM Pembrolizumab NCT02603887

1

NY-ESO-1c259T Alone and in Combination With Pembrolizumab

for Multiple Myeloma

20 RRMM a) NY-ESO-1c259T cells/Pembrolizumab

b) NY-ESO-1c259T cells

NCT03168438

1

A Study of Pembrolizumab (MK-3475) in Combination With

Standard of Care Treatments in Participants With Multiple

Myeloma (MK-3475-023/KEYNOTE-023)

84 RRMM a) Pembrolizumab/Lenalidomide/Dexamethasone

b) Pembrolizumab/Carfilzomib/Dexamethasone

NCT02036502

1

Pembrolizumab and Radiation Therapy in Patients With Relapsed

or Refractory Multiple Myeloma

24 RRMM Pembrolizumab/RT NCT03267888

1

ACP-196 (Acalabrutinib) in Combination With Pembrolizumab, for

Treatment of Hematologic Malignancies (KEYNOTE145)

159 RRMM Pembrolizumab/Acalabrutinib NCT02362035

1, 2

Efficacy and Safety Study of Pembrolizumab (MK-3475) in

Combination With Daratumumab in Participants With Relapsed

Refractory Multiple Myeloma (MK-3475-668/KEYNOTE-668)

57 RRMM Pembrolizumab/Daratumumab NCT03221634

2

Pembrolizumab, Ixazomib Citrate, and Dexamethasone in Treating

Participants With Relapsed Multiple Myeloma

42 RRMM Pembrolizumab/Ixazomib/Dexamethasone NCT03506360

2

N - estimated enrolment; Con. - condition; RRMM - relapsed or refractory multiple myeloma; SMM - smoldering myeloma; Pembrolizumab - mAb anti-PD-1; Acalabrutinib - Bruton’s

tyrosine kinase inhibitor; NY-ESO-1c259T cells - autologous genetically modified T Cells.

arm was 1.61 (95% CI, 0.91–2.85), meaning an increase
of >50% in the relative risk of death. Severe grade 3–5
toxicity was increased by 18% (83 vs. 65%, investigational
vs. control arm). The incidence of serious AEs was 63%
compared to 46% in the control arm. In the pembrolizumab
arm the following non-disease progression causes of death were
identifiable: myocarditis, Stevens-Johnson syndrome, myocardial
infarction, pericardial hemorrhage, cardiac failure, respiratory
tract infection, neutropenic sepsis, sepsis, multiple organ
dysfunction, respiratory failure, and unknown (71, 79).

The KEYNOTE-185 (pembrolizumab, lenalidomide,
dexamethasone) safety and efficacy analysis included 301
patients. Nineteen deaths were reported at the median follow-up
of 6.6 months (HR for OS, 2.06; 95% CI, 0.93–4.55) in the
pembrolizumab group compared with 9 in the control arm.
The relative risk of death in the pembrolizumab arm was more
than double the risk in the control group, the safety analysis
saw a 22% increase of severe, grade 3–5 toxicity (72 vs. 50%,
investigational vs. control arm) and there was an incidence of
54% of serious AEs compared to 39% in the control arm. The
following causes of death, not related to disease progression,
were identifiable in the pembrolizumab arm: intestinal ischemia,
cardio-respiratory arrest, suicide, pulmonary embolism, cardiac
arrest, pneumonia, sudden death, myocarditis, large intestine
perforation, and cardiac failure (72, 79)3 The discrepancy
between positive phase two trials with no safety signals and
suspended phase 3 trials is provoking. It may be partially
explained by the imbalance between the investigational and
control arm at least in the Keynote-185 study. The investigators
probed baseline features of patients who had died: age over 80
(42 vs. 33% in the control arm), ISS III disease (31.6 vs. 22.2%),
renal impairment (10.5 vs. 0%), hypercalcemia at presentation
(21 vs. 11%), and high-risk cytogenetics (26.3 vs. 0%) were

3https://www.fda.gov/Drugs/DrugSafety/ucm574305.htm

more prevalent in the pembrolizumab arm as was stated by Dr.
Usmani4.

In September 2017 the FDA placed on partial holds three
clinical trials that assessed nivolumab-based combinations (the
phase 3 CheckMate-602, phase 1 CheckMate-039, and phase 2
CA204142 trials) in patients with RRMM. At the same time,
the agency also put a full hold on MEDI4736-MM-002, a phase
1b study which had the aim of establishing an appropriate
dose and regimen for the durvalumab and lenalidomide
combination with and without low-dose dexamethasone in
NDMM patients, as well as on MM-005, a phase 2 study
evaluating the combination of durvalumab and daratumumab
in RRMM patients.5 Analogically two phase 1/2 trials with
atezolizumab and lenalidomide or pomalidomide in RRMM
patients were put on partial clinical hold at this time-point.
Nevertheless, several studies, mainly with nivolumab and
atezolizumab, were resumed in December 2017 after a successful
safety review observed no increased toxicity. All trials that
were suspended or put on hold by FDA are summarized in
Table 5.

Recently, an alarming case report describing lethal fulminant
myocarditis after a single pembrolizumab dose in a newly
diagnosed myeloma patient enrolled in the Keynote-185 trial has
been published. The authors also discuss the role of pre-existing
occult autoimmunity that may have played a part in such a severe
and rapid course of myocarditis leading to death within a few
days (80).

The combination of pembrolizumab with IMiDs seems
to be toxic indeed and immune-related AEs are severe and
unpredictable.

4https://am.asco.org/analyses-data-halted-keynote-trials-presented-poster-

sessions
5https://www.onclive.com/web-exclusives/fda-places-holds-on-several-

durvalumab-combination-trials
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TABLE 4 | Ongoing clinical trials with PD-L1 inhibitors in multiple myeloma (Atezolizumab, Durvalumab, BMS-936559).

Title N Con. Experimental arm Identifier Phase

ATEZOLIZUMAB

Study of Atezolizumab (Anti-Programmed Death-Ligand 1 [PD-L1]

Antibody) Alone or in Combination With an Immunomodulatory

Drug and/or Daratumumab in Participants With Multiple Myeloma

(MM)

288 RRMM a) Atezolizumab

b) c*) Atezolizumab/Lenalidomide

d) Atezolizumab/Daratumumab

e) Atezolizumab/Daratumumab/Lenalidomide

f) Atezolizumab/Daratumumab/Pomalidomide

NCT02431208

1

put on hold

(enrolment

resumed)

Pilot Study Of Anti-Programmed Death Ligand-1 (Anti-PD-L1,

Atezolizumab) In Asymptomatic Myeloma

20 SMM Atezolizumab NCT02784483

1

suspended

A Study of Cobimetinib Administered as Single Agent and in

Combination With Venetoclax, With or Without Atezolizumab, in

Participants With Relapsed and Refractory Multiple Myeloma

72 RRMM a) Atezolizumab/Cobimetinib

b) Cobimetinib/Venetoclax

c) Atezolizumab/Cobimetinib/Venetoclax

NCT03312530

1, 2

DURVALUMAB

A Study to Determine Dose and Regimen of Durvalumab as

Monotherapy or in Combination With Pomalidomide With or

Without Dexamethasone in Subjects With Relapsed and

Refractory Multiple Myeloma

138 RRMM a) Durvalumab

b) Durvalumab/Pomalidomide

c) Durvalumab/Pomalidomide/Dexamethasone

NCT02616640

1

put on hold

A Study of Durvalumab in Combination With Lenalidomide With

and Without Dexamethasone in Subjects With Newly Diagnosed

Multiple Myeloma

138 NDMM a) Durvalumab/Lenalidomide

b) Durvalumab/Lenalidomide/ Dexamethasone

NCT02685826

1

suspended

A Study of PVX-410, a Cancer Vaccine, and Durvalumab +/-

Lenalidomide for Smoldering MM

26 SMM a) Durvalumab

b) Durvalumab/PVX-410

c) Durvalumab/PVX-410/Lenalidomide

NCT02886065

1

Phase 1 Study to Assess Safety & Tolerability of Tremelimumab &

Durvalumab, Administered With High Dose Chemotherapy and

Autologous Stem Cell Transplant

24 RRMM§ Durvalumab/Tremelimumab NCT02716805

1suspended

A Study to Determine the Safety and Efficacy for the Combination

of Durvalumab and Daratumumab in Relapsed and Refractory

Multiple Myeloma (FUSIONMM-003)

144 RRMM a) Durvalumab/Daratumumab

b) Durvalumab/Daratumumab/

Pomalidomid/Dexamethasone

NCT02807454

2

put on hold

A Study to Determine the Efficacy of the Combination of

Daratumumab (DARA) Plus Durvalumab (DURVA) (D2) in Subjects

With Relapsed and Refractory Multiple Myeloma (RRMM)

(FUSION-MM-005)

180 RRMM Durvalumab/Daratumumab NCT03000452

2

suspended

BMS-936559

Safety Study of Anti-Programmed Death-Ligand 1 in Hematologic

Malignancy

110 RRMM BMS-936559 NCT01452334

1

withdrawn

RRMM - relapsed or refractory multiple myeloma; NDMM - newly diagnosed multiple myeloma; SMM - smoldering multiple myeloma; N - estimated enrolment; Con.- condition; mAb -

monoclonal antibody; autoHSCT - autologous stem cell transplantation; Atezolizumab - mAb anti-PD-L1; Durvalumab - mAb anti-PD-L1; BMS-936559 - mAb anti-PD-L1; Tremelimumab

- mAb anti-CTLA-4; PVX-410, tetra-peptide vaccine against XBP1, CD138, and CS1, *Atezolizumab/Lenalidomide is administrated to patients who have measurable disease after

autoHSCT, §Tremelimumab or Tremelimumab/Durvalumab is administrated prior to and for 2 cycles post autoHSCT followed by up to 6 additional monthly cycles of durvalumab alone.

CONCLUSION AND FUTURE
PERSPECTIVES

The PD-1/PD-L1 axis blockade in MM represents a “hot topic,”
as there are plenty of ongoing clinical trials summarized in
Tables 1–4. Single agent PD-1 blockade is not effective in MM
and does not induce any responses in contrast to many solid
tumors and Hodgkin’s lymphoma (58, 61). It may be partially
explained by senescent rather than exhausted phenotype of
T cells in MM, thus the PD-1 blockade is not able to re-
invigorate their function (81). A combination-based approach
is needed and IMiDs as backbone agents in MM possess
many potentially synergistic properties (52). Promising results of
the pembrolizumab plus either lenalidomide or pomalidomide
and dexamethasone combination in heavily pretreated RRMM

patients have been recently reported, reaching ORR in about
50–60% (62, 63). However, safety concerns have been raised
regarding this combination and FDA suspended two phase 3
trials with pembrolizumab (Keynote-183, Keynote-185) in June
2017. Based on this analysis many other trials including any
PD-1/PD-L1 inhibitors in combination with IMiDs have been
put on hold, but several of them, especially with nivolumab
and atezolizumab, have been restarted after the safety review.
Immune-related toxicity is severe and unpredictable. Indeed,
from the clinical point of view, this unfavorable toxic profile
makes the position of PD-1/PD-L1 inhibitors in frontline
treatment or even in smoldering myeloma questionable. Another
interesting strategy is to administer anti-PD-1/PD-L1 mAbs
after ASCT as a part of consolidation as it also has an
immunological merit. Further investigation and randomized
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TABLE 5 | Suspended and put on hold clinical trials with PD-1/PD-L1 inhibitors in multiple myeloma.

Title N Con. Experimental arm Identifier Phase

Pembrolizumab + Lenalidomide Post Autologous Stem Cell Transplant

(ASCT) in High-risk Multiple Myeloma (MM)

43 NDMM

RRMM

Pembrolizumab/Lenalidomide/Dexamethasone NCT02906332

2

suspended

Study of Lenalidomide and Dexamethasone With or Without

Pembrolizumab (MK-3475) in Participants With Newly Diagnosed

Treatment Naive Multiple Myeloma (MK-3475-185/KEYNOTE-185)

640 NDMM a) Lenalidomide/Dexamethasone

b) Pembrolizumab/Lenalidomide/Dexamethasone

NCT02579863

3

suspended

Study of Pomalidomide and Low Dose Dexamethasone With or Without

Pembrolizumab (MK-3475) in Refractory or Relapsed and Refractory

Multiple Myeloma (rrMM) (MK-3475-183/KEYNOTE-183)

300 RRMM a) Pembrolizumab/Pomalidomide/Dexamethasone

b) Pomalidomide/Dexamethasone

NCT02576977

3

suspended

An Investigational Immuno-Therapy Study to Determine the Safety and

Effectiveness of

Nivolumab and Daratumumab, With or Without Pomalidomide and

Dexamethasone, in Patients With Multiple Myeloma

375 RRMM a) Nivolumab

b) Nivolumab/Ipilimumab§

c) Nivolumab/Daratumumab

d) Nivolumab/Daratumumab/

Pomalidomide/Dexamethasone

NCT01592370

1

put on hold

(enrolment

resumed)

A Study of Elotuzumab in Combination With Pomalidomide and Low

Dose Dexamethasone and Elotuzumab in Combination With Nivolumabin

Patients With Multiple Myeloma Relapsed or Refractory to Prior

Treatment With Lenalidomide

95 RRMM a) Elotuzumab/Pomalidamide/Dexamethasone

b) Nivolumab/Elotuzumab

NCT02612779

2

put on hold

(enrolment

resumed)

An Investigational Immuno-therapy Study of Nivolumab, Elotuzumab,

Pomalidomide and Dexamethasone Combinations in Patients With

Multiple Myeloma (CheckMate 602)

406 RRMM a) Nivolumab/Pomalidomide/Dexamethasone

b) Pomalidomide/Dexamethasone

c) Nivolumab/Elotuzumab/

Pomalidomide/Dexamethasone

NCT02726581

3

put on hold

Study of Atezolizumab (Anti-Programmed Death-Ligand 1 [PD-L1]

Antibody) Alone or in Combination With an Immunomodulatory Drug

and/or Daratumumab in Participants With Multiple Myeloma (MM)

288 RRMM a) Atezolizumab

b) c*) Atezolizumab/Lenalidomide

d) Atezolizumab/Daratumumab

e) Atezolizumab/Daratumumab/Lenalidomide

f) Atezolizumab/Daratumumab/Pomalidomide

NCT02431208

1

put on hold

(enrolment

resumed)

Pilot Study Of Anti-Programmed Death Ligand-1 (Anti-PD-L1,

Atezolizumab) In Asymptomatic Myeloma

20 SMM Atezolizumab NCT02784483

1

suspended

A Study to Determine Dose and Regimen of Durvalumab as Monotherapy

or in Combination With Pomalidomide With or Without Dexamethasone

in Subjects With Relapsed and Refractory Multiple Myeloma

138 RRMM a) Durvalumab

b) Durvalumab/Pomalidomide

c) Durvalumab/Pomalidomide/Dexamethasone

NCT02616640

1

put on hold

A Study of Durvalumab in Combination With Lenalidomide With and

Without Dexamethasone in Subjects With Newly Diagnosed Multiple

Myeloma

138 NDMM a) Durvalumab/Lenalidomide

b) Durvalumab/Lenalidomide/Dexamethasone

NCT02685826

1

suspended

A Study to Determine the Safety and Efficacy for the Combination of

Durvalumab and Daratumumab in Relapsed and Refractory Multiple

Myeloma (FUSIONMM-003)

144 RRMM a) Durvalumab/Daratumumab

b) Durvalumab/Daratumumab/

Pomalidomid/Dexamethasone

NCT02807454

2

put on hold

A Study to Determine the Efficacy of the Combination of Daratumumab

(DARA) Plus Durvalumab (DURVA) (D2) in Subjects With Relapsed and

Refractory Multiple Myeloma (RRMM) (FUSION-MM-005)

180 RRMM Durvalumab/Daratumumab NCT03000452

2

suspended

N - estimated enrolment; Con. - condition; RRMM - relapsed or refractory multiple myeloma; NDMM - newly diagnosedmultiple myeloma; SMM - smolderingmyeloma; mAb -monoclonal

antibody; Pembrolizumab - mAb anti-PD-1; Pidilizumab - mAb anti-PD-1; Nivolumab - mAb anti-PD-1; Atezolizumab - mAb anti-PD-L1; Durvalumab - mAb anti-PD-L1.

trials are needed to prove the effectiveness of this approach.

There are many efforts to combine checkpoint inhibitors with

other agents or procedures. The most promising seem to be:
(i) mAbs targeting surface antigens such as daratumumab

or elotuzumab (49), (ii) irradiation because of its abscopal

effect and many others that are still under investigation (56,

82). Not only the right partner for the combination but
also the right timing of the initiation of treatment seems to
be of utmost importance. Finally, the checkpoint inhibitors
possess very distinct toxicity profiles from the routinely used
agents in MM and thus physicians should be aware of these

immune-related adverse events and of the management of these
sometimes very complicated situations as well. Either way,
blockade of PD-1/PD-L1 pathway may still be a hope for a
specific subset of myeloma patients because of its capacity to
induce durable responses where other treatment strategies have
failed.
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CD38-Specific Biparatopic Heavy
Chain Antibodies Display Potent
Complement-Dependent Cytotoxicity
Against Multiple Myeloma Cells

Kerstin Schütze 1,2†, Katharina Petry 1,2†, Julia Hambach 1,2†, Niklas Schuster 1,2,

William Fumey 1,2, Levin Schriewer 1,2, Jana Röckendorf 1,2, Stephan Menzel 1,

Birte Albrecht 1, Friedrich Haag 1, Catelijne Stortelers 3, Peter Bannas 2‡ and

Friedrich Koch-Nolte 1*‡

1 Institute of Immunology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany, 2Department of Radiology,

University Medical Center Hamburg-Eppendorf, Hamburg, Germany, 3 Ablynx NV, Ghent, Belgium

CD38 is overexpressed by multiple myeloma cells and has emerged as a target

for therapeutic antibodies. Nanobodies are soluble single domain antibody fragments

derived from the VHH variable domain of heavy chain antibodies naturally occurring

in camelids. We previously identified distinct llama nanobodies that recognize three

non-overlapping epitopes of the extracellular domain of CD38. Here, we fused these VHH

domains to the hinge, CH2, and CH3 domains of human IgG1, yielding highly soluble

chimeric llama/human heavy chain antibodies (hcAbs). We analyzed the capacity of

these hcAbs to mediate complement-dependent cytotoxicity (CDC) to CD38-expressing

human multiple myeloma and Burkitt lymphoma cell lines. Combinations of two hcAbs

that recognize distinct, non-overlapping epitopes of CD38 mediated potent CDC, in

contrast to the hcAb monotherapy with only weak CDC capacity. Similarly, combining

daratumumab with a hcAb that recognizes a non-overlapping epitope resulted in

dramatically enhanced CDC. Further, introducing the E345R HexaBody mutation into

the CH3 domain strongly enhanced the CDC potency of hcAbs to CD38-expressing

cells. Exploiting their high solubility, we genetically fused two distinct nanobodies into

heteromeric dimers via a flexible peptide linker and then fused these nanobody dimers

to the hinge, CH2 and CH3 domains of human IgG1, yielding highly soluble, biparatopic

hcAbs. These biparatopic hcAbs elicited CDC toward CD38-expressing myeloma cells

more effectively than daratumumab. Our results underscore the advantage of nanobodies

vs. pairs of VH and VL domains for constructing bispecific antibodies. Moreover, the

CD38-specific biparatopic heavy chain antibodies described here represent potential

new powerful therapeutics for treatment of multiple myeloma.

Keywords: complement-dependent cytotoxicity, CD38, multiple myeloma, nanobody, heavy chain antibody,

antibody engineering, biparatopic antibodies

Abbreviations: Ab, antibody; bsAb, bispecific Ab; CDC, complement-dependent cytotoxicity; CDR, complementarity

determining region; Fc, crystallizing fragment; hcAb, heavy chain antibody, Ig immunoglobulin; kDa, kilodalton; NAD+,

nicotinamide adenine dinucleotide; moAb, monoclonal antibody; Nb, nanobody; VH, variable domain of a conventional

heavy chain; VHH, variable domain of a camelid heavy chain antibody; scFv, single chain variable fragment.

151

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.02553
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.02553&domain=pdf&date_stamp=2018-11-19
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:nolte@uke.de
https://doi.org/10.3389/fimmu.2018.02553
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02553/full
http://loop.frontiersin.org/people/513170/overview
http://loop.frontiersin.org/people/606094/overview
http://loop.frontiersin.org/people/229918/overview
http://loop.frontiersin.org/people/419597/overview


Schütze et al. CD38-Specific Biparatopic Heavy Chain Antibodies

INTRODUCTION

CD38 is overexpressed by multiple myeloma and other
hematological tumors and has attracted interest as a target
for therapeutic antibodies (1–4). CD38 is a cell surface ecto-
enzyme that metabolizes NAD+ released from damaged cells
in inflammation (5). In concert with CD203 and CD73, CD38
contributes to the conversion of NAD+ to immunosuppressive
adenosine in the tumor microenvironment (6, 7). By suppressing
effector T cell responses, CD38 may thereby promote tumor
growth (5, 8). The conventional CD38-specific monoclonal
antibody daratumumab was generated from CD38-immunized
transgenic mice that carry genomic loci encoding human IgH
and IgL (9). Daratumumab has proven high therapeutic efficacy
in multiple myeloma (3, 10).

Complement-dependent cytotoxicity (CDC) is an important
mechanism for the killing of tumor cells (11–13). CDC is
initiated when complement factor 1 (C1q) binds to antibodies
on the cell surface. It has been recognized that monospecific IgG
antibodies are generally ineffective at inducing CDC, while IgM
and combinations of non-crossreactive IgG molecules induce
potent CDC (14–17). Modeling and mutagenesis studies suggest
that IgG hexamer formation facilitates efficient binding and
activation of C1q (18). Amino acid substitutions in the CH3
domain of daratumumab that enhanced the formation of IgG
hexamers were found to enhance the binding of C1q to CD38
on the cell surface. These so called HexaBody mutations also
enhanced CDC by daratumumab (18, 19).

The variable domain of heavy chain antibodies that naturally
occur in camelids is called VHH or nanobody (Nanobody R© is
a trademark of Ablynx). Nanobodies exhibit several advantages
over conventional antibodies (20–24). The single domain format
of nanobodies greatly facilitates the construction of bispecific and

FIGURE 1 | Schematic diagram of heavy chain antibodies (hcAbs) used in this study. Naturally occurring camelid hcAbs lack the CH1 domain and light chains. The

antigen binding module of these hcAbs is composed of a single highly soluble variable domain (VHH) that is linked directly to the hinge. Like other conventional

antibodies, daratumumab is composed of two IgG1 heavy chains and two kappa light chains. The antigen binding module of daratumumab is composed of two

non-covalently associated variable domains, VH, and VL. The proper orientation of these domains is mediated by a hydrophobic interface (indicated in black) and is

further stabilized by the disulfide linked CL and CH1 domains. We genetically fused the VH and VL domains of daratumumab via a flexible peptide linker and further

fused this single chain variable fragment (scFv) to the hinge, CH2, and CH3 domains of IgG1, generating dara-hcAb, corresponding to the format of camelid hcAbs.

The proper orientation of the antigen recognition module in this construct is mediated solely by the hydrophobic interface between the two V domains. We fused

distinct CD38-specific VHH domains to the hinge, CH2 and CH3 domains of human IgG1, generating Nb-hcAbs, i.e., chimeric llama/human IgG1 hcAbs. A

recombinant VHH domain or nanobody (Nb) is highly soluble and does not show any tendency to associate with light chains or any other hydrophobic proteins (the

hydrophilic face corresponding to the hydrophobic VL-interface of conventional antibodies is indicated by a dashed line). We introduced the E345R HexaBody

mutation into some hcAbs, generating HexaBody-hcAbs. We further exploited the inherent solubility of VHHs to generate biparatopic hcAbs by fusing two distinct

CD38-specific VHHs via a flexible G4Sn linker and further fusing such dimers to the hinge, CH2 and CH3 domains of human IgG1.

biparatopic dimers by genetically linking two nanobodies with a
flexible peptide linker (25–30). Genetic fusion of a nanobody to
the hinge, CH2 and CH3 domains of human IgG1 yields highly
soluble llama/human chimeric heavy chain antibodies (hcAbs)
(31–33). At half the size of a conventional antibody (75 vs.
150 kDa), hcAbs may penetrate tissues better than conventional
antibodies (32). To date, more than 2,000 patients and healthy
subjects have received nanobodies in clinical studies without any
adverse side effects (34–36). The European Commission recently
granted marketing authorization for the first nanobody-based
drug, Caplacizumab (CabliviTM), a nanobody-dimer directed
against von Willebrand factor, for the treatment of acquired
thrombotic thrombocytopenic purpura (aTTP), a rare blood
clotting disorder (37).

The goal of this study was to assess the capacity of CD38-
specific hcAbs to induce CDC to CD38-expressing multiple
myeloma cells. Our results show that the combination of
two CD38 hcAbs elicits potent CDC, provided the two
hcAbs recognize distinct epitopes. We sought to exploit the
high solubility of nanobodies to construct highly soluble
biparatopic nanobody-based hcAbs that contain a tandem
pair of CD38-specific nanobodies recognizing non-overlapping
epitopes. Remarkably, these biparatopic hcAbs show higher CDC
potency than daratumumab and therefore hold promise as novel
therapeutics for the treatment of multiple myeloma.

RESULTS

Individual CD38-Specific hcAbs Induce
Little if Any CDC
In order to generate CD38-specific heavy chain antibodies, we
genetically fused the nanobody coding sequence to the coding
sequence for the hinge, CH2, and CH3 domains of human IgG1
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FIGURE 2 | Combinations of two hcAbs recognizing non-overlapping epitopes of CD38 are potent inducers of CDC. CA-46 cells were incubated for 60min at 37◦C

in the presence of of saturating amounts (10–30 nM) of individual hcAbs (A) or with combinations of two hcAbs (B) and native serum or inactivated serum

(preincubated for

(Continued)
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FIGURE 2 | 30min at 56◦C to inactivate complement components). Cells were washed and resuspended in PBS containing BSA and propidium iodide (PI) before

analysis by flow cytometry. (A,B) The schematics illustrate the CD38-specific hcAbs used in this experiment. Representative FACS plots illustrate the gating strategy

used to determine the percentages of dead cells (PI +, FSC = forward scatter low). (C) Bar diagrams showing % of PI-positive cells of samples treated with a

combination of either WF211-hcAb or MU274-hcAb and the hcAbs indicated below. Results are representative of three similar experiments.

TABLE 1 | Combinations of two CD38-specific hcAbs recognizing distinct epitopes induce potent CDC.

Epitope – JK2-hcAb MU1067-hcAb WF211-hcAb MU274-hcAb JK36-hcAb WF100-hcAb

2 JK2-hcAb 5 4 99 100 100 96

2 MU1067-hcAb 4 5 100 99 100 96

2 MU523-hcAb 4 5 100 100 100 96

1 MU738-hcAb 100 100 2 3 100 97

1 JK44-hcAb 100 100 3 4 100 98

1 JK29-hcAb 99 100 1 2 100 97

1 MU1068-hcAb 100 100 1 1 100 96

1 MU415-hcAb 100 100 2 3 100 96

1 JK22-hcAb 99 100 2 4 100 90

1 WF211-hcAb 100 100 3 3 100 37

1 MU1053-hcAb 100 100 2 1 100 54

1 MU370-hcAb 100 100 1 2 100 97

1 MU274-hcAb 100 100 2 2 100 95

1 JK28-hcAb 100 100 2 1 100 53

3 WF124-hcAb 96 100 50 100 4 2

3 WF121-hcAb 99 99 99 100 4 2

3 WF42-hcAb 95 98 99 100 8 2

3 JK19-hcAb 100 100 100 100 5 2

3 JK36-hcAb 100 100 98 100 4 2

3 WF100-hcAb 100 100 99 100 5 2

3 WF9-hcAb 100 100 100 100 4 2

3 WF14-hcAb 81 97 2 100 4 2

Numbers indicate the percentage of PI positive cells, 60min after incubation of CA-46 cells in the presence of saturating amounts (10–30 nM) of the indicated combinations of hcAbs

and human serum. Numbering of binding epitopes is according to Fumey et al. (38).

(Figure 1). We tested the capacity of individual CD38-specific
hcAbs to induce CDC to CD38-expressing LP-1 or CA-46 tumor
cells in the presence of human serum as a source of complement
(Figure 2). After 1 h incubation at 37◦C cells were analyzed by
flow cytometry for uptake of the DNA-staining dye propidium
iodide as amarker for cell death. The results reveal that individual
hcAbs show little if any capacity to induce CDC (Figure 2A).

Combinations of Two hcAbs Recognizing
Non-Overlapping Epitopes of CD38 Are
Potent Inducers of CDC
It has been shown that combinations of non-crossreactive IgG
antibodies can induce potent CDC (15–17). We therefore tested
whether combinations of two distinct CD38-specific hcAbs
could induce CDC. Indeed, certain combinations of hcAbs
induced potent CDC, whereas other hcAb combinations were
as ineffective as individual hcAbs (Figures 2B,C). Pre-incubating
the serum for 30min at 56◦C abrogated cytotoxicity, indicating
that killing was dependent on active complement components.

We had previously assigned the 22 nanobodies to one of
three distinct epitopes of CD38 on the basis of cross-blockade
and sequential binning analyses (38). Taking these epitope
assignments into consideration, a clear pattern emerges: Any

combination of two hcAbs that recognize non-overlapping
epitopes elicits very potent CDCwhereas any combination of two
hcAbs that recognize overlapping epitopes elicits little if any CDC
(Table 1).

Combination of Daratumumab With a
CD38-Specific hcAb That Binds a Distinct
Epitope of CD38 Enhances It’s CDC
Potency
We next tested whether any of our CD38-specific hcAbs could
elicit potent CDC also in combination with the benchmark
therapeutic antibody daratumumab (Figure 3). The results
show that only certain hcAbs complement daratumumab to
induce potent CDC. Considering our previous assignment
of nanobody epitopes relative to that of daratumumab
(38), a similar clear pattern again emerges: CD38-specific
hcAbs carrying a nanobody that binds independently of
daratumumab elicit potent CDC when combined with
daratumumab. In contrast, CD38-specific hcAbs carrying a
nanobody that binds an epitope overlapping with daratumumab
elicit little if any CDC when combined with daratumumab
(Table 2).
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FIGURE 3 | Combination of daratumumab with an anti-CD38 hcAb that binds a distinct epitope on CD38 enhances its CDC potency. CA-46 cells were incubated for

60min at 37◦C in the presence of Ab combinations (50 nM each) containing either daratumumab or a scFv-hcAb form of daratumumab and a CD38-specific hcAb

and 15% (v/v) of native human serum. Cells were washed and resuspended in PBS containing BSA and propidium iodide before analysis by flow cytometry. (A)

Schematic illustrating the constructs used in this experiment. (B) Bar diagrams showing % of PI-positive cells ± standard deviation of three samples treated in parallel

with the indicated hcAbs. Results are representative of four similar experiments.

In analogy to the nanobody-based heavy chain antibodies,
we also constructed a hcAb version of daratumumab by
fusing the VH and VL domains of daratumumab via a
flexible Gly-Ser linker and further fusing this scFv to the
hinge, CH2 and CH3 domains of human IgG1. In CDC
assays, the same hcAbs that enhanced the CDC potency of
daratumumab also enhanced the CDC potency of this dara-hcAb
(Figure 3B).

Introduction of the E345R HexaBody
Mutation Enhances the CDC Potency of
CD38-Specific hcAbs
It has been shown that certain amino acid substitutions in
the C1q binding face of daratumumab enhance the tendency
of daratumumab to spontaneously form hexamers (18). These
so called HexaBody mutations enhanced the CDC potency of
daratumumab (19). We aimed to determine whether a HexaBody

mutation would similarly enhance the CDC potency of CD38-
specific hcAbs. We therefore introduced the E345R mutation
into the CH3 domain of our hcAbs and analyzed the capacity of
theseHexaBody hcAbs to induce CDC. The results, indeed, reveal
an enhanced CDC potency of the HexaBody hcAbs over their
parental counterparts (Figure 4). LP-1 cells in which the CD38
gene had been inactivated by CRISPR/Cas9 technology were
resistant to CDC by HexaBody hcAbs, indicating that binding to
CD38 is essential for induction of CDC.

Combining Nanobodies Directed to Two
Distinct Epitopes on CD38 in a Biparatopic
hcAb Induces Potent CDC
The soluble nature of nanobodies allows easy reformatting of
nanobodies into homo- and heteromeric dimers by linking the
C-terminus of one nanobody to the N-terminus of another
nanobody by a flexible peptide linker [e.g., (G4S)n]. Moreover,
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TABLE 2 | Combinations of daratumumab with a hcAb recognizing a distinct

epitope induce potent CDC.

Epitope hcAb Daratumumab

2 JK2-hcAb 86

2 MU1067-hcAb 68

2 MU523-hcAb 60

1 MU738-hcAb 9

1 JK44-hcAb 17

1 JK29-hcAb 11

1 MU1068-hcAb 6

1 MU415-hcAb 8

1 JK22-hcAb 5

1 WF211-hcAb 4

1 MU1053-hcAb 5

1 MU370-hcAb 7

1 MU274-hcAb 6

1 JK28-hcAb 6

3 WF124-hcAb 29

3 WF121-hcAb 30

3 WF42-hcAb 80

3 JK19-hcAb 95

3 JK36-hcAb 65

3 WF100-hcAb 93

3 WF9-hcAb 94

3 WF14-hcAb 65

Numbers indicate the percentage of PI positive cells, 90min after incubation of LP-1 cells

in the presence of the indicated combinations of daratumumab with a CD38-specific hcAb

and human serum. Numbering of binding epitopes is according to Fumey et al. (38).

such nanobody dimers can be fused to the hinge, CH2,
and CH3 domains of human IgG1 to generate tetravalent
bispecific or biparatopic hcAbs (32). In order to determine
whether the potent CDC induction capacity of certain hcAb
combinations could be combined into a single molecule, we
constructed biparatopic hcAbs containing two nanobodies that
recognize distinct epitopes of CD38. These biparatopic hcAbs
were produced at high yield as soluble proteins in transiently
transfected HEK-6E cells. The results of CDC assays reveal that
biparatopic hcAbs indeed induce potent CDC as single reagents
(Figure 5).

Biparatopic CD38-Specific hcAbs Have
Higher CDC Potency Than Daratumumab
In order to further compare the CDC potencies of daratumumab
and our biparatopic hcAbs, we performed CDC-assays with
titrated amounts of antibodies (Figure 6). The results show that
the biparatopic hcAbs are much more potent than daratumumab
at inducing CDC.

DISCUSSION

Our results confirm the finding that combinations of two distinct,
non-crossreactive IgG antibodies induce CDC more potently
than monospecific IgG (15–17) and provide further insight into
the molecular mechanism of this phenomenon. The schematic

FIGURE 4 | Introduction of the E345R HexaBody mutation enhances the CDC

potency of CD38-specific hcAbs. (A) Schematic illustration of the hcAb E345R

mutant that facilitates Fc-hexamerization used in this experiment. (B) The

CD38 gene was stably inactivated in LP-1 cells using CRISPR/Cas9

technology. Cells were stained with AF647-conjugated Nb JK36 and analyzed

by flow cytometry. (C) Parental and CD38ko LP-1 cells were incubated for

60min at 37◦C with the indicated CD38-specific hcAbs (100 nM) and 15% v/v

native human serum. Cells were stained with propidium iodide and analyzed

by flow cytometry. Bar diagrams showing % of PI-positive cells ± standard

deviation of three samples treated in parallel with the indicated hcAbs. Results

are representative of four similar experiments.

diagrams shown in Figure 7 present hypothetical models that
need to be tested in more detail: Binding of a monospecific hcAb,
moAb, or a combination of Abs that recognize an overlapping
epitope of CD38 can maximally crosslink two CD38 molecules
on the cell surface (Figure 7A). Addition of a second hcAb
that binds to an epitope distinct from that of the first hcAb
can crosslink two or more CD38 dimers connected by the
first hcAb, thereby facilitating the formation of C1q-activating
oligomers (Figure 7B). The E345R HexaBody mutation (18)
enhances the CDC potency of hcAbs by facilitating formation
of hexamers on the cell surface (Figure 7C). It is not known
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FIGURE 5 | Combining two nanobodies directed to distinct epitopes of CD38 in a biparatopic hcAb induces potent CDC. LP-1 cells were incubated for 60min at

37◦C with an untargeted control hcAb or with the indicated monospecific or biparatopic hcAbs (100 nM) and either native human serum or inactivated serum. Cells

were washed, stained with propidium iodide and analyzed by flow cytometry. (A) Schematic illustrating the biparatopic hcAbs used in this experiment. (B) Induction of

CDC by biparatopic CD38-specific hcAbs combining two nanobodies with non-overlapping epitopes (“-GS-”) in comparison to the combinations of the respective

hcAbs (“+”). Bar diagrams showing % of PI-positive cells ±standard deviation of three samples treated in parallel with the indicated hcAbs. Results are representative

of four similar experiments.

FIGURE 6 | Biparatopic CD38-specific hcAbs combining nanobodies directed

to two distinct epitopes on CD38 have higher CDC potency than

daratumumab. CA-46 cells were incubated for 60min at 37◦C with titrated

amounts of the indicated hcAbs or daratumumab and native human serum.

Cells were washed, stained with propidium iodide and analyzed by flow

cytometry. Results are representative of three similar experiments. Data are

averages ±SD (n = 3).

whether HexaBody hcAbs are also effective when binding
monovalently as has been demonstrated for daratumumab
(18). Remarkably, fusing two CD38-specific nanobodies that
recognize distinct epitopes of CD38 into a biparatopic hcAb
also results in potent CDC, likely reflecting the capacity of such
biparatopic hcAbs to efficiently induce the formation of clusters
(Figure 7D).

Biparatopic hcAbs have several inherent advantages over
conventional bispecific antibodies (bsAbs) (Figure 8). Evolution
has shaped a remarkably high stability and solubility of camelid
VHH domains in the absence of a paired light chain (22, 24,
39). Our study shows that this unique biochemical property

can be exploited to construct highly soluble, stable CD38-
specific biparatopic hcAbs that induce potent CDC. Owing to
their excellent solubility, nanobody-based biparatopic hcAbs
are easier to construct, produce and purify at high yield than
corresponding constructs based on conventional H + L chain
antibodies. Biparatopic hcAbs are composed of two copies of a
single polypeptide chain (Figure 8A). In contrast, conventional
bsAbs are typically composed of two or more distinct polypeptide
chains (Figures 8B,C) (40). The latter requires careful titration
of two or more expression vectors and/or the use of dual
cassette vectors in order to ensure expression in the appropriate
molar ratios. In contrast, production of a biparatopic hcAb
requires transfection of cells with only a single vector encoding a
single heavy chain composed entirely of naturally highly soluble
protein domains. A key structural advantage of a biparatopic
heavy chain antibody over symmetric bsAbs (Figure 8B) lies
in the high solubility of each VHH vs. the inherent instability
of VH-VL pairing. For the proper assembly of bsAbs in the
regular IgG format (Figure 8C), it is necessary to introduce
mutations into the CH3 domains to promote pairing of two
distinct H chains, resulting in asymmetric antibodies. Similarly,
mutations need to be introduced into the CH1 and CL
domains to promote the proper paring of H and L chains
(41–43).

A potential advantage of biparatopic hcAbs and symmetric
bsAbs over asymmetric bsAbs is their higher valency. Biparatopic
hcAbs are tetravalent, i.e., they carry four antigen binding
modules, each composed of a single highly soluble Ig-domain
(Figure 8A). In contrast, bsAbs in the regular IgG format are
bivalent, i.e., they carry only two antigen binding modules, each
composed of two or more Ig-domains (Figure 8C). It is likely
that oligomers are induced more effectively by tetravalent than
by bivalent Abs.
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FIGURE 7 | Schematic diagram illustrating the proposed molecular mechanism for the enhanced CDC by antibody combinations, HexaBody hcAbs, and biparatopic

hcAbs. The extracellular enzymatic domain of CD38 is illustrated schematically in green, daratumumab and nanobody-based hcAbs are represented by the symbols

used in other figures. (A) Single antibodies or combinations of antibodies (conventional or heavy chain) that recognize an overlapping epitope of CD38 can maximally

crosslink two CD38 molecules. These CD38 dimers are not assembled into higher order oligomers and therefore show little if any capacity to bind C1q and to induce

CDC. (B) Combinations of antibodies recognizing distinct epitopes of CD38 (conventional or heavy chain) facilitate formation of oligomers. (C) Introduction of the

E345R hexabody mutation facilitates formation of hexameric antibody clusters on the cell surface. It remains to be determined whether HexaBody hcAbs are effective

when binding monovalently (indicated by masked CD38), as demonstrated for daratumumab (18). (D) Biparatopic heavy chain antibodies containing nanobodies that

recognize distinct epitopes of CD38 facilitate the formation of oligomers, since the two genetically fused VHH domains can bind to two different molecules of CD38.

Biparatopic hcAbs also have inherent advantages over
HexaBody mutants. A mutated Fc domain carries a higher
risk of inducing an antibody response than the parental WT
IgG. Moreover, some HexaBody mutants show a tendency to
spontaneously assemble into hexamers (19). Such spontaneous
aggregation could result in enhanced uptake of these complexes
by the reticuloendothelial system, thereby reducing their in
vivo half-life. Therefore, HexaBody mutants E430G and E345K
that do not induce any hexamerization in solution and whose
hexamerization is fully dependent on target binding were selected
for clinical use (19).

Our study has potential clinical relevance for multiple
myeloma patients: The observation that circulating myeloma
cells in patients that develop resistance to daratumumab express
increased levels of complement inactivating cell surface proteins
(CD55, CD59), suggests that CDC is an important tumor
cytotoxic mechanism in vivo (44). Indeed, the finding that
daratumumab displays higher CDC-inducing potency than other
CD38-specific moAbs accelerated its path to clinical use (9, 18).
Here, we demonstrate that the CDC-potency of daratumumab

can be enhanced by complementation with a CD38-specific
hcAb, provided that the latter recognizes a distinct, non-
overlapping epitope of CD38. Future studies are needed to assess
whether this enhancing effect by a CD38-specific hcAb also
renders myeloma cells of patients that have become refractory
to daratumumab susceptible to CDC. Moreover, we demonstrate
that CD38-specific biparatopic hcAbs recognizing two distinct
epitopes of CD38 display more potent CDC than daratumumab.

A potential limitation for biparatopic hcAbs with increased
complement activation potential is the risk for killing CD38-
expressing normal cells and for generating off-target cytotoxicity.
CD38 is highly expressed by multiple myeloma plasma cells and
a small subpopulation of regulatory T cells (Tregs) (45). CD38
is also found on natural killer (NK) cells, monocytes, B cells,
and T cells of healthy donors (45). Treatment with daratumumab
results in a preferential depletion of CD38+ immunosuppressive
cells, with a concomitant increase in functional T-helper and
cytotoxic T cells. It will be important to determine whether
biparatopic hcAbs can mediate similar beneficial effects by
preferentially killing CD38+ immunosuppressive cells.
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FIGURE 8 | Schematic diagram illustrating the structural advantages of a biparatopic hcAb over a bispecific conventional moAb. (A) Llama VHH domains are

depicted in blue, human Ig domains are depicted in yellow. Biparatopic nanobody-based hcAbs are composed of two identical heavy chains, each carrying two

soluble VHH domains connected by a peptide linker. Biparatopic hcAbs therefore do not have any chain-pairing problem. (B) Symmetric bsAbs such as

dual-variable-domain bsAbs are composed of two identical heavy chains and two identical light chains. Each of these chains is N-terminally extended by an additional

V domain. The structural advantage of a biparatopic heavy chain antibody over such a dual-variable-domain bsAb lies in the inherent high stability and solubility of

each VHH vs. the greater instability of each VH-VL pair. (C) Asymmetric bsAbs with the regular IgG architecture typically are composed of two distinct heavy chains

and two distinct light chains. Mutations need to be introduced into both heavy chains to avoid unwanted homomeric pairing of heavy chains. Such mutations facilitate

heteromeric pairing of heavy chains, e.g., by electrostatic pairing as indicated here (“+” and “–”), knob in hole, or CH3-repulsion. Similarly, unwanted pairing of light

chains to the ’wrong’ heavy chain can be minimized by introducing mutations into both light chains, e.g., electrostatic pairing as indicated here. Other strategies to

minimize mispairing of light and heavy chains include swapping of CH1 and CL domains in one of the antibodies, using a fixed light chain, or by separate expression

of the two antibodies (each containing a different mutant H chain), followed by mixing of the purified antibodies under mild reducing conditions that preferentially

reduce the disulfide bridges in the hinge region rather than the disulfide bond linking the CL and CH1 domains. Under carefully controlled conditions, properly

assembled bsAbs can be produced at high yield, yet additional purification steps are usually needed to remove contaminating mispaired variants. Biparatopic hcAbs

carry four antigen binding modules and thus are tetravalent, whereas conventional bsAbs carry only two antigen binding modules and thus are bivalent.

In conclusion, our results underscore the advantages of
using a heavy chain format with soluble nanobodies rather
than pairs of VH and VL domains in antibody engineering.
Moreover, our study highlights two new strategies for improving
the benchmark antibody therapy of multiple myeloma: (1)
complementing daratumumab with monospecific hcAbs, and
(2) using biparatopic hcAbs as alternative therapeutics, e.g., in
combination with other anti-myeloma drugs.

METHODS

Cells
Human cell lines were obtained from the Leibniz-Institute
DSMZ-German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany (LP-1, ACC 41; CA-46, ACC 73). The
CD38 gene was inactivated in LP-1 cells using CRISPR/Cas9
technology using a commercial double nickase plasmid (Santa
Cruz sc-401117-NIC). CD38-negative cells were sorted on a
FACS AriaII (Becton Dickinson).

Construction of Monospecific and
Biparatopic hcAbs
The coding region of selected nanobodies (WO 2017/081211)
was subcloned using NcoI/PciI and NotI upstream of the
coding region either for the hinge, CH2 and CH3 domains

of human IgG1 (UniProt P01857) or hexahistidine and c-
myc tags in pCSE2.5 vectors (46) (kindly provided by
Thomas Schirrmann, Braunschweig). The amino acid sequence
of the VHH-IgG1 junction is: VTVSSEPKTPKPQP-AAA-
SDKTHTCPPCPAP where AAA is encoded by the NotI site.
Biparatopic heavy chain antibodies were constructed by gene
synthesis, fusing nanobodies WF211 and WF121 via a G4S2
linker, MU1067 and JK36 via a G4S3 linker and MU1068 and
MU1067 via a G4S7 linker. Each nanobody dimer was flanked
by NcoI and NotI and cloned as described above into the hIgG1
pCSE2.5 vector. Similarly, daratumumab scFv was generated by
gene synthesis by fusing the VHdomain and the VL domain (WO
2011/154453) via a G4S3 linker, flanked by NcoI and NotI sites
and cloning into the hIgG1 pCSE2.5 vector.

Construction of E345R HexaBody hcAbs
The E345R mutation was introduced into hcAbs by PCR-
mediated mutagenesis. The mutation was verified by sequencing.
In order to ensure that no other mutations were introduced into
the vector, the human IgG Fc fragment encoding the E345R
mutation was recloned into the pCSE2.5 vector using flanking
restriction sites (NotI and XbaI).

Production and Purification of hcAbs
HcAbs were expressed in transiently transfected HEK-6E
cells cultivated in serum-free medium (26, 47). Six days post
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transfection, supernatants were harvested and cleared by
centrifugation. Recombinant proteins in cell supernatants
were quantified by SDS-PAGE and Coomassie staining relative
to marker proteins of known quantities: 10 µl samples of
the supernatant were size fractionated side by side with
standard proteins: m/M (amount loaded per lane in µg)
bovine serum albumin (1/4), IgH (0.5/2), IgL (0.25/1),
hen egg lysozyme (0.1/0.4). Yields of recombinant hcAbs
typically ranged from 0.5–3 µg/10 µl. HcAbs were purified
by affinity chromatography using protein G sepharose (GE
healthcare).

Complement-Dependent Cytotoxicity
Assays
Cells were incubated for 10–20min at 4◦C with hcAbs or moAbs
before addition of human serum (10–15% v/v) and were then
further incubated for 30–90min at 37◦C. Cells were washed and
resuspended in PBS/0.2% BSA/propidium iodide before FACS
analysis.

C1q Binding Assay
Cells were preincubated for 10–20min at 4◦C with hcAbs or
moAbs before addition of human serum (10–15% v/v) and
further incubation for 30min at 4◦C. Cells were washed and
bound C1q was detected with FITC-conjugated rabbit anti-C1q
(DAKO F0254) before FACS analysis.
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In the biology of multiple myeloma (MM), immune dysregulation has emerged as a

critical component for novel therapeutic strategies. This dysfunction is due to a reduced

antigen presentation, a reduced effector cell ability and a loss of reactive T cells against

myeloma, together with a bone marrow microenvironment that favors immune escape.

The Programmed Death-1 (PD-1) pathway is associated with the regulation of T cell

activation and with the apoptotic pathways of effector memory T cells. Specifically, the

binding with PD-1 ligand (PD-L1) on the surface of tumor plasma cells down-regulates

T cell-proliferation, thus contributing to the immune escape of tumor cells. In relapsed

and/or refractory MM (RRMM) patients, PD-1/PD-L1 blockade was analyzed by using

nivolumab, pembrolizumab, and durvalumab. Outcomes with single agents were

unsatisfactory, whereas combination strategies with backbone immunomodulatory drugs

(IMiDs) suggested a synergistic action in such a complex immunological landscape, even

in patients previously refractory to these drugs. Nevertheless, these combinations were

also associated with an increased incidence of adverse events. This review aims to

analyze the available preclinical and clinical data on the role of PD-1/PD-L1 inhibitors

in MM therapy, focusing on available preliminary efficacy and safety data and offering

insights for future investigation.

Keywords: multiple myeloma, PD-1, PD-L1, immune dysregulation, T cells

INTRODUCTION

In the pathogenesis of multiple myeloma (MM), the immortalization of a MM propagating
cell is induced by an initiating “hit.” The subsequent accumulation of genetic “hits” in a
multistep process leads to the typical MM characteristics: the proliferation of monoclonal
plasma cells and the consequent overproduction of immunoglobulin or light chains that can
cause end-organ damage and specific symptoms (i.e., bone disease, anemia, renal failure, and
hypercalcemia) (1, 2). Moreover, an important role is also played by the interactions between the
microenvironment—which includes the immune system where the tumor grows—and the MM
cells (3). In general, the immune system can potentially recognize a tumor and reject it. Natural
killer (NK) cells may detect tumor cells by their typical, although aspecific, tumor characteristics
(such as upregulated cell stress ligands and/or downregulated major histocompatibility complex
[MHC]) and kill them. Then, dendritic cells (DCs) and macrophages can internalize and process
cell products and present derived molecules to B and T cells (4–6). T- and B-cell activation
causes the proliferation of cell clones and the production of tumor-specific antibodies, with
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the final goals of eliminating the remaining tumor cells and
generating immune memory to prevent tumor recurrence (7).
Through this process, a strongly immunogenic tumor in a
highly immunocompetent subject could potentially eradicate the
tumor. In the cases of less immunogenic tumors and/or less
immunocompetent individuals, some cancer cells can survive
despite remaining under immunosurveillance. Nevertheless, at
a certain point, changes in the tumor expression of antigens
can allow the tumor to avoid immunosurveillance. Similarly, a
weakened immune system can be less efficient in maintaining
the tumor under control and, as a consequence, it favors
the tumor escape (8). A progressive immune dysregulation
strongly characterizes MM, whose plasma cells can easily escape
immunosurveillance through many possible mechanisms, such
as the deficient B-cell immunity, the expansion of regulatory T
cells (Tregs), the DC dysfunction, and the reduction of T-cell
cytotoxicity.

The potential role of immunosurveillance on tumor
control is the rationale for the use of the immuno-oncology
approach in cancer treatment, including MM. Immune
checkpoint interactions have emerged as a major mechanism
for immunosurveillance and evasion. Immune checkpoint
blockade enhances antitumor immunity by blocking cytotoxic
T-lymphocyte antigen 4 (CTLA-4) and programmed cell death 1
(PD-1) or PD-1 ligand (PD-L1). Monoclonal antibodies (mAbs)
targeting checkpoint pathway on immune and tumor cells
(known as checkpoint inhibitors) proved to be effective in several
tumors. Ipilimumab, pembrolizumab, nivolumab, atezolizumab,
durvalumab, and avelumab are currently approved by the Food
& Drug Administration (FDA) (9). Check-point inhibitors also
showed specific side effects, defined as immune-related AEs
(irAEs): in fact, they can cause inflammation due to an increased
activity of the immune system (9) (see section Immune-Related
AEs). Results on solid tumors and on other hematologic cancers
provided the basis to evaluate their effectiveness and safety in
MM.

RATIONALE FOR CHECKPOINT

INHIBITION IN MULTIPLE MYELOMA

PD-1/PD-L1 Pathway in Normal Cells and

Myeloma Cells
The immune dysfunction is critical for the genesis of MM
and various cells are involved. NK cells show quantitative and
functional changes, with a decrease during the advanced disease
phase. In this sense, NK cell-mediated cytotoxicity (particularly
when enhanced) is a promising target for immunotherapies,
mainly for immunomodulatory drugs (IMiDs) and novel mAbs.
Also T-cell immunity and the antigen-presenting ability of DCs
present some issues: there is a selective loss of myeloma-specific
lymphocytes (NKT-cells, γδ T cells) and a coexistent rise in
suppressor cells, including regulatory T cells and MDSCs, within

Abbreviations: MM, multiple myeloma; NK, natural killer; DC, dendritic cells;

MDSC, myeloid-derived suppressor cells, TCR, T cell receptor; MHC-Ag, major

histocompatibility complex-antigen; PD-1, programmed cell death 1; PDL-1,

programmed cell death ligand 1.

the bone marrow microenvironment and in the peripheral blood
(10, 11).

In the presence of malignant plasma cells, immune tolerance
is fostered by immune checkpoint pathways, which usually help
maintain the immune equilibrium. The PD-1 is part of the CD28
receptor family, and is expressed on activated B cells, monocytes,
T cells, and NK T cells (12). PD-L1 and PD-L2 are expressed on
antigen-presenting cells, including macrophages and DCs (13)
(Figure 1). PD-L1 is also expressed on non-hematopoietic cells
(solid-tumor, endothelial, and epithelial cells) and consequently
helps in protecting tissues against immune-mediated injury
(14, 15).

PD-1-PD-L1/PD-L2 ligation inhibits Th1 cytokine secretion,
T cell proliferation (thus promoting T-cell apoptosis), and
cytotoxic T lymphocytes (CTL)-mediated killing. This pathway
is fundamental in the physiologic setting, preserving the
immunologic balance after the initial T-cell response, which
prevents collateral tissue damage, overactivation, and the
irregular increase in autoreactive T cells (16). In presence
of malignancy, the upregulation of the PD-1/PD-L1 pathway
prevents tumor-reactive T cells to be activated and functioning,
thus fostering immune escape and tumor growth (17, 18).

For these reasons, the potential benefit of antibody blockade of
the PD-1/PD-L1 pathway has been evaluated in patients affected
by solid tumors such as renal cancer, melanoma, non-small
cell lung cancer, and hematologic malignancies (e.g., Hodgkin
Lymphoma and MM).

Preclinical studies showed a higher expression of PD-L1 on
MM patients’ plasma cells rather than on plasma cells isolated
from patients with monoclonal gammopathy of undetermined
significance (MGUS) or on normal plasma cells (19). Rosenblatt
et al. detected the PD-1 expression on circulating T cells in
progressive MM patients, whereas the PD-1 expression on T-
cells was reduced in patients with response after high-dose
chemotherapy. They also examined PD-1 inhibition on ex vivo
T-cell response to DC/tumor fusions (“a cancer vaccine in which
autologous tumor was fused with dendritic cells, resulting in the
presentation of tumor antigens in the context of DC-mediated
costimulation”). By using an anti-PD-1 antibody, they promoted
the polarization of T cells toward an activated phenotype that
expressed Th1 compared with Th2 cytokines and the reduction
and the killing of regulatory T cells (16, 20). As a consequence,
the PD-1/T cells binding causes anergy (mainly through a
blockade of B7-H1 [B7 homolog 1 protein]-PD-1 interaction)
and apoptosis (through the inhibition of the anti-apoptotic
gene bcl-xL and the activation of the proapoptotic gene Bim)
(21, 22).

Moreover, PD-L1 is also expressed on the bone marrow
microenvironment accessory cells, such as plasmacytoid DCs and
MDSCs. In in vitro experiments, PD-1 inhibition restored the
ability of plasmacytoid DCs to generate CTL killing of myeloma
targets (23–25). PD-L1 on MDSCs may synergize with tumor
cells to induce tolerance; therefore, its blockade may contribute
to the inhibition of MM cell growth. Finally, PD-1 expression is
increased on MM patient-derived NK cells, with an associated
loss of effector cell function, which can be subsequently restored
by the PD-1 blockade (26).
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FIGURE 1 | Mechanism of action of PD-1/PD-L1 inhibitors in MM. In patients with MM, PD-L1 is expressed on MM and bone marrow microenvironment accessory

cells; PD-1 on NK cells and T cells. PD-1/PD-L1 signaling in patients with MM inhibits the function of these immune cells, allowing MM to escape death. Both

anti-PD-1 and anti-PD-L1 mAbs prevent this interaction.

PD-1/PD-L1 Inhibitors in Multiple

Myeloma: Preclinical Data and Synergism

With Other Compounds and Strategies
PD-1 blockade alone is clinically most effective in tumors (e.g.,
melanoma and lymphoproliferative diseases) that show high
levels of infiltrating effector cells in the tumor background and

a high mutational burden, which can result in the production of

neo-antigens and non-self epitopes hit by high-affinity T cells.
Conversely, MM presents a limited neo-antigen profile, with a

less intense infiltration of effector cells and a lower mutational
activity than in solid tumors (27). In fact, MM pre-clinical studies

showed that checkpoint blockade efficacy could be improved

if associated with treatments able to intensify the activity
of myeloma-reactive T cells, such as transplantation, cellular

therapies, anti-CD38 antibodies, chimeric antigen receptor
(CAR) T cells, and IMiDs.

IMiDs enhance T-cell responsiveness to antigen-presenting

cells (APC), polarize T cells toward a Th1 phenotype, inhibit
MDSC and Tregs, and downregulate PD-L1 expression on tumor

cells (28–30). In particular, lenalidomide promotes apoptosis in

cancer cells and stimulates NK and T cells, favoring NK-mediated
tumor detection and killing (31).

In a preclinical study, NK cells and T cells were sorted by

fluorescence-activated cell sorting (FACS) and then separately co-
cultured with CD138+ MM cells from relapsed and/or refractory

MM (RRMM) patients, plus anti-PD-1, anti-PD-L1, together or
alone, and in association with lenalidomide. As a consequence,
Görgün et al. demonstrated that the anti-myeloma toxicity
deriving from the effector cells is enhanced by the PD-1/PD-
L1 inhibition. Compared to T cells, NK cells showed a higher
cytotoxicity. Moreover, the cytotoxicity induced by lenalidomide
was further increased by checkpoint blockade (30). In another
study, isolated CD4+/CD8+ T cells and NK cells from patients
with MM were co-cultivated with autologous plasmacytoid DCs,
together with the anti-PD-L1. In this way, Ray et al. proved
that the use of anti-PD-L1 activated more deeply CD8+ T-
and NK-cell cytotoxicity rather than CD4+ T-cell mediated
killing (24).

Promising clinical results observed with IMiDs and anti-PD-1
combinations encouraged subsequent studies with agents that
induce immune activation in the tumor microenvironment while
stimulating myeloma cell killing. The anti-CD38 daratumumab
kills malignant PCs through traditional antibody-dependent
cellular cytotoxic mechanisms that are potentially able to
control myeloma disease. In responding patients, daratumumab
depletes subpopulations of Tregs and MDSCs in the myeloma
microenvironment, stimulates T-cell expansion and increases
T-cell clonality (32). These findings constituted the rationale
for daratumumab associated with PD-1/PD-L1 blockade
with or without IMiDs (NCT01592370, NCT03000452, and
NCT02431208).
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The anti-SLAMF7 monoclonal antibody elotuzumab has a
dual mechanism of action that directly activates NK cells and
causes the induction of NK cell-mediated antibody-dependent
cellular cytotoxicity. A study on a mouse tumor model showed
that the efficacy of elotuzumab was significantly higher when
coadministered with anti-PD-1 antibody, thus promoting tumor-
infiltrating NK and CD8+ T-cell activation, as well as augmented
intratumoral cytokine and chemokine release. These data
provided the rationale for the evaluation of elotuzumab/anti-PD-
1 combination in MM patients (33).

It has been shown that cytotoxic therapy depletes suppressor
populations and favors the reactivation of myeloma immunity.
In a murine model, PD-L1 inhibition was given after stem-cell
transplantation and cell vaccination administration, improving
the survival of myeloma-bearing mouse models from 0 to 40%
(34). One study showed that lymphopoietic reconstitution after
stem-cell transplantation resulted in the depletion of regulatory
T cells and the concomitant expansion of some MM clones. The
inhibition of PD-1 significantly enhanced the proliferation and
cytokine production of CD8+CD28negPD-1+ T cells. Nivolumab
treatment also increased the secretion of the cytokines IFNγ, IL2,
and TNFα. These results suggested that checkpoint blockade can
potentially improve or restore T-cell responses in this patient
population (35). This provides the rationale to study this drug
as maintenance in the post-transplant setting.

In the context of MM, the efficacy of PD-1/PD-L1 blockade
may also be favored by the use of tumor vaccines, which can be
administered for the expansion ofMM-reactive T-cell clones and,
as a consequence, for the activation with checkpoint blockade
(20, 36).

Very recently, DC vaccination associated with PD-1 blockade
and lenalidomide was investigated by Vo et al. in a myeloma-
bearing mouse model. This combination inhibited myeloma
tumor growth more effectively than other groups of agents,
reducing immune suppressor cells (such as MDSCs, M2
macrophages, and Tregs), increasing immune effector cells, and
enhancing the activity of NK cells and CTLs. This established a
strong two-way anti-myeloma immunity through the inhibition
of immunosuppressive cells and the activation of effector
cells (37).

Interestingly, the combination of a PD-1 antibody with a CAR
T cell showed an improved efficacy, even if the overexcitation of
immune effectors could result in potential toxicity. In the study
by Cherkassky et al. (38), the effector function of CD28 CAR
T cells in a pleural mesothelioma-bearing orthotopic murine
model was restored by the use of PD-1 antibody checkpoint
blockade. These results allowed an improved understanding of
the exhaustion of human CAR T-cell in solid tumors, suggesting
that the effectiveness of CAR T-cell therapies may be improved
by PD-1/PD-L1 blockade also in the context of hematological
malignancies (38). Further studies are needed for the evaluation
of the potential synergism of CAR-T therapies and anti-PD-
1/PD-L1 checkpoint inhibitors in MM.

PD-1 blockade may also be effective when combined with
radiotherapy, resulting in epitope spreading and increased
antigen presentation by local APC (39). Temporal PD-
L1 upregulation in the irradiated tumor suggested intrinsic

mechanisms that inhibit immune responses after radiotherapy,
and provided the rationale for blockade of PD-L1 combined with
radiotherapy to overcome these mechanisms (40).

PD-1/PD-L1 MONOCLONAL ANTIBODIES:

UPDATED CLINICAL RESULTS AND

SAFETY CONSIDERATIONS

MAbs targeting both PD-1 (pembrolizumab and nivolumab) and
PD-L1 (durvalumab) have been evaluated for MM treatment.

Nivolumab is a human IgG4 mAb that blocks the interaction
with PD-L1 and PD-L2 by binding to the PD-1 receptor on
activated immune cells (13). Nivolumab has a very high binding
affinity to PD-1 with about 80% of saturation reached in <1
day following a single nivolumab infusion at 3 mg/kg; PD-1
occupancy is higher than 70% for almost 60 days, with detectable
levels of PD-1 receptor occupancy for more than 3 months
(41). Nivolumab clearance is not affected by renal or hepatic
impairment (42).

Nivolumab as single agent did not show objective responses
in a phase Ib trial enrolling 27 RRMM patients (43). The
reasons for the lack of effectiveness in MM are unclear, but
they may be related to the immunosuppressive nature of the
microenvironment. To be effective, immune checkpoint therapy
requires T cells to be able of being activated and, consequently, to
have an exhausted phenotype instead of an anergic or senescent
one (the key for therapeutic response is considered the reversal
of exhausted T cells, rather than the genesis of new ones).
In clinical studies on MM, clonal cytotoxic CD8+ T cells are
the only T cells that showed to have an impact on survival;
however, they did not show the exhausted phenotype. Rather,
their phenotype (CD8+TCRVβ

+CD57+CD28−) suggested the
presence of terminally differentiated, antigen-specific, senescent
cells that were no more able to proliferate after stimulation.
Besides, in contrast with solid tumors and tumor-infiltrating
lymphocytes, the low expression of PD-1 on clonal bone marrow
cytotoxic T cells suggested that, in MM, the local immuno-
suppressive mechanisms involving PD-1/PD-L1 interactions are
less active (44).

Combinations of nivolumab with pomalidomide-
dexamethasone (Pd) and other mAbs, such as daratumumab
(NCT01592370) and elotuzumab (NCT02726581), have been
designed in more recent trials, but data are still not available.

Durvalumab is a human IgG1k antibody targeting PD-L1.
Weight-based durvalumab dose (10 mg/kg every 2 weeks) and
fixed durvalumab dose (1,500mg every 4 weeks or 750mg every
2 weeks) demonstrated similar PK features, with patient and
disease characteristics that did not affect drug bioavailability
(45). In the MM setting, no clinical data on durvalumab are
available and phase I studies investigating durvalumab plus
IMiDs are currently on clinical hold on the basis of the results
of the KEYNOTE-183 and KEYNOTE-185 trials, which will be
described below.

Pembrolizumab is an IgG4k humanized anti-PD-1 mAb.
Neither pharmacokinetics nor renal/hepatic impairment are
affected by age, thus dose adjustments are not needed (46).
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In MM, no data are available on pembrolizumab as
single agent. In a phase I study including RRMM patients,
pembrolizumab (maximum tolerated dose: 200mg every 21
days) associated with lenalidomide-dexamethasone (Rd) showed
a partial response (PR) rate of 50%. Any-grade treatment-related
AEs occurred in 48 (94%) patients, albeit grade ≥3 AEs were
observed in 33 (65%) patients. Grade 3 irAEs included increase
in transaminases (2%), and renal failure (2%).

Pembrolizumab (200mg every 2 weeks) was also combined
with Pd, showing a PR rate of 60% (47, 48). Thirty-five
(73%) patients experienced any-grade treatment-related AEs,
albeit ≥3 AEs were observed in 20 (42%) patients. Grade 3–4
irAEs included hypothyroidism (4%), adrenal insufficiency (2%),
hepatitis (2%), and pneumonitis (2%).

Based on these studies, two randomized phase-III trials
were designed. In the KEYNOTE-185 trial (NCT02579863),
pembrolizumab-Rd vs. Rd alone was investigated in transplant-
ineligible NDMM patients. On the 3rd of July, 2017, after
that interim data had been presented to the Data Monitoring
Committee (DMC), the FDA put a hold on the trial because
of an increase in deaths in the pembrolizumab arm. Three
hundred and one of the planned 640 patients were enrolled
(median age 74 years). After a median follow-up of 6.4 vs. 6.9
months, there were 19 (13%) deaths in the pembrolizumab-
Rd arm (6 from PD, 13 from AEs) vs. 9 (6%) patients in the
Rd arm (1 from PD, 8 from AEs); 6 (4%) treatment-related
deaths were observed; 4 (3%) were related to pembrolizumab (1
cardiac arrest, 1 pneumonia; 1 myocarditis, 1 cardiac failure).
The other AEs that led to death were: cardiorespiratory arrest
and pulmonary embolism (2 patients each), intestinal ischemia,
large intestinal perforation, sudden death, suicide, and sepsis (1
patient each). In the Rd arm, the AEs that led to death were
myocardial infarction and sudden death (2 patients each), acute
cardiac failure, upper intestinal hemorrhage, respiratory failure
(1 patient each). This translated into an increased risk of death
with pembrolizumab (HR for OS: 2.06; 95% CI 0.93–4.55; P =

0.97). The rates of severe (grade 3–5) toxicities were 72% in
the experimental arm vs. 50% in the control arm. The rates of
serious AEs (SAEs) were 54 vs. 39%, respectively. The rates of
discontinuation for AEs were 21 vs. 8%, respectively. AEs (all
grades) with more than 5% of difference between arms included:
constipation, pyrexia, vomiting, rash, hypothyroidism, oral
candidiasis, hyperthyroidism, pruritus, pneumonia, and decrease
appetite. In the pembrolizumab-Rd arm, irAEs reported in ≥2%
of patients included: hypothyroidism (7%), hyperthyroidism
(6%), colitis (2%), and skin reactions (13%). Median progression-
free survival (PFS; HR 1.22; 95% CI 0.67–2.22, P = 0.75) was not
reached in neither arm (49).

The second trial, KEYNOTE-183 (NCT02576977), evaluated
pembrolizumab-Pd vs. Pd alone in RRMM patients who received
≥2 lines of treatment including an IMiD and a proteasome
inhibitor (PI). Similarly to what happened with KEYNOTE-185,
the FDA halted the trial on the 3rd of July, 2017 on the basis
of interim data provided to the DMC. The study enrolled 249
of the planned 300 patients (median age: 65 vs. 67 years in
pembrolizumab-PD vs. PD arms, respectively, median duration
of therapy 4.4 cycles). After a median follow-up of 7.8 vs. 8.6

months, 29 (23%) vs. 21 (17%) patients died (16 fromPD, 13 from
AEs vs. 18 from PD, 3 from AEs). In the pembrolizumab-Pd arm,
4 (3%) treatment-related deaths occurred: 2 (1.5%) were related
to pembrolizumab (1 myocarditis, 1 Steven-Johnson syndrome
[SJS]); 1 patient died of neutropenic sepsis. The other AEs that
led to death were sepsis (3 patients), pericardial hemorrhage,
myocardial infarction, cardiac failure, and respiratory tract
infection (1 patient each). In the Pd arm, the AEs that led
to death were pneumonia and anemia (1 patient each). The
median OS was not reached vs. 15.2 months (HR, 1.61, 95%
CI, 0.91–2.85; P= 0.95) in the pembrolizumab-Pd vs. Pd arm.
The rate of grade 3–4 AEs was 75% in the experimental arm
vs. 63% in the control arm. The rates of SAEs were 63 vs. 46%,
respectively, 20 vs. 8% discontinued for AEs. AEs (all grades)
occurred in≥20% of patients were: neutropenia, anemia, fatigue,
constipation, pyrexia, pneumonia, and thrombocytopenia. No
SAEs had more than 5% of difference between arms. In the
pembrolizumab-Pd arm, irAEs included: skin reaction (5%),
pneumonitis (4%), hyperthyroidism (3%), infusion reaction and
myopathy (2% each), SJS, myocarditis, hepatitis, and iridocyclitis
(1% each). Median PFS was similar between the two arms (5.6 vs.
8.4 months; HR 1.53, 95% CI 1.05–2.22; P = 0.98) (50).

Both trials determined that the risk-benefit profile of adding
pembrolizumab to Rd or Pd was unfavorable.

Immune-Related AEs
The precise pathophysiology of irAEs is unknown, although
likely related to the ability of immune checkpoints of preserving
the normal immunologic homeostasis. These irAEs generally
develop within a few weeks or months from the start of
treatment, but they may occur at any time, including after
stopping therapy (9). Although every organ system may be
affected, irAEs usually involve skin, gastrointestinal tract, liver,
and endocrine glands (51). Causes of severe irAEs remain
unclear. One of the hypotheses was prompted by the association
with underline germline genetic factors, since genes may
influence the risk of specific autoimmune disorders. Another
hypothesis was the association with the patient microbiota
(9). It is important to promptly identify the occurrence of
irAEs. Most of the times, the diagnosis and the treatment
are based on patient-related symptoms, but sometimes blood
test and/or imaging can be helpful (e.g., for hepatitis, colitis,
or pneumonia). The optimal management is based on clinical
experience, mainly in the treatment of solid tumors, since
no prospective trials are available. The backbone of irAE
therapy is immunosuppression with corticosteroids, with the
addition of other immunosuppressive agents if there is no rapid
improvement. Most of AEs promptly resolve, and available data
do not show a negative impact of immunosuppression on the
effectiveness of checkpoint inhibitors (52).

AEs provided evidence of activation of the patient immune
system, but irAEs are not required for efficacy. Data from the
literature on the correlation between the occurrence of irAEs and
treatment efficacy are controversial (9). A post-hoc analysis of
KEYNOTE-183 and KEYNOTE-185 was performed to examine
the correlation between irAEs and efficacy. In the KEYNOTE-
185 study, 68 vs. 44% of patients in the pembrolizumab-Rd vs.
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Rd arms had an irAE (grade ≥3: 36 vs. 8%). Despite the overall
higher rate of irAEs in the pembrolizumab-Rd arm, the overall
response rate (ORR) was similar to the one in the Rd arm (64
vs. 62%). Nevertheless, in the pembrolizumab-Rd arm, ORR was
higher in patients who experienced an irAE, as compared to
patients who did not (73 vs. 45%). Similarly, in the Rd arm, the
ORR was 73% in patients with an irAE vs. 53% in those without
(53). These results might suggest that anti PD-1 aremore effective
in patients with activation of the immune system (evidence
of which can be considered the development of irAEs). The
KEYNOTE-183 study enrolled RRMM patients, who typically
have a less effective immune-system as compared to NDMM
patients. In this study, both the rate of irAEs and the differences
between arms (58 vs. 45% of patients in the pembrolizumab-
Pd vs. Pd arms; grade ≥3: 18 vs. 13%) were lower if compared
to the NDMM setting (KEYNOTE-185). In the pembrolizumab-
Pd arm, the ORR was 37% in patients who developed an irAE,
not significantly different than the rate in those without an irAE
(31%). In the Pd arm, a trend was noted for improved ORR (49%)
in patients who experienced an irAE, as compared to 33% in those
who did not. Altogether, these results suggest a higher risk of
irAEs in NDMM patients, who probably have a more effective
immune system as compared to heavily pretreated patients. A
higher effectiveness of PD-1 inhibitors in patients with irAEs still
needs to be demonstrated.

CONCLUSION

During the last decade, therapeutic strategies in MM patients
have vastly improved thanks to the introduction of mAbs in
association with backbone regimens. Based on pre-clinical data,
the PD-1/PD-L1 axis may be a good target for mAbs, allowing
immune cells to detect and kill neoplastic cells. However, the
outcomes of checkpoint blockade alone in MM are inferior to
the ones obtained in solid tumors, most likely due to the reduced

immune function typical of the immune system of patients
affected by MM. In phase II trials, potentially better results have
been observed in association with IMiDs, probably due to the
possible synergistic effect on the immune system. Nevertheless,
despite these promising preliminary data, the toxicity reported in
two randomized phase III trials with pembrolizumab associated
with lenalidomide and pomalidomide led the FDA to halt trials
exploring these combinations. The safety concerns are related to
the mechanism of action of both drug classes, as they modify
the behavior of immune cells. Moreover, patients treated with
mAbs receive continuous therapy with steroids, either as part of
treatment or to reduce irAEs. This leads to immunosuppression
and may increase the risk of infections, which can ultimately
cause drug discontinuation and reduce the efficacy of the
treatment itself.

The effective possibility to modulate the immune system
would be a great advancement. However, there are still many
open issues. We need to ponder how to select and monitor
patients for this typology of treatment, and to determine the best
and safest drug combination as well as the most suitable time
point of administration during the disease course. Moreover, the
detection of biomarkers that can potentially predict responses
and/or toxicities might help clinicians balance efficacy with
safety.

To conclude, more mature safety data and a deeper analysis
of the biologic mechanisms will be essential to understand if PD-
1/PD-L1 inhibitors may be included in the armamentarium for
the treatment of MM patients.
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Natural killer (NK) cells are innate lymphocytes with a strong antitumor ability. In tumor

patients, such as multiple myeloma (MM) patients, an elevated number of NK cells after

stem cell transplantation (SCT) has been reported to be correlated with a higher overall

survival rate. With the aim of improving NK cell use for adoptive cell therapy, we also

addressed the cytotoxicity of patient-derived, cytokine-stimulated NK cells against MM

cells at specific time points: at diagnosis and before and after autologous stem cell

transplantation. Remarkably, after cytokine stimulation, the patients’ NK cells did not

significantly differ from those of healthy donors. In a small cohort of MM patients, we

were able to isolate autologous tumor cells, and we could demonstrate that IL-2/15

stimulated autologous NK cells were able to significantly improve their killing capacity

of autologous tumor cells. With the aim to further improve the NK cell killing capacity

against MM cells, we investigated the potential use of NK specific check point inhibitors

with focus on NKG2A because this inhibitory NK cell receptor was upregulated following

ex vivo cytokine stimulation and MM cells showed HLA-E expression that could even be

increased by exposure to IFN-γ. Importantly, blocking of NKG2A resulted in a significant

increase in the NK cell-mediated lysis of different MM target cells. Finally, these results let

suggest that combining cytokine induced NK cell activation and the specific check point

inhibition of the NKG2A-mediated pathways can be an effective strategy to optimize NK

cell therapeutic approaches for treatment of multiple myeloma.

Keywords: multiple myeloma, autologous stem cell transplantation, NK cells, adoptive cell therapy, NKG2A

blocking, checkpoint inhibition

INTRODUCTION

Multiple myeloma (MM) is a malignancy of terminally differentiated plasma cells (PCs). The
hallmarks of the disease are an excess of monoclonal PCs in combination with monoclonal
protein in the blood and/or urine (1). Standard therapy typically involves autologous stem cell
transplantation (autoSCT) after induction, followed by high-dose chemotherapy treatment (2).
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Importantly, given the risk of the treatment and its side effect,
autoSCT is usually recommended only for youngest patients,
accounting for approximately 30–40% of the patients with MM.
However, the majority of patients will relapse within 2–3 years
from the initiation of treatment, and the overall survival (OS)
is still limited (3). Nevertheless, significant advances have been
made in the treatment of MM by a combination of standard
chemotherapy plus novel immunomodulatory drugs (IMiDs) or
proteasome inhibitors, such as lenalidomide or bortezomib (4).

Another promising approach is the immunotherapeutic
treatment with natural killer (NK) cells, as they present the
benefit of enhanced graft-versus-tumor (GvT) effect with a low
risk of graft-versus-host disease (GVHD) [for review, see (5–
7)]. Furthermore, in MM patients, an elevated number of NK
cells directly correlates with a lower tumor burden (8). NK
cells, which were first described by Kiessling et al., are part
of the innate immune system. NK cells are highly attractive
because they are not antigen specific, like T and B cells. Their
activity is regulated based on the diverse expression of activating
and inhibiting receptors on their surface, by which they also
achieve self-tolerance (9–11). After recognition of an infected
or malignant cell, NK cells can kill their target by releasing
cytoplasmic perforin or granzyme, leading to death receptor-
mediated apoptosis or cytokine release (12). Human NK cells
are characterized by the expression of CD56 and CD16 and are
divided into two distinct subtypes. The more immature subset
is characterized by high expression of CD56 and low or no
expression of CD16; this subset is mainly situated in the lymph
nodes and secondary lymphoid tissues. After maturation, the NK
cell population comprises CD56dim CD16bright cells and is mainly
found in the bone marrow, blood and spleen (13, 14). This subset
has high cytotoxic capabilities and represents approximately 90%
of all NK cells in the peripheral blood (15). Furthermore, NK
cells have a regulatory effect on other immune cells by secreting
soluble factors, such as tumor necrosis factor alpha (TNF-α),
interferon gamma (IFN-γ), granulocyte macrophage colony-
stimulating factor (GM-CSF) and macrophage inflammatory
proteins (MIPs) (16, 17).

For the application in immunotherapy, NK cells can be
isolated from either patient or healthy donor derived PBMCs
or differentiated from pluripotent stem cells. For most clinical
applications, the NK cells are expanded by ex vivo culture. To
further increase the effect of the therapy, it is important to
achieve the optimal NK cell antitumor activity by using the
right stimulation protocols. To date, the most common protocols
stimulate NK cells with cytokines such as IL-2, IL-15 and IL-21
that induce high cytotoxicity or with IL-12, 15 and 18 to favor NK
cell memory (18). Apart from stimulation with interleukins, NK
cells can also be co-cultured with so-called accessory or feeder
cells such as irradiated, allogeneic PBMCs or different cell lines

Abbreviations: MM, multiple myeloma; CD, cluster of differentiation; CT,

chemotherapy; DAMPs, damage associated molecular patterns; DCs, dendritic

cells; DNA, deoxyribonucleic acid; GM-CSF, granulocyte macrophage colony-

stimulating factor; HD, healthy donors; NK cells, natural killer cells; IFN,

Interferon; Il, Interleukin; ns, not significant; Pt, patients; PB, peripheral blood;

BM, bone marrow; TP0, treatment point 0; TP1, treatment point 1; TP2, treatment

point 2; FACS, fluorescence activated cell sorting; IL15RA, IL-15 receptor alpha.

such as K562 to further enhance NK cell expansion [for review
see (18)].

A novel approach toward NK cell therapy is not only to
activate them ex vivo but also to release the immune system from
inhibition by specifically targeting immunologic checkpoints.
Inhibitory receptors expressed on the NK cell surface are
members of the KIR family and NKG2A. KIR receptors interact
with MHC I molecules, and studies have shown that a transfer of
KIR-ligand mismatched NK cells led to a lower relapse rate and
a greater GvT effect due to their enhanced alloreactivity (19, 20).
Moreover, several antibodies that specifically target KIR receptors
have been tested or are currently in clinical trials to evaluate their
efficacy against different malignancies (21).

However, due to different KIR receptor expression profiles
in patients, a therapeutic targeting of selected KIR receptors
could lead to a better response in some patients and a worse
response in others. Moreover, the results of a clinical phase II
trial testing a KIR2D specific antibody showed that treatment
with the antibody led to a significant decrease in NK cell activity,
directly correlating with loss of KIR2D surface expression (22).
In this aspect, NKG2A could be a better therapeutic target, as
it is broadly expressed on NK cells and binds specifically to
HLA-E that is expressed on most malignant target cells (23).
Additionally, overexpression of HLA-E in different tumors has
been reported to correlate with shorter disease-free or overall
survival (24, 25). In MM, HLA-E is highly expressed by primary
cells, and it abolishes the overall response of NKG2A+ NK
cells (26). Furthermore, Sarkar and colleagues postulated that
the most potent NK cell subset for clinical application would
be NKG2A-negative and KIR-ligand mismatched. Interestingly,
NKG2A is the first inhibitory receptor that is reconstituted after
SCT (27, 28). This observation might also highlight the possible
relevance of NKG2A as a therapeutic target in the context of
allogeneic SCT.

Overall, these findings led us to further investigate the effects
of cytokine-induced NK cell activation in combination with the
specific checkpoint inhibition of the NKG2A-mediated pathway
as a potential strategy to optimize NK cell therapeutic approaches
against MM.

RESULTS

Cytokine Stimulation Significantly
Increases the NK Killing Ability of Both
Patient and Healthy Donor NK Cells
Against MM Cell Lines
First, we aimed to test the “natural” ability of NK cells to
kill different MM cell lines. Therefore, we isolated peripheral
blood (PB) NK cells from healthy donors (HD) or untreated
MM patients (Pt) at first diagnosis and co-cultured them with
three different MM cell lines (U266, OPM-2, and LP-1) for 24 h
(Figure 1A). The specific lysis of patient NK cells in resting
conditions was approximately 10% against all three cell lines,
with a trend toward reduced cytotoxic capacity compared to
HD NK cells. To improve NK cell killing capacity against MM
cells, we then stimulated both patient and donor NK cells for
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FIGURE 1 | Cytokine stimulation significantly increases the NK killing ability of both patient and healthy donor NK cells against MM cell lines. (A) Resting and (B)

activated (IL-2 + IL-15) NK cells isolated from patients or healthy donors were co-cultured for 24 h with the CFSE-stained multiple myeloma cell lines, LP-1, OPM-2

and U266. The percentage of dead tumor cells was determined with a live-dead stain (DAPI) via flow cytometry after 24 h of co-culture. To further demonstrate the

differences in the specific lysis of tumor cells between resting and activated tumor cells, the values for NK cells isolated from (C) healthy donors and (D) patients were

compared. Data on resting NK cells are depicted in blue, whereas data on activated NK cells are shown in red. Data from patient samples are shown with filled-in

bars, whereas data from healthy donor samples are shown with empty bars. NK cells and tumor cells were co-cultured with a 2:1 E-T ratio. For healthy donor data,

5–6 individual experiments were performed. For patient samples, 9 individual experiments with resting NK cells and 13 individual experiments with 7 days cytokine

activated NK cells were performed. Statistical analysis with two-way ANOVA + Sidak’s multiple comparison: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

7 days with IL-2/15 cytokine cocktail (IL-2: 100 U/ml; IL-15:
10 ng/ml) prior to performing the killing assay (Figure 1B). Of
note, both patient and donor cytokine-activated NK cells showed
a significantly enhanced killing capacity against the different MM
cell lines compared to that of the resting NK cells (Figures 1C,D).

Cytokine Stimulation Significantly
Increases the Expression of Numerous NK
Cell Activation Markers
Given the strong and positive impact of cytokine stimulation
on NK cells, we asked whether the expression of NK cell
receptors and surface molecules might be modified. Therefore,
we analyzed the expression levels of 19 markers by flow
cytometry, including activating and inhibitory receptors, markers
of activation and maturation, death receptors, homing receptors
and exhaustion markers. First, we compared their expression in
resting conditions in patients and healthy donors (Figure 2A).
The only significant difference was the higher expression
of TRAIL on patient NK cells. Next, we addressed the
expression following in vitro cytokine stimulation for 7 days
(Figure 2B). Interestingly, patient NK cells show a higher
expression of activating NKp30, as well as, CD57 and TRAIL
receptor. In Figure 2C the expression pattern of the 19 surface
molecules before and after cytokine activation in healthy
donor NK cells is depicted. Interestingly, many activating
receptors and markers are strongly and significantly increased
after cytokine stimulation, e.g., NKp30, NKp44, CD69, CD25,
CD57, and TRAIL. This finding can explain the positive

impact on the NK cell mediated killing ability of MM
cells. Of note, the inhibitory receptor NKG2A is also highly
upregulated after cytokine stimulation. Similar modifications
have been observed for NK cells isolated from patients
(Figure 2D).

BM-Derived NK Cells Show a Similar
Phenotype and Killing Behavior to Those of
PB-Derived NK Cells in MM Patients
As MM cells reside in the BM, we further asked whether
and how patient NK cells derived from the bone marrow
would differ from PB NK cells in newly diagnosed and still
untreated MM patients (TP0). For that purpose, we performed
cytotoxicity assays in resting and activating conditions with
NK cell isolated from either BM or PB, as shown in Figure 3.
These analyses show no significant differences in the killing
activity of patient BM and PB NK cells. There is, however, a
less significant increase in killing after the activation of BM
NK cells, compared with PB NK cells (Figure 3C). Similarly,
we also investigated the phenotype of BM NK cells. While
BM NK cell receptor expression was similar to that of PB NK
cells under resting conditions (Figure 4A), following cytokine
stimulation, the BM NK cells showed significantly lower levels of
NKp30 (Figure 4B). A comparison of the BM NK cell phenotype
before and after activation showed, also in this compartment, a
significant increase in the activating markers NKp44, CD69, and
CD25 (Figure 4C).
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FIGURE 2 | Cytokine stimulation significantly increases the expression of many NK cell activation markers. Isolated NK cells from patients and healthy donors were

stained with fluorochrome-conjugated antibodies to determine surface marker expression (A) before and (B) after activation with IL-2 and Il-15. NK cell phenotypes

before and after stimulation were also compared for NK cells isolated from (C) healthy donors and (D) patients. For healthy donor samples, 17 individual experiments

with resting NK cells and 14 individual experiments with activated NK cells were performed (n = 14–17). For patient samples, 14 individual experiments with resting

NK cells and 15 individual experiments with 7 days cytokine activated NK cells were performed (n = 14–15) Statistical analysis with two-way ANOVA + Sidak’s

multiple comparison: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Cytokine Stimulation Significantly
Increases the NK Cell Killing Ability of
Patient NK Cells at Various Treatment
Points
Next, we investigated whether there were differences in the killing
ability of MM cells and in the cytokine susceptibility of patient
NK cells at different time points (TPs) during the treatment
course. Therefore, PB samples from several newly diagnosed
MM patients at different treatment stages were collected, at
diagnosis (TP0), after induction therapy but before high-dose
chemotherapy and autoSCT (TP1) and after hematological
reconstitution after autoSCT (TP2) (Figure 5A). Patient numbers
and characteristics are summarized in Table 1.

Cytokine-activation of NK cells significantly improved patient
NK cell killing activity, especially toward the cell line U266 and
LP1 (Figure 5B). There were however no significant differences
in the lysis at different TPs.

Moreover, we monitored the expression pattern of 19 surface
molecules of interest during the course of therapy and before and
after cytokine stimulation, as shown in Figure 6. The induction
therapy seemed to have a slightly negative impact on the NK
cell activation status in resting conditions; the activation marker
NKp30 and the BM homing receptor CXCR4 are significantly
downregulated at TP1 (Figure 6A). The decrease of the activating
receptors NKp30 and TRAIL and the increase of NKG2A could
partially explain the reduced effect of the cytokine activation on

the specific lysis levels (Figure 5B). Interestingly, at the end of the
therapy (TP2) andmore markedly after activation, the expression
levels of several markers were restored, as in the case of DNAM1,
NKp30, TRAIL, and CXCR4 (Figure 6A). However, NK cells at
TP2 seem to have an overall more immature phenotype due to
the downregulation of CD57, CD16, and KIR2D expression and
the upregulation of NKG2A expression (Figure 6). These data
confirmed the downregulation of CD57, CD16, and KIR2D after
therapy and in particular at TP2, as well as, the upregulation of
NKG2A, indicating a more immature NK cell phenotype and
possibly lower ADCC capacity of NK cells at TP2 (Figure 6B).

Cytokine Stimulation Significantly
Increases the Killing Ability of MM Patient
NK Cells Even Against Autologous MM
Cells
To further explore the cytotoxic potential of NK cells, we decided
to study patients’ killing ability against autologous tumor cells.
With that aim, we isolated autologous primary tumor cells from
some patients’ BM aspirates that were subsequently used as a
target for PB and BMNK cells from the sameMMpatients before
and after cytokine stimulation (Figure 7A). Remarkably, both
PB and BM patient NK cells in resting conditions were unable
to kill autologous MM tumor cells. However, after cytokine
stimulation, patient NK cells strongly and significantly increased
their cytotoxic activity even against autologous MM tumor cells
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FIGURE 3 | NK cells isolated from peripheral blood or bone marrow exhibit a similar cytotoxic potential and phenotype. (A) Resting and (B) activated NK cells isolated

from peripheral blood and bone marrow of patients were co-cultured for 24 h with the CFSE-stained multiple myeloma cell lines LP-1, OPM-2 and U266 to compare

the specific lysis of target cells. (C) Comparison of BM NK cytotoxic potential before and after activation. The percentage of dead tumor cells was determined with a

live-dead stain (DAPI) via flow cytometry after 24 h of co-culture. For bone marrow samples, 9 individual experiments with resting NK cells and 7 individual experiments

with 7 days cytokine activated NK cells were performed (n = 7–9). For peripheral blood samples 10 individual experiments were performed (n = 10). Statistical

analysis with two-way ANOVA + Tukey’s multiple comparison: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(Figure 7B). Of note, there were no significant differences in the
killing capacity of PB and BM NK cells.

Expression Levels of NK Cell Receptor
Ligands Do Not Correlate With Differences
in the Susceptibility of NK Cell Killing
We performed a detailed flow cytometry phenotyping of the
various MM target cell lines and MM primary cells to define
their expression levels of 12 surface markers, with a special focus
on the ligands for NK cell receptors (Figures 7C, 8). The three

MM cell lines (Figure 8A) revealed differences in the expression

levels of several surface markers such as FAS-R, CD56, and
CD48. However, the three cell lines only slightly differed in

the levels of ligands for the activating and inhibitory receptors.

Notably, the phenotype did not correlate with the different
levels of susceptibility to NK cell killing. Moreover, we treated

the MM cell lines with IFN-γ (Figure 8B) to investigate their

phenotype under pro-inflammatory conditions, and we observed
one major change, namely, the strong increase in HLA-E

expression.
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FIGURE 4 | NK cells isolated from peripheral blood or bone marrow exhibit a similar cytotoxic potential and phenotype. The phenotypes of (A) resting and (B)

activated NK cells isolated from peripheral blood and bone marrow of patients at TP0 were compared by staining with fluorochrome-conjugated antibodies.

(C) Comparison of the BM NK phenotype before and after activation. For bone marrow samples, 7 individual experiments with resting NK cells and 4 individual

experiments with 7 days cytokine activated NK cells were performed (n = 4–7). For peripheral blood samples, 14 individual experiments with resting NK cells and 15

individual experiments with activated NK cells were performed (n = 14–15). Statistical analysis with two-way ANOVA + Sidak’s multiple comparison: *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.

The Combination of NKG2A Blocking With
Cytokine Stimulation Further Improves NK
Cell Killing Activity Against MM Cells
Given that the inhibitory receptor NKG2A was the only
inhibitory receptor upregulated following cytokine stimulation,
we hypothesized that blocking this inhibitory NK cell checkpoint
could further improve the lysis of MM target cells by NK cells

(Figure 9). Therefore, NK cells from patients were incubated

with a blocking antibody or the control isotype prior to the

cytotoxicity assay (Figure 9A). Importantly, blocking NKG2A

resulted in a clear increase in the NK cell-mediated killing of
OPM-2 and LP-1 cell lines. Hoping to achieve the possible use

of third party or donor NK cells for adoptive therapy in MM,

we examined whether the same effect could be seen using HD
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FIGURE 5 | Cytokine stimulation significantly increases the NK killing ability of patient NK cells at various treatment points. (A) NK cells from patients were isolated at

different treatment points: TP0 after diagnosis, TP1 during high-dose chemotherapy and TP2 more than 21 days after stem cell transplantation. (B) The isolated NK

cells were co-cultured with the CFSE-stained multiple myeloma cell lines LP-1, OPM-2 and U266 either directly after isolation or after seven days of pre-activation with

IL-2 and IL-15. The percentage of dead tumor cells was determined with a live-dead stain (DAPI) via flow cytometry after 24 h of co-culture. NK cells and tumor cells

were co-cultured with a 2:1 E-T ratio. For TP0, 7 individual experiments with resting NK cells and 15 individual experiments with 7 days activated NK cells were

performed (n = 7–15). For TP1, 7 individual experiments with resting NK cells and 5 individual experiments with activated NK cells were performed (n = 5–7). For TP2,

3 individual experiments with resting NK cells and 4 individual experiments with activated NK cells were performed (n = 3–4). Statistical analysis with two-way ANOVA

+ Tukey’s multiple comparison: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

NK cells. HD NK cell show a significant better lysis against the
targets U266 and LP-1. Importantly, the improvement of NK cell
mediated killing capacity was even stronger when the MM cell
lines were previously treated with IFN-γ and were highly HLA-E
positive (Figure 9B).

DISCUSSION

MM is a highly aggressive plasma cell neoplastic disorder, and
despite recent therapeutic advancements, it is still considered
an incurable disease. Immunotherapy, including the use of
cytokines, checkpoint inhibitors or cellular immunotherapeutics,
holds great new promises to expand anti-myeloma treatment
options. Because of its given antitumor activity, adoptive NK cell-
based immunotherapy represents a potential treatment approach
for myeloma patients.

In our study, we demonstrated that NK cells activated with IL-
2 and IL-15 were able to efficiently kill multiplemyeloma cell lines
and autologous myeloma cells. Importantly, their killing activity
was independent of the NK cell source from PB or BM or the time
point of their isolation during myeloma treatment. Remarkably,
their anti-myeloma activity could be further enhanced by an
NKG2A checkpoint blockade.

Initially, it has been reported that NK cells from myeloma
patients have a defect in their cytotoxic activity (29–31) and
that myeloma cells are becoming more resistant to NK cell
killing during disease progression (32). As an example of tumor

immune evasion strategies it has been reported that high TGF-
β levels in the tumor environment decrease the ability of NK
cells to respond to IL-12 and IL-15 (33). On the other side,
expression of IL-15 receptor and autocrine production of IL-15

has been suggested as mechanism of tumor propagation in MM
(34). Moreover, the expression of activating NK cell receptors
(e.g., NCR, NKG2D, 2B4, DNAM1) is known to be decreased

in MM patients (35, 36). Although our data only demonstrated
a difference in membrane bound TRAIL expression on resting
NK cells of healthy donors and MM patients, the NK cell
mediated cytotoxic activity against myeloma cell lines was only
marginal.

However, upon ex vivo cytokine stimulation, the cytotoxicity

of NK cells against multiple myeloma cell lines significantly

improved. Furthermore, autologous inhibition was overcome
and led to increased anti-myeloma activity even against

autologous, primary myeloma cells. This result is in line with
other studies investigating ex vivo NK cell expansion/activation
protocols for anti-myeloma immunotherapy.

Frontiers in Immunology | www.frontiersin.org November 2018 | Volume 9 | Article 2743176

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Tognarelli et al. Activating NK Versus Multiple Myeloma

TABLE 1 | Patients characteristics.

Pt. Nr MM type %PC–

BM

ISS

stage

Risk Response

t1

Response

t2

#1 lgA kappa 30 I SR PR VGPR

#2 kappa 20 III n.a. n.a. n.a.

#3 lgG kappa 80 III SR MR VGPR

#4 lgA lambda 25 III HR VGPR PR

#5 lgG kappa 40 I SR n.a. n.a.

#6 lgA kappa 20 I SR PR VGPR

#7 lgG kappa 20 I SR VGPR CR

#8 lgG kappa 90 II SR PR VGPR

#9 lgG kappa 25 I SR VGPR VGPR

#10 lgG kappa 20 II SR VGPR CR

#11 lgG lambda 15 I SR VGPR CR

#12 lgG lambda 50 I SR VGPR CR

#13 lgG kappa 30 I HR VGPR n.a.

#14 lgG kappa n.a. III n.a. n.a. n.a.

#15 lgG kappa 40 III n.a. n.a. n.a.

#16 kappa n.a. I n.a. n.a. n.a.

Sixteen patients with newly diagnosed multiple myeloma have been included in this study.

Fifteen patients had symptomatic myeloma and needed an immediate treatment. Of

these 15 patients, 11 patients were treated with a bortezomib-based triplet, followed

by stem cell mobilization and high-dose chemotherapy with 200 mg/m2 melphalan. The

remaining 4 patients were treated with conventional dose bortezomib/ dexamethasone

or lenalidomide/ dexamethasone. Responses (according to IMWG) were evaluated after

induction treatment (t1), and after minimum 60 days at hematological reconstitution after

high-dose chemotherapy (t2). Risk stratification delineates the following cytogenetic risk

factors by FISH: high risk (HR) with presence of t(4;14), or t(14;16), or del(17p); standard

risk (SR) with Absence of above named. PC, plasma cell; BM, bone marrow; MR,

minimal response; CR, complete remission; PR, partial remission; VGPR, very good partial

remission; n.a., not available.

One study established a GMP-compliant protocol to expand
NK cells from MM patients using IL-2 and anti-CD3 for 20
days, leading to a sufficient NK cell expansion of an average 511-
fold (37). Importantly, only activated and expanded NK cells
were able to kill autologous myeloma cells in vitro, without any
cytotoxicity against autologous CD34+ cells. This effect was time
dependent since the NK cells’ anti-myeloma activity was only
marginal after a 5-day stimulation period.

Another approach was to use a genetically modified K562
cell line expressing the 41BB-ligand and IL-15. NK cells from
healthy donors andmyeloma patients were successfully expanded
and able to kill allogeneic and autologous primary myeloma
cells in vitro and in an in vivo mouse model (38). Again, only
expanded NK cells demonstrated a significant killing activity
against myeloma cells, whereas non-expanded NK cells did not.
In accordance with our data, expanded NK cells from HD and
MM patients demonstrated similar cytotoxic activities against
allogeneic myeloma targets, indicating that ex vivo cytokine
stimulation is able to overcome the NK cell cytotoxicity defects
of myeloma patients.

The mechanism behind their improved cytotoxicity has been
attributed to the increased expression of activating NK cell
receptors (e.g., NKG2D, DNAM1, and NCRs) and cytotoxic
effector molecules (e.g., granzyme B and perforin), as well as,

membrane bound death receptor ligands (e.g., TRAIL). Their
contributions have been demonstrated by performing blocking
experiments upon NK cell cytokine stimulation (32, 38, 39),
which is of particular importance since anti-myeloma drugs
are known to increase activating or decrease inhibitory NK
cell receptor ligands on myeloma cells (40–42). We observed
an increase in the surface expression of activating receptors
upon cytokine stimulation. In addition, TRAIL expression
was significantly increased upon cytokine stimulation on
myeloma patients’ NK cells, which is in concordance with the
results of previous reports demonstrating TRAIL upregulation
and improved NK cell cytotoxicity upon IL-2 and/or IL-15
stimulation (43, 44). Based on this knowledge, the first clinical
trials using adoptive NK cell transfer to treat myeloma patients
have been completed. While one trial used the allogeneic NK cell
line, NK-92, within a phase-I dose-escalating trial for treating
refractory hematological malignancies in a non-transplantation
setting (45), two other trials were performed within an autoSCT
setting. The first used haploidentical, KIR-ligandmismatchedNK
cells expanded with IL-2 and anti-CD3, demonstrating the safe
engraftment of autologous stem cells with no signs of GVHD
in treated myeloma patients (46). Similar safety results were
obtained in a second trial expanding NK cells using irradiated
K562 cells expressing membrane bound IL-21 in combination
with IL-2 (47).

Based on these first in-human trials, we investigated the best
time point for harvesting NK cells to expand them for adoptive
NK cell transfer within an autoSCT setting. Interestingly, in this
study independent of prior treatments with the proteasome-
inhibitor bortezomib, immune modulating substances (IMiDs)
such as lenalidomide or chemotherapeutics including melphalan,
NK cells isolated at all chosen TPs demonstrated similar cytotoxic
activity against myeloma cell lines. This result was surprising
as an NK cell activating effect of IMiDs and a more inhibitory
effect of proteasome inhibitors have been previously reported
(for review see (48)). Furthermore, despite the differential
expression of activating and inhibitory receptors in resting NK
cells, especially the upregulation of NKG2A expression and the
downregulation of CD57 expression at TP2, indicate a more
immature NK cell phenotype, in line with earlier reports (28). In
addition, lower TRAIL expression upon cytokine expression on
NK cell from TP1 did not seem to have a negative influence on
their anti-myeloma activity.

Therefore, we propose that NK cells can be freshly isolated
before the start of high-dose chemotherapy (HD) and autoSCT
in order to be activated, expanded and re-infused before or
after autoSCT. Using freshly isolated NK cells is of importance
since adoptive NK cell transfer studies have demonstrated that
the use of fresh NK cells may be more beneficial than using
cryopreserved cells (49, 50).

Although we observed increased anti-myeloma activity and
expression of activating NK cell receptors, there was a significant
upregulation of the inhibitory receptor NKG2A, while other
receptors such as KIR2D or PD1 were not upregulated. This
result is in contrast to other reports, which have demonstrated
the strong upregulation of PD1 upon cytokine stimulation
(51). In addition, CD57 expression was downregulated on our
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FIGURE 6 | Expression of several NK cell markers significantly changed between different treatment points. NK cells from patients were isolated at different treatment

points: TP0 after diagnosis, TP1 during high-dose chemotherapy and TP2 more than 21 days after stem cell transplantation. After isolation, NK cells were stained with

fluorochrome-conjugated antibodies to determine surface marker expression (A) before and (B) after activation with IL-2 and Il-15. For TP0, 11 individual experiments

with resting NK cells and 15 individual experiments with activated NK cells were performed (n = 11–15). For TP1, 10 individual experiments with resting NK cells and

16 individual experiments with 7 days activated NK cells were performed (n = 10–16). For TP2, 5 individual experiments with resting NK cells and 7 individual

experiments with activated NK cells were performed (n = 5–7). Statistical analysis with two-way ANOVA + Sidak’s multiple comparison: *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.

activated NK cells, corresponding to amore immature phenotype
(52) as has been described by others. In addition, also CD16
was downregulated which might reduce the NK cell ADCC
capacity. Despite their more immature phenotype, those NK
cells were multifunctional since they demonstrated increased
cytokine production, proliferation capacity and degranulation
upon target cell recognition. In addition, cytotoxic molecules
were strongly upregulated (51). These data indicate that the
classical view of NKG2A+ NK cells as being more immature and
the main cytokine producers does not hold true when the cells
are stimulated with cytokines.

NKG2A is known to interact with HLA-E and is known
to be increased on myeloma cell lines. Although HLA-E was
low on our myeloma cell lines, its expression was increased
on primary myeloma cells. This finding is in line with other
reports demonstrating higher levels of HLA-E on primary

myeloma cells than on cell lines, which can be upregulated
upon in vivo transfer (26). In addition, HLA-E expression
was upregulated upon IFN-γ treatment, diminishing their
susceptibility toward NK cell treatment, which was reverted
upon blocking the NKG2A-/HLA-E interaction. The importance
of the NKG2A/HLA-E interaction has been demonstrated for
other diseases, e.g., within a humanized, post-transplantation
model, which demonstrated that re-constituted NKG2A+ NK
cells were able to kill human primary leukemia cells when
mice were injected with an anti-human NKG2A antibody (53).
In addition, blocking the NKG2A/HLA-E interaction was able
to restore NK cell dysfunction against CLL cells (54). This
finding has led to different clinical phase 1 trials to evaluate
the efficacy and safety of the NKG2A blockade in patients with
CLL disease (NCT02557516) or in a post-allogeneic SCT setting
(NCT02921685).

Frontiers in Immunology | www.frontiersin.org November 2018 | Volume 9 | Article 2743178

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Tognarelli et al. Activating NK Versus Multiple Myeloma

FIGURE 7 | Pre-activation of NK cells significantly increases autologous tumor cell lysis. (A) Schematic of the experimental procedure. On d0, NK cells from peripheral

blood were isolated and used for cytotoxicity assays at d0, before activation, and d7, after activation. On d7, MM cells and NK cells were isolated from BM aspirates.

Those cells were also used for cytotoxicity assays at d7, before activation, and d14, after activation. (B) Resting and 7 days cytokine activated NK cells isolated from

peripheral blood and bone marrow of patients were co-cultured for 24 h with CFSE-stained autologous multiple myeloma cells to compare the specific lysis of target

cells. The percentage of dead tumor cells was determined with a live-dead stain (DAPI) via flow cytometry after 24 h of co-culture. NK cells and tumor cells were

co-cultured with a 2:1 E-T ratio. (C) From patients, isolated primary multiple myeloma cells were stained with fluorochrome-conjugated antibodies to determine

marker expression. For the bone marrow samples, 9 individual experiments with resting NK cells and 5 individual experiments with activated NK cells were performed

(n = 5–9). For the peripheral blood samples, 9 individual experiments were performed (n = 9). For the phenotyping of autologous MM cells, 5 individual experiments

were performed. Statistical analysis with two-way ANOVA + Tukey’s multiple comparison: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

In summary, our data provide evidence for the use of ex
vivo cytokine-activated NK cells as an immunotherapy to treat
myeloma patients within an autoSCT setting in combination with
NKG2A blockade.

MATERIALS AND METHODS

NK Cell Isolation and Culture
Blood samples were obtained from healthy donors or from
diagnosed MM patients in accordance with the Declaration of
Helsinki. All subjects provided written, informed consent. This
study was carried out in accordance with the recommendations
of the Ethics Committee of the University Hospital Frankfurt.
The protocol of this study (SHN-02-2015) was approved by the
abovementioned committee. Patient numbers and characteristics
are summarized in Table 1. Patient selection was randomly at the
onset of MM diagnosis prior to any treatment. The age range for
patients was from 45 to 70 years, but only from 29 to 64 years for
healthy donors.

Blood from patients was collected at three different treatment
points (TP0 after diagnosis, TP1 in the pause before high-dose
chemotherapy and autoSCT, TP2 >21 d after SCT). Peripheral

and bone marrow blood mononuclear cells were isolated by
Ficoll density gradient centrifugation (Biochrom, #L6115). NK
cells were enriched by negative selection of NK cells with
an EasySep NK Cell Enrichment Kit (StemCell Technologies,
#19055) according to the manufacturer’s protocol. NK cell purity
was assessed by flow cytometry and was >90% with the used
isolation method. Cells were cultured in X-VIVO 10 (Lonza,
#BE04-743Q) medium supplemented with 5% heat-inactivated
human plasma (DRK Blutspendedienst) and 1% penicillin
with streptomycin (Invitrogen, #15140-122). NK cells were
expanded ex vivo by additionally supplementing the medium
with IL-2 (100 U/ml) (Peprotech, #200-02) and IL-15 (10 ng/ml)
(Peprotech, #200-15). Every third day 80 µl of old medium
were removed and100 µl of fresh medium with cytokines were
added to the wells. All cells were maintained at 37◦C with
5% CO2 atmospheric conditions. Unless otherwise stated, NK
cells were used in the experiments after 7 days of culture with
IL-2/15.

Culture and Treatment of MM Cells
Autologous MM cells were isolated from bone marrow aspirates
using CD138 MicroBeads and a MidiMACS Separator (Miltenyi
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FIGURE 8 | Determination of the expression of surface molecules on multiple myeloma cells. (A) The marker expression of different multiple myeloma cell lines was

measured via FACS analysis by staining the cell lines LP-1 (black), OPM-2 (dark gray) and U266 (light gray) with fluorochrome-conjugated antibodies. (B) To further

increase the expression of HLA-E, the multiple myeloma cell lines were incubated for 24 h with 25 nM IFN-γ before measuring surface marker expression via flow

cytometry. For phenotyping the MM cells, five individual experiments were performed (n = 5). For phenotyping experiments after stimulation with IFN-γ, 3 individual

experiments were performed (n = 3). Statistical analysis with two-way ANOVA + Sidak’s/Tukey’s multiple comparison: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001.

Biotech, #130-042-30, #130-097-614). Cells were cultured in
X-VIVO 10 (Lonza, #BE04-743Q) medium supplemented with
5% heat-inactivated human plasma (DRK Blutspendedienst)
and 1% penicillin with streptomycin. Multiple Myeloma
cell line originally were received from the DSMZ (Leibniz-
Institut DSMZ-German Collection of Micro-organisms
and Cell Cultures GmbH). To further confirm the identity
of the cell lines we performed phenotypic flow cytometry
analysis (Supplemental Figures 4, 6), HLA-ABC genotyping
(Supplemental Table 1) and and short tandem repeat (STR)
analysis of the cell line U266 (Supplemental Table 2). Taken
all the data together, we could confirm the identity of our
MM cell lines by different orthogonal methods, demonstrating
therefore absence of cross-contamination. The MM cell
line LP-1 was cultured in IMDM supplemented with 10%
heat-inactivated fetal bovine serum and 1% penicillin and
streptomycin and glutamine. The cell lines OPM-2 and U266
were cultured in RPMI 1640 + Glutamax (Life Technologies,
#31870-025) supplemented with 10% heat-inactivated fetal
bovine serum and 1% penicillin with streptomycin. All

cells were maintained at 37◦C with 5% CO2 atmospheric
conditions.

FACS Phenotyping and Purity Check
For the flow cytometric measurements, 1 × 105-106 cells
were used per reaction tube. Cells were stained for 20min
at 4◦C. For NK cell phenotyping experiments, cells were
stained with the following antibodies: 7AAD PerCP (#559925),
CD107a APC-H7 (#561343), CD184 PE-Cy7 (#560669), CD226
FITC (#559788), CD25 BV605 (#562660), CD335 PE (#331908),
CD56 BV421 (#562751), CD69 BV605 (#562989) (all from BD
Biosciences), CD16 APC ALEXA700 (#302025), CD19 PerCP
(#302228), CD215 APC (# 330209), CD253 PE (# 308206),
CD3 PerCP (# 300428), CD336 PE (# 558563), CD57 APC
(# 322314) (all from Biolegend), CD138 BV510 (# 130-101-
169), CD14 PerCP (# 130-094-969), CD244 PE-Cy7 (# 130-
099-074), CD279 PE (# 130-096-164), KIR2D FITC (# 130-098-
689) (all from Miltenyi Biotech), CD159a PE (PNIM3291U),
CD314 APC (# A22329) (both from Beckman Coulter) and
CD159c ALEXA488 (# FAB138G-100), CD337 ALEXA488 (#
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FIGURE 9 | Functional blockade of NKG2A significantly increases NK cell cytotoxic potential. Isolated NK cells from (A) patients and (B) healthy donors were

pre-activated by stimulating them with IL-2 and IL-15 for seven days and then co-cultured with different multiple myeloma cell lines, as well as, autologous, primary

cells for 24 h. Prior to co-culture, the NK cells were treated with either an anti-NKG2A or isotype antibody to functionally block NKG2A on the NK cell surface. The

percentage of dead tumor cells was determined with a live-dead stain (DAPI) via flow cytometry after 24 h of co-culture. NK cells and tumor cells were co-cultured with

a 2:1 E-T ratio. For patient samples, 8 individual experiments for resting + isotype, 9 individual experiments for activated + isotype and activated + a-NKG2A were

performed (n = 8–9). For healthy donor samples, 5 individual experiments were performed (n = 5). Statistical analysis with two-way ANOVA + Sidak’s multiple

comparison: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

FAB1849G) (both from R&D). Purity of the isolated NK cells
was checked with the following: DAPI (AppliChem), CD56
FITC (# 345811) (BD Biosciences), CD16 APC ALEXA700 (#

302025), CD19 PerCP, CD3 APC (# 300412) (all from Biolegend),

CD45 PE (# MHCD4504) (Invitrogen) and CD138 BV510

(Miltenyi Biotech). The NK cell gating strategy for all 19 surface

markers that have been analyzed by flow cytometry is depicted

in Supplemental Figures 1, 2 performed on a representative

healthy donor sample. Dead NK cells have been excluded by

7AAD staining, and gates defining the positive percentage of NK

cell populations were set using positive, negative and internal

controls (Supplemental Figure 5).
ForMM cell phenotyping cells were stained with the following

antibodies: CD184 PE-Cy7, CD56 BV421 (BD Biosciences),

CD112 PE, CD261 PE, CD262 APC, CD95 BV412, HLA-

ABC BV605, HLA-E PE-Cy7, HLA-G APC (Biolegend), CD138
BV510, CD48 APC-H7 (Miltenyi), and CD155 FITC (R&D).
Dead cells have been excluded by DAPI-expression. The gating
strategy for all 11 surfacemarkers that have been analyzed by flow

cytometry is depicted in Supplemental Figure 4. Gates defining
the positive percentage of MM cells expressing a specific surface
marker were set using positive, negative and internal controls
(Supplemental Figure 6).

The purity of the isolated, autologous MM cells was
determined with the following antibodies: CD184 PE-Cy7, (BD
Biosciences), CD45 FITC (#6603838), CD56 APC (#IM2474)
(both from Beckmann Coulter), CD19 PerCP (Biolegend),
CD38 PE (DakoCytomation), and CD138 BV510 (Miltenyi
Biotech). MM cells were defined as DAPI-, CD45-/low, CD19-
, CD138+ and CD38+ as shown in Supplemental Figure 3.
Of note, CD138 staining following MM cell isolation was
often low due to the rapid internalization and the possible
competition with the CD138-beads used for the positive selection
procedure.

Analysis of Tumor Cell Death
MM tumor cells were stained with the Cell TraceTM Cell
Proliferation Kit (Invitrogen, #C34554), resuspended in X-VIVO
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10 media supplemented with 5% heat-inactivated human plasma
and 1% penicillin with streptomycin and seeded in a 96 V-bottom
well plate. NK cells were seeded into the corresponding wells. In
experiments where activated NK cells were used, the medium
was additionally supplemented with IL-2 (100 U/ml) and IL-
15 (10 ng/ml). All experiments were performed with an E:T
ratio of 2:1. The 96-well plates were incubated for 24 h at
37◦C with 5% CO2 atmospheric conditions. After incubation,
the cells were resuspended and transferred to FACS tubes.
Directly before measurement, 250 µl DAPI solution (DAPI
1:6000 in PBS) (AppliChem, #A4099,0010) was added to the
tubes and incubated for 3min. For each combination, two
wells were filled, representing technical replicates. In addition,
control wells for all tumor targets used in the experiment were
added, containing target cells only in order to determine the
spontaneous lysis. In the final evaluation of the experiment, the
specific lysis was calculated as the percentage of dead tumor
cells in the wells containing target and effector cells minus the
spontaneous lysis of the respective tumor cell condition. Through
this calculation of the specific lysis as the percentage of killed
tumor cells was attributed completely to the NK cell effector
function. Dead target cells were calculated as Cell Trace+DAPI+
cells.

Blocking Experiments
For blocking experiments NK cells were incubated for at
least 30min with 30µg/ml blocking antibody prior to co-
culture. Blocking experiments were performed with an anti-
NKG2A antibody (Beckman Coulter, #IM2750). As control
a Purified Mouse IgG2b isotype (Biolegend, #400302) was
used.
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Multiple Myeloma (MM) is a hematological cancer characterized by proliferation

of malignant plasma cells in the bone marrow (BM). MM represents the second

most frequent hematological malignancy, accounting 1% of all cancer and 13% of

hematological tumors, with ∼9,000 new cases per year. Patients with monoclonal

gammopathy of undetermined significance (MGUS) and asymptomatic smoldering MM

(SMM) usually evolve to active MM in the presence of increased tumor burden, symptoms

and organ damage. Despite the role of high dose chemotherapy in combination

with autologous stem cell transplantation and the introduction of new treatments,

the prognosis of MM patients is still poor, and novel therapeutic approaches have

been tested in the last years, including new immunomodulatory drugs, proteasome

inhibitors and monoclonal antibodies (mAbs). CD38 is a glycoprotein with ectoenzymatic

functions, which is expressed on plasma cells and other lymphoid and myeloid cell

populations. Since its expression is very high and uniform on myeloma cells, CD38 is

a good target for novel therapeutic strategies. Among them, immunotherapy represents

a promising approach. Here, we summarized recent findings regarding CD38-targeted

immunotherapy of MM in pre-clinical models and clinical trials, including (i) mAbs

(daratumumab and isatuximab), (ii) radioimmunotherapy, and (iii) adoptive cell therapy,

using chimeric antigen receptor (CAR)-transfected T cells specific for CD38. Finally, we

discussed the efficacy and possible limitations of these therapeutic approaches for MM

patients.

Keywords: CD38, multiple myeloma, immunotherapy, preclinical models, clinical trials

MULTIPLE MYELOMA AND CD38: BACKGROUND

Multiple myeloma (MM) is a neoplasm characterized by a clonal expansion of malignant plasma
cells (PC) in the bone marrow (BM). MM arises from pre-malignant asymptomatic proliferation
of PC, that are classified as monoclonal gammopathy of undetermined significance (MGUS) and
smoldering myeloma (SMM) (1). Patients with MGUS are characterized by low levels of serumM-
protein (<3 g/dL) and monoclonal PC in BM (<10%), whereas patients with SMM display higher
levels of serum M-protein (≥3 g/dL) and/or PC in the BM (≥10%). In contrast, diagnosis of MM
includes the presence of end-organ damage associated with the presence of serum M-spike and/or

185

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2018.02722
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.02722&domain=pdf&date_stamp=2018-11-28
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:fabiomorandi@gaslini.org
https://doi.org/10.3389/fimmu.2018.02722
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02722/full
http://loop.frontiersin.org/people/99137/overview
http://loop.frontiersin.org/people/99900/overview
http://loop.frontiersin.org/people/527736/overview
http://loop.frontiersin.org/people/437428/overview
http://loop.frontiersin.org/people/50470/overview
http://loop.frontiersin.org/people/140020/overview


Morandi et al. CD38-Targeted Immunotherapy for Myeloma

monoclonal PC in the BM (2, 3). Malignant transformation
of PC, that are derived from post-germinal center B cells, is
usually driven by multiple genetic and environmental changes.
Indeed, different genetic abnormalities have been detected in
MM and play a role in the pathogenesis of MM, including
(i) translocation of chromosome 14 (t[14;16] and t[14;4]), (ii)
MYC amplification, (iii) activation of NRAS and KRAS, (iv)
mutations in FGFR3 and TP53, and (v) inactivation of cyclin-
dependent kinase inhibitors CDKN2A and CDKN2C (4, 5).
MM accounts 1% of all cancer, and represents the second most
common hematological malignancy, with 25,000–30,000 new
cases per year and an incidence of 5 cases per 100,000 (6, 7).
The median age of MM patients at diagnosis ranged from 66
to 70 years, and only 37% of patients display an age below 65
years (7). The median survival of relapsed MM patients has
increased from 12 months (before 2000) to 24 months after
2000, due to the availability of effective treatments (8). Modern
therapies, such as immunomodulatory drugs and proteasome
inhibitors, have further prolonged the 5- and 10-years survival
rates of MM patients, and a doubling of the median survival
time has been observed in patients diagnosed in the last decade
(8). However, prognosis of relapsed MM patients is still poor,
and novel therapeutic approaches are urgently needed. In this
context, CD38 represents a promising therapeutic target, since
its expression is high and uniform on malignant PC, whereas it is
relatively low on normal lymphoid andmyeloid cells and on non-
hematopoietic tissues. CD38 is a 45 KDa surface glycoprotein,
firstly identified as an activation marker (9): successively the
molecule was reported as an adhesion molecule, able to interact
with endothelial CD31 (10). These finding highlighted the
possibility that CD38 may act as a receptor, notwithstanding a
structural ineptitude to do so. It was shown indeed that CD38
act as an accessory component of the synapse complex (11).
CD38 was then identified as an ectoenzyme involved in the
metabolism of extracellular nicotinamide adenine dinucleotide
(NAD+) and cytoplasmic nicotinamide adenine dinucleotide
phosphate (NADP) (12). The results is the production of Ca2+-
mobilizing compounds, such as cyclic adenosine diphosphate
[ADP] ribose, ADP ribose (ADPR) and nicotinic acid adenine
dinucleotide phosphate. CD38 enzymatic activities were shown
as able to rule the NAD+ levels and improve the function
of proteasome inhibitors (13). Further, ADPR produced by
CD38 can be further metabolized by the concerted action of
CD203a/PC-1 and CD73, to produce the immunosuppressive
molecule adenosine (ADO). This feature points out the role of
CD38 in the escape of tumor cells from the control of the immune
system (14).

CD38-TARGETED IMMUNOTHERAPEUTIC

STRATEGIES: RATIONALE, APPLICATIONS

AND LIMITATIONS

It has been demonstrated that conventional therapies, such as
vincristine and doxorubicin, induce the expression of multidrug
resistance genes and p-glycoprotein in tumor cells, that become
resistant to different drugs (15). Thus, conventional therapies

may be combined with immunotherapeutic strategies targeting
CD38 to improve their efficacy. Indeed, it has been already
demonstrated that combined therapies simultaneously target
multiple pathways and prevent escape/resistance mechanisms of
tumor cells. Moreover, combination of tumor-specific mAbs and
standard chemotherapy is already a standard-of-care in several
hematologic (Hodgkin’s lymphoma and CLL) and solid (breast
cancer and colon carcinoma) tumors (16).

In the context of MM, we have recently demonstrated that,
within the bone niche, only PCs express CD38 at high levels.
Moreover, CD38 expression can be detected on monocytes
and early osteoclast progenitors but not on osteoblasts and
mature osteoclasts, thus suggesting that CD38 expression was
lost during in vitro osteoclastogenesis. Accordingly, we found
that Daratumumab inhibited in vitro osteoclastogenesis and
bone resorption activity from BM total mononuclear cells of
MM patients, targeting CD38 expressed on monocytes and
early osteoclast progenitors (17). In addition, several studies
reported that anti-CD38 mAbs are able to deplete CD38+

immunosuppressive cells, such as myeloid-derived suppressor
cells, regulatory T cells and regulatory B cells, leading to an
increased anti-tumor activity of immune effector cells (18,
19).Thus, these data provide a rationale for the use of an anti-
CD38 antibody-based approach as treatment for MM patients.

However, CD38 is known to be also detectable on other
normal cell subsets, such as NK cells, B cells and activated T
cells and the use of anti CD38 abs could thus affect the activity
of normal cells. NK cells specifically play a pivotal role for
the therapeutic effects of anti-CD38 mAbs, since they mediated
antibody-dependent cell-mediated cytotoxicity (ADCC) and
antibody-dependent cellular phagocytosis (ADCP).This issue can
be addressed by using anti-CD38 F(ab’)2 fragments to protect
normal cells from subsequent anti-CD38 mAb-mediated lysis, or
by infusion of ex-vivo expanded NK cells (20).

Another possible limitation of CD38-targeted therapy may be
represented by the variable expression of CD38 onmalignant PC.
In particular, CD38 expression may be downregulated following
the first infusions of anti-CD38 mAbs, favoring immune escape
and disease progression (21). On this regard, combined therapy
has been proposed to increase CD38 expression on malignant
cells, using a pan–histone deacetylase inhibitor (Panobinostat)
(22) or all-trans reticnoic acid (ATRA) (23). These studies
have demonstrated that anti-CD38 mAb-mediated ADCC
dramatically increased in vitro after the treatment, following the
up-regulation of CD38 expression on MM cells (22, 23).

Anti-CD38 treatment may also generate resistance and
induce tumor immune escape, through the up-regulation of
two complement inhibitor proteins, CD55 and CD59 on MM
cells. However, Nijhof and coworkers have demonstrated that
ATRA treatment is also able to reduce CD55 and CD59
expression on anti-CD38-resistant MM cells, thus supporting the
use of a combined therapy to improve complement-mediated
cytotoxicity (CDC) against malignant cells (21).

In the last years, several novel immunotherapeutic approaches
have been tested for MM patients, using CD38 as target, both in
preclinical models and in clinical trials. These strategies include
(i) mAbs specific for CD38, (ii) radioimmunotherapy, using
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radionuclides targeted to CD38 molecule, and (iii) adoptive cell
therapy, using T cells transfected with a chimeric antigen receptor
(CAR) specific for CD38.

Anti-CD38 mAbs
Development of mAbs against CD38 started in 1990 and anti-
CD38 mAbs have been tested as immunotherapeutic strategy
for MM patients, so far with limited beneficial effects. The anti-
tumor effect of anti-CD38 mAbs is related to their ability to
induce ADCC, CDC and ADCP of opsonized CD38+ cells.
Moreover, anti-CD38 mAbs can induce a direct apoptosis
of CD38+ MM cells via Fc-γ receptor-mediated crosslinking
(24). Crosslinking of anti-CD38 mAbs on MM cells leads
to clustering of cells, phosphatidylserine translocation, loss
of mitochondrial membrane potential, and loss of membrane
integrity. This effect is called homotypic aggregation, and may
be related or not to caspase-3 cleavage (25). The mechanism(s)
of action of anti-CD38 mAbs on MM cells are represented in
Figure 1.

Here, we summarized novel findings obtained using anti-
CD38mAbs as therapeutic strategy forMM in vitro, in preclinical
studies and, finally, in clinical trials.

Daratumumab

Daratumumab is a human anti-CD38 mAb, which is able
to trigger ADCC and CDC in vitro against CD38+ tumor
cells, using either autologous or allogeneic effector cells.
Daratumumab-mediated ADCC and CDC in vivo is not affected
by the presence of BM stromal cells, thus suggesting that
this mAb can kill MM tumor cells in a tumor-preserving
BM microenvironment. Moreover, Daratumumab is able to
inhibit tumor growth in xenograft models at low doses (26).
Another study demonstrated that Daratumumab is able to
trigged programmed cell death (PCD) of MM CD38+ cells
when cross-linked in vitro by secondary mAbs or via an FcγR.
Moreover, in a syngeneic in vivo tumor model, Daratumumab
is able to induce PCD of MM cells, through the cross-linking
mediated by both inhibitory FcγRIIb and activating FcγRs.
These data suggested that the therapeutic effect of Daratumumab
may be at least in part related to the induction of PCD of
MM cells through cross-linking (25). The interaction between
soluble Daratumumab and FcRs appears critical for the action
of the antibody. The marked polar aggregation is followed by
a significant release of microvesicles (MV) (27). Generation of
MV is a physiological event: the difference with the same MV
after antibody treatment is the fact that they are covered with

FIGURE 1 | Schematic representation of the mechanism(s) of action of anti-CD38 mAbs on MM cells.
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the therapeutic IgG. This makes their destination mandatory
to FcR-expressing cells and tissues (28). CD38 is expressed at
high levels in BM niche only by PC. However, its expression
can be detected at lower levels also on monocytes and early
osteoclast progenitors, but not on mature osteoblasts and
osteoclasts, since CD38 expression is downregulated during
in vitro osteoclastogenesis (17). Consistently, it has been
demonstrated that Daratumumab reacts with CD38 expressed
on monocytes and inhibited in vitro osteoclastogenesis and bone
resorption activity from BM total mononuclear cells (MNC) of
MM patients, by targeting CD38+ osteoclast progenitors. Thus,
Daratumumabmay be effective also to prevent osteoclastogenesis
induced by MM (17). The anti-tumor efficacy of Daratumumab
may be increased by the combination with immunomodulatory
drugs. One study analyzed the combined effect of human anti-
CD38 mAb Daratumumab and lenalidomide, a drug that is able
stimulate the immune system and to induce apoptosis of tumor
cells and inhibition of angiogenesis. They have demonstrated
that effector cells derived from peripheral blood (PB) MNC
from healthy individuals pretreated with lenalidomide displayed
in vitro an increased ADCC mediated by Daratumumab against
primary CD38+ MM cells and UM-9 MM cell line. Same results
were obtained using BM MNC of MM patients, thus indicating
that lenalidomide can increase Daratumumab-mediated lysis of
MM cells by activating autologous effector cells within the natural
environment of malignant cells. Finally, they have demonstrated
an increased Daratumumab-dependent ADCC against MM cells
using PB derived from lenalidomide-treated MM patients as
effector cells. These data suggested that the combination of
lenalidomide andDaratumumabmay represent an effective novel
therapeutic strategy for MM patients (29). This conclusion was
confirmed by another study, where Daratumumab was combined
with lenalidomide and bortezomib (30). Daratumumab induced
lysis of (i) MM cells that were resistant to lenalidomide and
bortezomib and (ii) primary MM cells using BM MNC derived
from MM patients that were refractory to lenalidomide and/or
bortezomib treatment. This study confirmed that lenalidomide
(but not bortezomib) synergistically enhanced Daratumumab-
mediated lysis of MM cells through activation of NK cells.
Moreover, the combination of daratumumab with lenalidomide
effectively reduced the growth of primary MM cells from a
lenalidomide- and bortezomib-refractory patient in vivo using
a xenograft model (30). We summarized the clinical results
obtained with Daratumumab in a recent Review article (31).

Isatuximab

Isatuximab (formerly known as SAR650984) is a humanized
anti-CD38 mAb that exerts a strong pro-apoptotic activity
independent of cross-linking agents, and potent anti-tumor
activity related to CDC, ADCC and ADCP. These functions
are equivalent in vitro to those observed for rituximab in
CD20+ and CD38+ models. Moreover, isatuximab is able to
partially inhibit ADP-ribosyl cyclase activity of CD38, through an
allosteric antagonism (32). Additional mechanism of action have
been characterized by Jiang et al., who have demonstrated that
isatuximab is able to induce homotypic aggregation-associated
cell death in MM cells, that is related to the level of CD38

expression on cell surface and depends on actin cytoskeleton and
membrane lipid raft (33). Isatuximab and its F(ab)’2 fragments
also induce (i) apoptosis of MM cells highly expressing CD38,
through the activation of caspase 3 and 7, (ii) lysosome-
dependent cell death by enlarging lysosomes and increasing
permeabilization of lysosomal membrane, and (ii) upregulation
of reactive oxygen species. It has been also demonstrated that
SAR650984-mediated killing of MM cells is enhanced by the
antitumoral drug pomalidomide, even in MM cells resistant
to pomalidomide/lenalidomide (33). Feng and coworkers have
demonstrated that isatuximab is able to decrease the frequency
of CD38hi Treg and to increase the frequency of CD4+CD25−

T cells. Treatment with isatuximab downmodulate Foxp3 and
IL10 in Tregs and restores proliferation and function of T
cells. Furthermore, isatuximab increases MM cell lysis by CD8+

T and NK cells in vitro (34). MM cells are able to induce
the expansion of CD38hi Tregs in vitro when cultured with
CD4+CD25− T cells. In this context, isatuximab is able to inhibit
the expansion of inducible Tregs by MM cells and stromal
cells, by inhibiting cell-to-cell contact and release of TGFβ/IL10.
Thus, this study demonstrated that isatuximab, through CD38
targeting, is able to revert MM-induced immunosuppression
and to restore anti-MM immune effector cell functions (34).
Finally, it has been demonstrated that isatuximab was effective to
eradicate malignant cells in vivo in xenograft models of different
hematological CD38+ human tumors, including MM. This anti-
tumor activity was more potent than that of bortezomib in MM
xenograft models set up using NCI-H929 and Molp-8 MM cell
lines. More importantly, isatuximab demonstrated a potent pro-
apoptotic activity against CD38+ human primary MM cells (32).
Taken together, these findings supported the use of isatuximab in
phase 1 clinical studies for MM patients, alone or in combination
with other drugs such as pomalidomide or lenalidomide.

CD38-Specific Chimeric mAbs and Nanobodies

In the past, several anti-CD38 mAb have been developed and
tested for their ability to induce ADCC and CDC against
CD38+ MM cells. Stevenson and coworkers have developed
a chimeric anti-CD38 mAb, composed by the Fab portion of
OKT10 murine mAb linked to a human IgG1 Fc fragment.
This chimeric mAb, but not the parental mAb, mediated ADCC
using human mononuclear effector cells, and displayed limited
side effects on other CD38+ cell populations (i.e., NK cells
and granulocyte/macrophage or erythroid progenitor cells).
Chimeric mAb induced ADCC using cells isolated from 14
MM patients subjected to various chemotherapeutic regimes,
and such function was similar to that observed in normal
individuals, thus suggesting that treatment with anti-CD38
chimeric antibody may be effective in these patients (35).
Similarly, Ellis and coworkers developed a humanized IgG1 mAb
and a chimeric mAb (composed by mouse Fab cross-linked to
two human gamma 1 Fc fragments) against CD38. Both mAbs
efficiently directed ADCC against CD38+ cell lines, without
down-modulating CD38 expression or enzymatic activity, thus
representing a promising therapeutic strategy against MM and
other diseases involving CD38+ cells (36).
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More recently, different studies have been aimed at the
generation of novel mAbs targeting CD38. In one of these studies,
a series of nanobodies against CD38 with high affinities have been
generated. The authors identified the epitopes that bind these
nanobodies on the carboxyl domain of CD38 molecule. Next,
they binded these nanobodies to fluorescent proteins to quantify
CD38 expression then confirming the higher CD38 expression on
MM cells as compared to normal leukocytes. More importantly,
they have generated an immunotoxin, binding nanobodies with
a bacterial toxin, that displayed a highly selective cytotoxicity
against patient-derived MM cells and MM cell lines, even at
very low concentrations. Such effect can be further enhanced by
stimulating CD38 expression using retinoid acid. These results
suggested that these anti-CD38 nanobodies may represent a
novel diagnostic and therapeutic tool for MM patients (37). The
development of anti-CD38 nanobodies has been carried out also
by Fumey and coworkers. They have identified 22 nanobody
families specific for CD38 molecule from llamas immunized
with recombinant non-glycosylated CD38 ecto-domain, using
a phage display technology (38). They performed cross-
blockade analyses by flow cytometry using CD38-transfected
cells, and an in-tandem epitope binding using CD38 molecule
immobilized on biosensors, demonstrating that these nanobody
families recognize three different non-overlapping epitopes, with
four nanobody families showing a complementary binding to
Daratumumab. Three nanobody families inhibit the enzymatic
activity of CD38 in vitro, while two other families act as
enhancers. All nanobodies also recognized native CD38 on
tumor cells and lymphoid cells (T, B, and NK cells), and some
of them still recognized tumor cells after opsonization with
daratumumab, thus suggesting that these nanobodies recognized
a different epitope. Finally, fluorochrome-conjugated CD38
nanobodies efficiently reach CD38+ tumors in a rodent model
within 2 h after intravenous injection, thus allowing in vivo tumor
imaging. This study suggested that anti-CD38 nanobodiesmay be
effective for the modulation of CD38 enzymatic activity and for
the diagnosis of CD38-expressing tumors, also in patients treated
with daratumumab (38). Barabas and colleagues have developed
novel anti-CD38 mAbs by injecting an immune complex,
composed by CD38 antigen and homologous anti-CD38 lytic
IgG mAbs, in rabbits. Recipient rabbits produced mAbs with the
same specificity against CD38 antigen. Such mAbs demonstrated
in vitro a potent agglutinating, precipitating and lytic function.
Moreover, in the presence of complement, donor and recipient
rabbits’ immune sera lysed CD38+ MM cells in vitro. Thus,
they demonstrated that this “third vaccination” method has
good potential for MM therapy (39). Moreover, they have
demonstrated that passive immunization of SCID mice injected
subcutaneously with human MM cells with heterologous anti-
CD38 IgG antibody containing serum significantly decreased
cancer growth in the presence of complement, thus confirming
the efficacy of this methods also in preclinical models (40).

Radioimmunotherapy
Since malignant PC are very radiosensitive, CD38 has been used
as target for radioimmunotherapy (RIT) in preclinical models
of MM. Green and coworkers investigated both conventional

RIT (directly radiolabeled antibody) and streptavidin-biotin
pretargeted RIT (PRIT) directed against CD38 as therapeutic
approach to deliver radiation doses sufficient for MM cell
eradication. They demonstrated that the biodistribution was
increased using PRIT as compared to conventional RIT. They
achieved a tumor/blood ratio of 638:1 24 h after PRIT, whereas
ratios never exceeded 1:1 with conventional RIT. (90)Yttrium
absorbed dose displayed an excellent target/normal organ ratios
(6:1 for kidney, lung and liver; 10:1 for whole body). Moreover,
they observed an objective remission of MM in 100% of mice
treated with doses ranging from 800 to 1,200 µCi of anti-CD38
pre-targeted (90)Y-DOTA-biotin 7 days after the treatment, with
a complete remission at day 23, with undetectable tumor masses.
Moreover, 100% of mice bearing MM xenografts treated with
800 µCi of anti-CD38 pre-targeted (90)Y-DOTA-biotin achieved
a long-term tumor-free survival (more than 70 days) compared
with 0% in the control group (41). Since immunogenicity and
endogenous biotin blockade may limit the clinical translation
of PRIT, the authors developed a new approach based on the
use of an anti-CD38 bispecific fusion protein conjugated with
90Y. This protein eliminates the interference due to biotin
and is less immunogenic, and demonstrated an excellent blood
clearance and targeting of MM cells in xenograft models. Indeed,
they demonstrated a high tumor-absorbed dose and, more
importantly, a high tumor-to-normal organ dose ratios (7:1 for
liver and 15:1 for lung and kidney), thus demonstrating that
fusion protein targets tumor cells but not normal tissues. They
obtained a 100% of complete remissions at day 12 and 80% of
mice cured at optimal doses (1,200 µCi), thus demonstrating
an efficacy of the fusion protein equal to streptavidin-biotin-
based PRIT. Furthermore, bispecific proteins display a superior
efficacy as compared to the latter method, in terms of overall
survival, using lower radiation doses (600–1,000 µCi). Thus,
bispecific PRIT represents an attractive candidate for clinical
translation, especially for MM patients with refractory disease,
which typically retained sensitivity to radiation (42).Teiluf and
coworkers tested radioimmunoconjugates, consisting of the α-
emitter 213Bi conjugated to anti-CD38mAb in preclinical models
of MM. 213Bi-anti-CD38 mAb was effective in the induction of
DNA double-strand breaks in different MM cell lines, inducing
apoptosis, cell cycle arrest and mitotic arrest, with subsequent
mitotic catastrophe. The anti-tumor effect of therapeutic strategy
correlated with the expression level of CD38 on MM cell lines.
More importantly, they demonstrated that mice bearing MM
xenografts treated with 213Bi-anti-CD38 mAb display a limited
tumor growth via induction of apoptosis in tumor tissue, and a
significantly prolonged survival compared to controls. Moreover,
no signs of 213Bi-induced toxicity was observed in the major
organ systems (43). These studies suggest that CD38-targeted
RITmay represent a promising therapeutic tool for MM patients.

Cellular Therapy
Recent findings suggest that CD38 may represent a good
target for antigen-specific adoptive cell therapy. Indeed, T cells
expressing CAR have been successfully used in several clinical
trials for solid and hematological tumors (44). Moreover, CAR
T cells specific for different MM associated antigens, such as
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CS1 (45), B-cell maturation antigen (46), SLAMF7 (47), and
CD19 (48) proved to be effective in preclinical models and/or in
clinical trials. Mihara and coworkers developed anti-CD38 CAR
T cells through retroviral vector-mediated transduction of the
transmembrane domain of CD8α, the intracellular domains of
4–1BB and CD3ζ and anti-CD38 single-chain variable domain
(scFv). Anti-CD38 CAR T cells displayed cytotoxic activity
in vitro against either MM cell lines or primary MM cells

isolated from patients. Thus, these cells may represent a powerful
therapeutic tool in preclinical models of MM (49). This issue
was addressed by Drent et al., who tested anti-CD38 CAR T
cells in vivo using a xenotransplant model (using UM9 MM
cell line), in which MM cells were grown in a humanized
BM microenvironment. Anti-CD38 CAR T cells demonstrated
a potent anti-tumor effect when administered intravenously or
intratumorally, thus suggesting that these cells efficiently migrate,

TABLE 1 | CD38-targeted ongoing clinical trials (www.clinicaltrials.gov).

Study title Interventions Status

Study to evaluate the safety and efficacy of anti-CD38 CAR-T in relapsed or

refractory multiple myeloma patients

Biological: Anti-CD38 A2 CAR-T cells Recruiting

Daratumumab (HuMax®-CD38) safety study in multiple myeloma Drug: Daratumumab plus Methylprednisolone and

Dexamethasone

Completed

Monoclonal antibodies for treatment of multiple myeloma. emphasis on the

CD38 antibody Daratumumab

Drug: Daratumumab plus Lenalidomide and

Dexamethasone

Completed

A Phase I/IIa study of human anti-CD38 antibody MOR03087 (MOR202) in

relapsed/refractory multiple myeloma

Drug: MOR03087 phase 1 dose escalation plus

Dexamethasone and others

Active, not recruiting

A study of JNJ-54767414 (HuMax CD38) (Anti-CD38 monoclonal antibody) in

combination with backbone treatments for the treatment of patients with multiple

myeloma

Drug: Daratumumab plusVelcade, Pomalidomide

and others

Active, not recruiting

Phase II study of the CD38 antibody Daratumumab in patients with high-risk

MGUS and low-risk smoldering multiple myeloma

Drug: Daratumumab Recruiting

CAR-T cells therapy in relapsed/refractory multiple myeloma Biological: Anti-CD38 CAR-T Cells Recruiting

Isatuximab single agent study in japanese relapsed and refractory multiple

myeloma patients

Drug: Isatuximab SAR650984 Active, not recruiting

SAR650984 in combination with Carfilzomib for treatment of relapsed or

refractory multiple myeloma

Drug: SAR650984 plus Carfilzomib Recruiting

Study of GBR 1342, a CD38/CD3 Bispecific antibody, in subjects with previously

treated multiple myeloma

Biological: GBR 1342 Recruiting

Efficacy and safety study of Pembrolizumab (MK-3475) in combination with

Daratumumab in participants with relapsed refractory multiple myeloma

Biological: Pembrolizumab plus Daratumumab Not yet recruiting

SAR650984 (Isatuximab), Lenalidomide, and Dexamethasone IN Combination in

RRMM patients

Drug: isatuximab SAR650984 plus lenalidomide and

dexamethasone

Active, not recruiting

2015-12: a study exploring the use of early and late consolidation/maintenance

therapy

Drug: Daratumumab plus carfilzomib, thalidomide,

dexamethasone and others

Recruiting

Daratumumab in combination With ATRA Drug: Daratumumab plus all-trans retinoic acid

(ATRA)

Recruiting

Daratumumab in combination with Bortezomib and Dexamethasone in subjects

with relapsed or relapsed and refractory multiple myeloma and severe renal

impairment

Drug: Daratumumab plus bortezomib and

dexamethasone

Recruiting

Study of Isatuximab Combined With Bortezomib + Cyclophosphamide +

Dexamethasone (VCD) and Bortezomib + Lenalidomide + Dexamethasone

(VRD) in newly diagnosed multiple myeloma (MM) non-eligible for transplant

Drug: Daratumumab plus lenalidomide, bortezomib,

cyclophosphamide and others

Recruiting

SAR650984, Pomalidomide and Dexamethasone in combination in RRMM

patients

Drug: Isatuximab SAR650984 plus pomalidomide

and dexamethasone

Active, not recruiting

Daratumumab in Treating Patients With multiple myeloma Biological: Daratumumab Active, not recruiting

Daratumumab, Thalidomide and Dexamethasone in Relapse and/or refractory

myeloma

Drug: Daratumumab plus thalidomide and

dexamethasone

Not yet recruiting

Copper 64Cu-DOTA-Daratumumab positron emission tomography in diagnosing

patients with relapsed multiple myeloma

Biological: Daratumumab plus imaging agent using

positron emission tomography

Recruiting

Daratumumab in treating transplant-eligible participants with multiple myeloma Drug: Daratumumab plus autologous hematopoietic

stem cell transplantation

Recruiting

Daratumumab after stem cell transplant in treating patients with multiple

myeloma

Drug: Daratumumab plus autologous hematopoietic

stem cell transplantation and melphalan

Not yet recruiting

Multi-CAR T cell therapy in the treatment of multiple myeloma Biological: Anti-CD38 CAR-T cells Recruiting
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TABLE 2 | Response rates in CD38-targeted ongoing clinical trials.

Study Response rate

ORR PR CR

Daratumumab Plus Lenalidomide and Dexamethasone (DRd) vs.

Lenalidomide and Dexamethasone (Rd) (56)

DRd: 93%

Rd: 76%

DRd: 78%

Rd: 45%

DRd: 46%

Rd: 20%

Daratumumab plus Pomalidomide and Dexamethasone (D,pom/dex) vs.

Pomalidomide and Dexamethasone (pom/dex) (57, 58)

D, pom/dex: 60%

pom/dex: 47%

D, pom/dex: 43%

pom/dex: 32%

D, pom/dex: 17%

pom/dex: 15%

Daratumumab Plus Bortezomib and Dexamethasone (DVd) vs. Bortezomib

and Dexamethasone (Vd) (59)

DVd: 84%

Vd: 63%

DVd: 62%

Vd: 29%

DVd: 26%

Vd: 10%

infiltrate, and eliminate human MM tumors growing in their
natural niche. This study demonstrates that CAR mediated
targeting of CD38+ MM cells represents a promising therapeutic
strategy for MM patients (50). The same authors tested different
antibody sequences, and demonstrated that anti-CD38 CART
T cells are able to proliferate, to secrete pro-inflammatory
cytokines and to lyse malignant cells, irrespective of the donor
and antibody sequence. Moreover, they demonstrated that CAR
T cells lyse the CD38+ fractions of CD34+ hematopoietic
progenitor cells, monocytes, natural killer cells, and to a lesser
extent T and B cells. However, they did not inhibit the outgrowth
of progenitor cells into myeloid lineages and, furthermore, they
were effectively controllable with a caspase-9-based suicide gene,
thus guaranteeing the safety of this approach (51). In this line,
the same authors recently developed anti-CD38 CAR T cells
with a lower affinity for CD38 antigen. They used the “light-
chain exchange” technology to combine the heavy chains of two
high-affinity CD38 antibodies with 176 different germline light
chains, thus generating more than 100 new antibodies with a
lower affinity (10- to 1,000- fold) to CD38. Among them, they
identified eight antibodies and they isolated the corresponding
single-chain variable fragments to generate new anti-CD38 CAR
T cells. These cells displayed a 1,000-fold reduced affinity for
CD38, and were able to proliferate, produce Th1-like cytokines
and, more importantly, to lyse CD38hi MM cells but not CD38low

normal cells, either in vitro or in vivo. Thus, this approach allow
to generate CAR T cells highly specific for tumor-associated
antigens that are also expressed at low intensity by normal cells
(52). These studies confirmed that anti-CD38 CAR T cells may
represent a novel and effective therapeutic tool for MM patients.
Indeed, three clinical trials based on CD38 CAR T cells are
currently recruiting MM patients (www.clinicaltrials.gov).

A limitation on the use of CD38-specific CAR T cells may be
represented by a possible toxicity of this approach, due to the
presence of CD38 on normal cells, such as NK cells, activated
T cells and B cells, as mentioned before. In this line, Drent
et al. designed a novel class of doxycycline (DOX)-inducible
CD38-specific CAR T cells, that are rapidly inactivated by low
doses of DOX, allowing to control off-tumor effects within 24
h. Thus, this strategy adds a second level of safety in CAR T
cell-mediated therapy of MM patients, allowing to control the
activity of CAR T cells without destroying them permanently
(53). Another possible limitation is represented by the variable
expression of CD38 on myeloma cells. As mentioned before,

ATRA may be administered in combination with CD38-specific
CAR T cells to up-regulate CD38 expression on malignant cells
and consequently to improve CAR T cell-mediated anti-tumor
activity. In this line, Mihara et al. have demonstrated that ATRA
increases the cytotoxic activity of anti-CD38 CAR T cells against
(i) acutemyeloid leukemia (AML) cell lines and (ii) primary AML
blasts from patients (54).

On the other hand, the anti-tumor activity of CD38-specific
CAR T cells may be enhanced through the combination of
these cells with conventional therapies, such as checkpoint
inhibitors. Indeed, it has been demonstrated that PD-1 inhibitor
pembrolizumab (PEM) increased and/or prolonged detection
of circulating anti-CD19 CAR T cells in acute lymphoblastic
leukemia (ALL) patients. Consequently, anti-tumor activity of
CAR T cells was dramatically improved in PEM-treated patients
(55).

CONCLUSIONS

The findings here reported confirmed that CD38 represents a
good target for immunotherapeutic approaches for MM patients.
Indeed, the efficacy of therapeutic strategies based on the use of
mAbs or CAR T cells specific for CD38 has been demonstrated
in vitro and in preclinical studies. More importantly, some of
these therapeutic approaches have already been translated to
the clinic, with promising results either as monotherapy or in
combination with chemotherapeutic drugs. Currently, 23 clinical
trials based on CD38 as target are ongoing (3 not yet recruiting,
12 recruiting, 6 active, and 2 completed, www.clinicaltrials.gov,
Table 1).

Response rates for ongoing clinical trials with available clinical
data are reported in Table 2. These studies confirmed that the
combination of anti-CD38 mAbs with conventional therapies
dramatically improved the clinical outcome of MM patients (56–
59).Thus, further studies aimed at the characterization of novel
combined therapies that include anti-CD38 immune effectors
might be pivotal to design effective clinical strategies to increase
progression-free and overall survival of MM patients.

AUTHOR CONTRIBUTIONS

FM analyzed data present in the literature and wrote the
manuscript. ALH, FC, NG, FMal and VP contributed to the
writing of the final version of the manuscript.

Frontiers in Immunology | www.frontiersin.org November 2018 | Volume 9 | Article 2722191

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Morandi et al. CD38-Targeted Immunotherapy for Myeloma

FUNDING

This work was supported by the Associazione Italiana per

la Ricerca sul Cancro under IG2017 Grant (id. 20299), the

International Myeloma Foundation under 2018 Brian D. Novis

Senior Research Grant, Associazione Italiana per la Ricerca
sul Cancro IG 17273 to VP and grant from Compagnia San
Paolo to FMal. FMal acknowledges the help and assistance
of the non-profit Fondazione Ricerca Molinete (Torino,
Italy).

REFERENCES

1. KuehlWM, Bergsagel PL. Multiple myeloma: evolving genetic events and host

interactions. Nat Rev Cancer (2002) 2:175–87. doi: 10.1038/nrc746

2. International Myeloma Working Group Criteria for the classification of

monoclonal gammopathies, multiple myeloma and related disorders: a report

of the International Myeloma Working Group. Br J Haematol. (2003)

121:749–57. doi: 10.1046/j.1365-2141.2003.04355.x

3. Kyle RA, Durie BG, Rajkumar SV, Landgren O, Blade J, Merlini G,

et al. Monoclonal gammopathy of undetermined significance (MGUS)

and smoldering (asymptomatic) multiple myeloma: IMWG consensus

perspectives risk factors for progression and guidelines for monitoring and

management. Leukemia (2010) 24:1121–7. doi: 10.1038/leu.2010.60

4. Zhan F, Huang Y, Colla S, Stewart JP, Hanamura I, Gupta S, et al. The

molecular classification of multiple myeloma. Blood (2006) 108:2020–8.

doi: 10.1182/blood-2005-11-013458

5. Avet-Loiseau H, Attal M, Moreau P, Charbonnel C, Garban F, Hulin C,

et al. Genetic abnormalities and survival in multiple myeloma: the experience

of the Intergroupe Francophone du Myelome. Blood (2007) 109:3489–95.

doi: 10.1182/blood-2006-08-040410

6. Phekoo KJ, Schey SA, Richards MA, Bevan DH, Bell S, Gillett D, et al. A

population study to define the incidence and survival of multiple myeloma in

a National Health Service Region in UK. Br J Haematol. (2004) 127:299–304.

doi: 10.1111/j.1365-2141.2004.05207.x

7. Palumbo A, Anderson K. Multiple myeloma. N Engl J Med. (2011) 364:1046–

60. doi: 10.1056/NEJMra1011442

8. Kumar SK, Rajkumar SV, Dispenzieri A, Lacy MQ, Hayman SR, Buadi

FK, et al. Improved survival in multiple myeloma and the impact of novel

therapies. Blood (2008) 111:2516–20. doi: 10.1182/blood-2007-10-116129

9. Funaro A, Spagnoli GC, Ausiello CM, Alessio M, Roggero S, Delia D, et al.

Involvement of the multilineage CD38 molecule in a unique pathway of cell

activation and proliferation. J Immunol. (1990) 145:2390–6.

10. Deaglio S, Morra M, Mallone R, Ausiello CM, Prager E, Garbarino G, et al.

Human CD38 (ADP-ribosyl cyclase) is a counter-receptor of CD31, an Ig

superfamily member. J Immunol. (1998) 160:395–402.

11. Munoz P, Mittelbrunn M, De La Fuente H, Perez-Martinez M, Garcia-Perez

A, Ariza-Veguillas A, et al. Antigen-induced clustering of surface CD38 and

recruitment of intracellular CD38 to the immunologic synapse. Blood (2008)

111:3653–64. doi: 10.1182/blood-2007-07-101600

12. Howard M, Grimaldi JC, Bazan JF, Lund FE, Santos-Argumedo L,

Parkhouse RM, et al. Formation and hydrolysis of cyclic ADP-ribose

catalyzed by lymphocyte antigen CD38. Science (1993) 262:1056–9.

doi: 10.1126/science.8235624

13. Cagnetta A, Cea M, Calimeri T, Acharya C, Fulciniti M, Tai YT, et al.

Intracellular NAD(+) depletion enhances bortezomib-induced anti-myeloma

activity. Blood (2013) 122:1243–55. doi: 10.1182/blood-2013-02-483511

14. Chillemi A, Quarona V, Antonioli L, Ferrari D, Horenstein AL, Malavasi

F. Roles and modalities of ectonucleotidases in remodeling the multiple

myeloma niche. Front Immunol. (2017) 8:305. doi: 10.3389/fimmu.2017.00305

15. Yang W-C, Lin S-F. Mechanisms of drug resistance in relapse and refractory

multiple myeloma. BioMed Res Int. (2015) 2015:17. doi: 10.1155/2015/3

41430

16. Weiner LM, Surana R, Wang S. Monoclonal antibodies: versatile

platforms for cancer immunotherapy. Nat Rev Immunol. (2010) 10:317–27.

doi: 10.1038/nri2744

17. Costa F, Toscani D, Chillemi A, Quarona V, Bolzoni M, Marchica V, et al.

Expression of CD38 in myeloma bone niche: a rational basis for the use of

anti-CD38 immunotherapy to inhibit osteoclast formation.Oncotarget (2017)

8:56598–611. doi: 10.18632/oncotarget.17896

18. Krejcik J, Casneuf T, Nijhof IS, Verbist B, Bald J, Plesner T, et al. Daratumumab

depletes CD38+ immune regulatory cells, promotes T-cell expansion, and

skews T-cell repertoire in multiple myeloma. Blood (2016) 128:384–94.

doi: 10.1182/blood-2015-12-687749

19. Zhang L, Tai YT, Ho M, Xing L, Chauhan D, Gang A, et al. Regulatory

B cell-myeloma cell interaction confers immunosuppression and promotes

their survival in the bone marrow milieu. Blood Cancer J. (2017) 7:e547.

doi: 10.1038/bcj.2017.24

20. Cherkasova E, Espinoza L, Kotecha R, Reger RN, Berg M, Aue G, et al.

Treatment of ex vivo expandedNK cells with Daratumumab F(ab’)2 fragments

protects adoptively transferred NK cells fromDaratumumab-mediated killing

and augments Daratumumab-induced Antibody Dependent Cellular Toxicity

(ADCC) of myeloma. Blood (2015) 126:4244.

21. Nijhof IS, Casneuf T, Van Velzen J, Van Kessel B, Axel AE, Syed K,

et al. CD38 expression and complement inhibitors affect response and

resistance to daratumumab therapy in myeloma. Blood (2016) 128:959–70.

doi: 10.1182/blood-2016-03-703439

22. Garcia-Guerrero E, Gogishvili T, Danhof S, Schreder M, Pallaud C, Perez-

Simon JA, et al. Panobinostat induces CD38 upregulation and augments

the antimyeloma efficacy of Daratumumab. Blood (2017) 129:3386–8.

doi: 10.1182/blood-2017-03-770776

23. Nijhof IS, Lokhorst HM, Van Kessel B, Groen RWJ, Martens AC, Doshi P,

et al. Modulation of CD38 expression levels on multiple myeloma tumor cells

by all-trans retinoic acid improves the efficacy of the anti-CD38 monoclonal

antibody Daratumumab. Blood (2014) 124:2096.

24. Jansen JHM, Boross P, Overdijk MB, Van Bueren JJL, Parren PWHI, Leusen

JHW. Daratumumab, a human CD38 antibody induces apoptosis of myeloma

tumor cells via Fc receptor-mediated crosslinking. Blood (2012) 120:2974.

25. Overdijk MB, Jansen JHM, Nederend M, Lammerts Van Bueren JJ, Groen

RWJ, Parren PWHI, et al. The therapeutic CD38 monoclonal antibody

daratumumab induces programmed cell death via Fcγ receptor–mediated

cross-linking. J Immunol. (2016) 197:807–13. doi: 10.4049/jimmunol.1501351

26. De Weers M, Tai YT, Van Der Veer MS, Bakker JM, Vink T, Jacobs DC,

et al. Daratumumab, a novel therapeutic human CD38 monoclonal antibody,

induces killing of multiple myeloma and other hematological tumors. J

Immunol. (2011) 186:1840–8. doi: 10.4049/jimmunol.1003032

27. Malavasi F, Chillemi A, Castella B, Schiavoni I, Incarnato D, Oliva S, et al.

CD38 and Antibody therapy: what can basic science add? Blood (2016)

128:SCI–36.

28. Morandi F, Marimpietri D, Horenstein AL, Bolzoni M, Toscani D, Costa

F, et al. Microvesicles released from multiple myeloma cells are equipped

with ectoenzymes belonging to canonical and non-canonical adenosinergic

pathways and produce adenosine from ATP and NAD+. Oncoimmunology

(2018) 7:e1458809. doi: 10.1080/2162402X.2018.1458809

29. Van Der Veer MS, De Weers M, Van Kessel B, Bakker JM, Wittebol S,

Parren PW, et al. Towards effective immunotherapy of myeloma: enhanced

elimination of myeloma cells by combination of lenalidomide with the human

CD38 monoclonal antibody daratumumab. Haematologica (2011) 96:284–90.

doi: 10.3324/haematol.2010.030759

30. Nijhof IS, Groen RW, Noort WA, Van Kessel B, De Jong-Korlaar R,

Bakker J, et al. Preclinical evidence for the therapeutic potential of CD38-

targeted immuno-chemotherapy in multiple myeloma patients refractory

to lenalidomide and bortezomib. Clin Cancer Res. (2015) 21:2802–10.

doi: 10.1158/1078-0432.CCR-14-1813

31. Van De Donk N, Richardson PG, Malavasi F. CD38 antibodies

in multiple myeloma: back to the future. Blood (2018) 131:13–29.

doi: 10.1182/blood-2017-06-740944

32. Deckert J, Wetzel MC, Bartle LM, Skaletskaya A, Goldmacher VS, Vallee F,

et al. SAR650984, a novel humanized CD38-targeting antibody, demonstrates

Frontiers in Immunology | www.frontiersin.org November 2018 | Volume 9 | Article 2722192

https://doi.org/10.1038/nrc746
https://doi.org/10.1046/j.1365-2141.2003.04355.x
https://doi.org/10.1038/leu.2010.60
https://doi.org/10.1182/blood-2005-11-013458
https://doi.org/10.1182/blood-2006-08-040410
https://doi.org/10.1111/j.1365-2141.2004.05207.x
https://doi.org/10.1056/NEJMra1011442
https://doi.org/10.1182/blood-2007-10-116129
https://doi.org/10.1182/blood-2007-07-101600
https://doi.org/10.1126/science.8235624
https://doi.org/10.1182/blood-2013-02-483511
https://doi.org/10.3389/fimmu.2017.00305
https://doi.org/10.1155/2015/341430
https://doi.org/10.1038/nri2744
https://doi.org/10.18632/oncotarget.17896
https://doi.org/10.1182/blood-2015-12-687749
https://doi.org/10.1038/bcj.2017.24
https://doi.org/10.1182/blood-2016-03-703439
https://doi.org/10.1182/blood-2017-03-770776
https://doi.org/10.4049/jimmunol.1501351
https://doi.org/10.4049/jimmunol.1003032
https://doi.org/10.1080/2162402X.2018.1458809
https://doi.org/10.3324/haematol.2010.030759
https://doi.org/10.1158/1078-0432.CCR-14-1813
https://doi.org/10.1182/blood-2017-06-740944
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Morandi et al. CD38-Targeted Immunotherapy for Myeloma

potent antitumor activity in models of multiple myeloma and other

CD38+ hematologic malignancies. Clin Cancer Res. (2014) 20:4574–83.

doi: 10.1158/1078-0432.CCR-14-0695

33. Jiang H, Acharya C, An G, Zhong M, Feng X, Wang L, et al. SAR650984

directly induces multiple myeloma cell death via lysosomal-associated and

apoptotic pathways, which is further enhanced by pomalidomide. Leukemia

(2016) 30:399–408. doi: 10.1038/leu.2015.240

34. Feng X, Zhang L, Acharya C, An G, Wen K, Qiu L, et al. Targeting

CD38 suppresses induction and function of T regulatory cells to mitigate

immunosuppression in multiple myeloma. Clin Cancer Res. (2017) 23:4290–

300. doi: 10.1158/1078-0432.CCR-16-3192

35. Stevenson FK, Bell AJ, Cusack R, Hamblin TJ, Slade CJ, Spellerberg MB, et al.

Preliminary studies for an immunotherapeutic approach to the treatment of

human myeloma using chimeric anti-CD38 antibody. Blood (1991) 77:1071–

9.

36. Ellis JH, Barber KA, Tutt A, Hale C, Lewis AP, Glennie MJ, et al. Engineered

anti-CD38 monoclonal antibodies for immunotherapy of multiple myeloma.

J Immunol. (1995) 155:925–37.

37. Li T, Qi S, Unger M, Hou YN, Deng QW, Liu J, et al. Immuno-

targeting the multifunctional CD38 using nanobody. Sci Rep. (2016) 6:27055.

doi: 10.1038/srep27055

38. Fumey W, Koenigsdorf J, Kunick V, Menzel S, Schutze K, Unger M, et al.

Nanobodies effectively modulate the enzymatic activity of CD38 and allow

specific imaging of CD38(+) tumors in mouse models in vivo. Sci Rep. (2017)

7:14289. doi: 10.1038/s41598-017-14112-6

39. Barabas AZ, Cole CD, Graeff RM, Morcol T, Lafreniere R. A novel modified

vaccination technique produces IgG antibodies that cause complement-

mediated lysis of multiple myeloma cells carrying CD38 antigen. Hum

Antibodies (2016) 24:45–51. doi: 10.3233/HAB-160294

40. Barabas AZ, Cole CD, Graeff RM, Kovacs ZB, Lafreniere R. Suppression of

tumor growth by a heterologous antibody directed against multiple myeloma

dominant CD38 antigen in SCID mice injected with multiple myeloma cells.

Hum Antibodies (2016) 24:53–7. doi: 10.3233/HAB-160295

41. Green DJ, Orgun NN, Jones JC, Hylarides MD, Pagel JM, Hamlin DK,

et al. A preclinical model of CD38-pretargeted radioimmunotherapy

for plasma cell malignancies. Cancer Res. (2014) 74:1179–89.

doi: 10.1158/0008-5472.CAN-13-1589

42. Green DJ, O’steen S, Lin Y, Comstock ML, Kenoyer AL, Hamlin

DK, et al. CD38-bispecific antibody pretargeted radioimmunotherapy for

multiple myeloma and other B-cell malignancies. Blood (2018) 131:611–20.

doi: 10.1182/blood-2017-09-807610

43. Teiluf K, Seidl C, Blechert B, Gaertner FC, Gilbertz KP, Fernandez V, et al.

alpha-Radioimmunotherapy with (2)(1)(3)Bi-anti-CD38 immunoconjugates

is effective in a mouse model of human multiple myeloma. Oncotarget (2015)

6:4692–703. doi: 10.18632/oncotarget.2986

44. June CH, O’connor RS, Kawalekar OU, Ghassemi S, Milone MC. CAR

T cell immunotherapy for human cancer. Science (2018) 359:1361–5.

doi: 10.1126/science.aar6711

45. Chu J, Deng Y, Benson DM, He S, Hughes T, Zhang J, et al. CS1-

specific chimeric antigen receptor (CAR)-engineered natural killer

cells enhance in vitro and in vivo antitumor activity against human

multiple myeloma. Leukemia (2014) 28:917–27. doi: 10.1038/leu.20

13.279

46. Ali SA, Shi V, Maric I, Wang M, Stroncek DF, Rose JJ, et al. T cells

expressing an anti-B-cell maturation antigen chimeric antigen receptor

cause remissions of multiple myeloma. Blood (2016) 128:1688–700.

doi: 10.1182/blood-2016-04-711903

47. Gogishvili T, Danhof S, Prommersberger S, Rydzek J, Schreder M, Brede

C, et al. SLAMF7-CAR T cells eliminate myeloma and confer selective

fratricide of SLAMF7(+) normal lymphocytes. Blood (2017) 130:2838–47.

doi: 10.1182/blood-2017-04-778423

48. Garfall AL, Stadtmauer EA, Hwang WT, Lacey SF, Melenhorst JJ, Krevvata

M, et al. Anti-CD19 CAR T cells with high-dose melphalan and autologous

stem cell transplantation for refractory multiple myeloma. JCI Insight (2018)

3:120505. doi: 10.1172/jci.insight.120505

49. Mihara K, Bhattacharyya J, Kitanaka A, Yanagihara K, Kubo T, Takei

Y, et al. T-cell immunotherapy with a chimeric receptor against CD38

is effective in eliminating myeloma cells. Leukemia (2012) 26:365–7.

doi: 10.1038/leu.2011.205

50. Drent E, Groen R, Noort WA, Lammerts Van Bueren J, Parren PWHI, Kuball

JH, et al. CD38 chimeric antigen receptor engineered T cells as therapeutic

tools for multiple myeloma. Blood (2014) 124:4759.

51. Drent E, Groen RW, Noort WA, Themeli M, Lammerts Van Bueren JJ,

Parren PW, et al. Pre-clinical evaluation of CD38 chimeric antigen receptor

engineered T cells for the treatment of multiple myeloma. Haematologica

(2016) 101:616–25. doi: 10.3324/haematol.2015.137620

52. Drent E, Themeli M, Poels R, De Jong-Korlaar R, Yuan H, De Bruijn J, et al. A

rational strategy for reducing on-target off-tumor effects of CD38-chimeric

antigen receptors by affinity optimization. Mol Ther. (2017) 25:1946–58.

doi: 10.1016/j.ymthe.2017.04.024

53. Drent E, Poels R, Mulders MJ, Van De Donk NWCJ, Themeli M,

Lokhorst HM, et al. Feasibility of controlling CD38-CAR T cell activity

with a Tet-on inducible CAR design. PLoS ONE (2018) 13:e0197349.

doi: 10.1371/journal.pone.0197349

54. Mihara K, Bhattacharyya J, Takihara Y, Kimura A. All-trans retinoic acid

enhances the cytotoxic effect of T cells with anti-CD38 chimeric receptor in

acute myeloid leukemia. Blood (2012) 120:1901. doi: 10.1038/cti.2016.73

55. Maude SL, Hucks GE, Seif AE, Talekar MK, Teachey DT, Baniewicz

D, et al. The effect of pembrolizumab in combination with CD19-

targeted chimeric antigen receptor (CAR) T cells in relapsed acute

lymphoblastic leukemia (ALL). J Clin Oncol. (2017) 35:103–103.

doi: 10.1200/JCO.2017.35.15_suppl.103

56. San-Miguel J, Dimopoulos MA, Usmani S, Belch AR, Bahlis NJ, White DJ,

et al. Depth of response and MRD with Daratumumab plus Lenalidomide

and Dexamethasone (DRd) vs Lenalidomide and Dexamethasone (Rd) in

RRMM: POLLUX. Clin Lymphoma Myeloma Leukemia (2017) 17:e17–8.

doi: 10.1016/j.clml.2017.03.029

57. Lacy MQ, Hayman SR, Gertz MA, Short KD, Dispenzieri A, Kumar S,

et al. Pomalidomide (CC4047) plus low dose dexamethasone (Pom/dex) is

active and well tolerated in lenalidomide refractory multiple myeloma (MM).

Leukemia (2010) 24:1934–9. doi: 10.1038/leu.2010.190

58. Chari A, Suvannasankha A, Fay JW, Arnulf B, Kaufman JL, Ifthikharuddin

JJ, et al. Daratumumab plus pomalidomide and dexamethasone in

relapsed and/or refractory multiple myeloma. Blood (2017) 130:974–81.

doi: 10.1182/blood-2017-05-785246

59. Spencer A, Mark T, Spicka I, Masszi T, Lauri B, Levin M-D, et al. Depth of

response andMRDwith Daratumumab plus Bortezomib and Dexamethasone

(DVd) vs Bortezomib and Dexamethasone (Vd) in RRMM: CASTOR.

Clin Lymphoma Myeloma Leukemia (2017) 17:e85. doi: 10.1016/j.clml.2017.

03.153

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Morandi, Horenstein, Costa, Giuliani, Pistoia and Malavasi.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Immunology | www.frontiersin.org November 2018 | Volume 9 | Article 2722193

https://doi.org/10.1158/1078-0432.CCR-14-0695
https://doi.org/10.1038/leu.2015.240
https://doi.org/10.1158/1078-0432.CCR-16-3192
https://doi.org/10.1038/srep27055
https://doi.org/10.1038/s41598-017-14112-6
https://doi.org/10.3233/HAB-160294
https://doi.org/10.3233/HAB-160295
https://doi.org/10.1158/0008-5472.CAN-13-1589
https://doi.org/10.1182/blood-2017-09-807610
https://doi.org/10.18632/oncotarget.2986
https://doi.org/10.1126/science.aar6711
https://doi.org/10.1038/leu.2013.279
https://doi.org/10.1182/blood-2016-04-711903
https://doi.org/10.1182/blood-2017-04-778423
https://doi.org/10.1172/jci.insight.120505
https://doi.org/10.1038/leu.2011.205
https://doi.org/10.3324/haematol.2015.137620
https://doi.org/10.1016/j.ymthe.2017.04.024
https://doi.org/10.1371/journal.pone.0197349
https://doi.org/10.1038/cti.2016.73
https://doi.org/10.1200/JCO.2017.35.15_suppl.103
https://doi.org/10.1016/j.clml.2017.03.029
https://doi.org/10.1038/leu.2010.190
https://doi.org/10.1182/blood-2017-05-785246
https://doi.org/10.1016/j.clml.2017.03.153
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


REVIEW

published: 24 April 2019
doi: 10.3389/fimmu.2019.00760

Frontiers in Immunology | www.frontiersin.org April 2019 | Volume 10 | Article 760

Edited by:

Nurit Hollander,

Tel Aviv University, Israel

Reviewed by:

Alessandra Romano,

Università degli Studi di Catania, Italy

Silvia Deaglio,

University of Turin, Italy

*Correspondence:

Alberto L. Horenstein

alberto.horenstein@unito.it

Specialty section:

This article was submitted to

Cancer Immunity and Immunotherapy,

a section of the journal

Frontiers in Immunology

Received: 24 October 2018

Accepted: 21 March 2019

Published: 24 April 2019

Citation:

Horenstein AL, Bracci C, Morandi F

and Malavasi F (2019) CD38 in

Adenosinergic Pathways and

Metabolic Re-programming in Human

Multiple Myeloma Cells: In-tandem

Insights From Basic Science to

Therapy. Front. Immunol. 10:760.

doi: 10.3389/fimmu.2019.00760

CD38 in Adenosinergic Pathways and
Metabolic Re-programming in
Human Multiple Myeloma Cells:
In-tandem Insights From Basic
Science to Therapy

Alberto L. Horenstein 1,2*, Cristiano Bracci 1,2, Fabio Morandi 3 and Fabio Malavasi 1,2

1 Laboratory of Immunogenetics, Department of Medical Sciences, Turin, Italy, 2CeRMS, University of Torino, Turin, Italy,
3 Stem Cell Laboratory and Cell Therapy Center, Istituto Giannina Gaslini, Genova, Italy

Tumor microenvironments are rich in extracellular nucleotides that can be metabolized

by ectoenzymes to produce adenosine, a nucleoside involved in controlling immune

responses. Multiple myeloma, a plasma cell malignancy developed within a bone marrow

niche, exploits adenosinergic pathways to customize the immune homeostasis of the

tumor. CD38, a multifunctional protein that acts as both receptor and ectoenzyme,

is overexpressed at all stages of myeloma. At neutral and acidic pH, CD38 catalyzes

the extracellular conversion of NAD+ to regulators of calcium signaling. The initial

disassembly of NAD+ is also followed by adenosinergic activity, if CD38 is operating

in the presence of CD203a and CD73 nucleotidases. cAMP extruded from tumor

cells provides another substrate for metabolizing nucleotidases to signaling adenosine.

These pathways flank or bypass the canonical adenosinergic pathway subjected to

the conversion of ATP by CD39. All of the adenosinergic networks can be hijacked

by the tumor, thus controlling the homeostatic reprogramming of the myeloma in

the bone marrow. In this context, adenosine assumes the role of a local hormone:

cell metabolism is adjusted via low- or high-affinity purinergic receptors expressed by

immune and bone cells as well as by tumor cells. The result is immunosuppression,

which contributes to the failure of immune surveillance in cancer. A similar metabolic

strategy silences immune effectors during the progression of indolent gammopathies to

symptomatic overt multiple myeloma disease. Plasma from myeloma aspirates contains

elevated levels of adenosine resulting from interactions between myeloma and other cells

lining the niche and adenosine concentrations are known to increase as the disease

progresses. This is statistically reflected in the International Staging System for multiple

myeloma. Along with the ability to deplete CD38+ malignant plasma cell populations

which has led to their widespread therapeutic use, anti-CD38 antibodies are involved in

the polarization and release of microvesicles characterized by the expression of multiple

adenosine-producing molecules. These adenosinergic pathways provide new immune

checkpoints for improving immunotherapy protocols by helping to restore the depressed

immune response.
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MULTIPLE MYELOMA

Multiple Myeloma (MM) is the second most common
malignancy in hematology (1). MM is seem as the eventual
outcome of selective pressures on different cell clones of
malignant plasma cells (mPCs) (2) that grow in a hypoxic niche
in the bone marrow (BM) (3). When oxygen consumption
exceeds its supply from the vascular system, the hypoxic
tumor environment favors molecular pathways that fuel
tumor aggressiveness (4, 5). Cross talk among the distinct
cellular components of the closed BM niche generates
extracellular adenosine (ADO), thereby promoting tumor
cell survival (6, 7). This occurs through the binding of ADO to
purinergic receptors, which leads to the formation of complexes
that function as autocrine/paracrine signals with immune
regulatory activities.

Adenosine triphosphate (ATP), nicotinamide adenine
dinucleotide (NAD+), and cyclic adenosine monophosphate
(cAMP) are, the main intracellular purine molecules serving
as leading adenosinergic substrates in the extracellular
tumor microenvironment (TME) for generating ADO (8–
10). Adenosinergic conversion, which can vary significantly
according to the metabolic environment, is exploited by mPCs
for migrating and homing to a protected niche and for evading
the immune response (1). The expression of multiple specific P1
ADO receptors (ADORs) (11) in the niche completes the profile
of a complex regulatory network, whose signals are translated
into (i) down-regulation of the functions of most immune
effector cells and (ii) enhancement of the activity of cells that
suppress anti-tumor immune responses. Both effects facilitate the
escape of mPCs from immune surveillance. A translational view
of these findings suggests that finely-tuned ADO concentrations
in the BM myeloma niche (12) contribute to symptomatic MM
among patients with asymptomatic monoclonal gammopathy
of undetermined significance (MGUS) and with smoldering
multiple myeloma (SMM) (13, 14). Therefore, nucleotide-
metabolizing ectoenzymes expressed by BM-resident cells and
ADO production may acquire theragnostic relevance in the
clinical outcome of MM. The present paper also reviews the
contribution of metabolic reprogramming to the development of
novel therapy options for MM.

ADENOSINE PRODUCTION WITHIN THE

BM NICHE

Purinome and Metabolic Reprogramming
A unique feature shared by the MGUS/SMM/MM
stages of myeloma is the dependence of mPCs on BM
microenvironmental signals. The BM niche provides a
hypoxic habitat for interactions between mPCs and non-
tumor immune and non-immune resident cells, yielding
functional operating elements, or so-called purinome (e.g.,
nucleotide channels and transporters, nucleotides byproducts,
nucleotide catabolizing ectoenzymes, molecular networks
of nucleotide, and nucleoside receptor proteins) (15).
Their physical connection is mediated by the plasmatic

fluid, which links the different cell components of the
purinome (Figure 1).

The MM grows in the BM, where mPCs are sheltered in
a physically constrained niche containing osteoblasts (OBs),
osteoclasts (OCs), stromal cells (SCs), and immune cells (e.g.,
T and B lymphocytes, NK, MDSC, among others). For their
progressive expansion, mPCs overcome the hypoxic niche
through a process of metabolic reprogramming based on
hijacking the molecular mechanisms of normal cells to create
an exclusive immunosuppressive frame. Metabolic adaptation
of the cellular component of the BM niche induces a HIF1α-
dependent glycolytic program, which increases CD73 and
ADOR expression (16). Further, mPCs exploit local metabolic
dysregulation, namely a shift from oxidative phosphorylation
(OXPHOS) toward a glycolytic metabolism, to demand (i)
supplementary sources of energy for a rapid growth; (ii)
byproducts (e.g., ribose, glycerol and citrate, and non-essential
amino acids) needed for biosynthetic pathways and (iii) an
increase in enzymatic activities (e.g., LDH-A to regenerate
NAD+) (17, 18). As shown in Figure 1, after consuming glucose
at a higher rate than normal cells, MM cells secreted most of
the derived byproducts as lactic acid, a phenomenon known
as the “Warburg Effect” (19). Simultaneously, the generation of
lactic acid and protons (H+) results in acid accumulation within
MM cells. The intracellular metabolic adjustment is neutralized
by the overexpression of a monocarboxylate transporter (MCT),
resulting in a H+-linked co-transport of lactic acid across the
plasma membrane, with increased extracellular acidity, known as
lactic acidosis (Figure 1).

Adenosine Production by Canonical and

Alternative Ectoenzymatic Pathways
The purinome exploits the metabolically reprogrammed niche
to generate extracellular ADO which is locally produced by the
multicellular network (Figure 2). ADO leads to tumor growth
and skews the immune cells toward an immunosuppressive
phenotype (20).

Adenosinergic pathways identified on different cell
populations (21) confer immunosuppressive properties to the
cells in different physiological tissues (e.g., cornea and human
placenta) (22, 23) and in pathological environments, such as the
BM niche of MM (12). Indeed, BM resident cells constitutively
express a complete set of cell surface ectonucleotidases, which
scattered on different cells drive the production of ADO under
metabolic stress (e.g., hypoxia) (24, 25). ADO is also believed
to modulate communication between mPCs and normal
cells, contributing to the immunocompromised state of MM
patients (26).

ADO is produced from the catabolism of mono- and di-
nucleotides of adenine (ATP, NAD+ and cAMP) (Figure 1).
The canonical pathway of ADO production starts from
extracellular ATP, which is first hydrolyzed to adenosine
diphosphate (ADP) and then to adenosine monophosphate
(AMP) by nucleoside triphosphate diphosphohydrolase
(NTPDase-1/CD39) or directly by the low-affinity nucleotide
pyrophosphatase/phosphodiesterase (NPP/CD203a). The final
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FIGURE 1 | A schematic representation of the purinome in the MM environment under bone marrow niche metabolic reprogramming. Unlike normal cells, tumor cells

(i.e., MM) utilize glycolysis instead of OXPHOS for metabolic reprogramming: most of the resulting pyruvate is catalyzed by lactate dehydrogenase A (LDH-A) to lactic

acid simultaneously producing protons (H+). The efflux of lactic acid and H+ induces lactic acidosis generating an acidic TME (pH < 6.5). Cytoplasmic ATP, cAMP,

and NAD+ actively secreted across nucleotide transporters (e.g., ABC transporter, Pannexin/Connexin channels, MRP4) or passively after cell lysis, are metabolized in

the hypoxic acidic BM niche to ADO. The purinome (e.g., complex network of nucleotidic substrates, ectonucleotidases, signaling by-products, and purinergic

receptors) operating in the BM niche exploit the classical pathway (CD39/CD73) for ATP substrate and the (CD38/CD203a/CD73) pathway for NAD+, flanked by an

alternative (PDE/CD73) pathway that converts cAMP to AMP for generating the immunosuppressive ADO. Generated ADO binds to P1 purinergic ADO receptors

(ADOR) and activates adenylyl cyclase, which catalyzes the formation of the intracellular second messenger cAMP. Eventually, ADO can also be inactivated at the cell

surface by an ADA/CD26 complex that converts it into inosine (INO) or internalized by nucleoside transporters. The extracellular ATP breakdown follows under

physiological conditions the classical ATP/ADP/AMP/ADO adenosinergic pathway. However, the presence of high ATP concentration in the TME lead AMP to be

converted by AMP deaminase (AMPD) into inosine monophosphate (IMP), which in turn is dephosphorylated by 5′-NT/CD73 into INO.

phosphate group from AMP is cleaved by the 5′-nucleotidase
(5′-NT/CD73), thus generating ADO (27). As it is the primary
substrate for ectonucleotidases to generate immunosuppressive
ADO, ATP implicates the canonical CD39/CD73 tandem in
the inception of an anergic tumor milieu (28–30). However,
there are some doubts about the ability of this classical pathway
to function in closed systems (e.g., BM niche) in vivo. For
example, the optimal pH for the CD39 enzyme is in the
alkaline range of 8–8.3 (31). This might preclude the enzymatic
activity of CD39 in a hypoxic TME, where an acidic pH is
secondary to lactic acidosis (32). Furthermore, the conversion
of extracellular ATP to ADO as catalyzed by CD39 is kinetically
complex, with the upstream ADP metabolite generated at high
ATP levels of the TME, acting as a feed-forward inhibitor
of CD73 (33).

Also, the fact that CD203a has a lower affinity for its
substrate ATP than CD39 supports the idea that the alternative
ectoenzymatic CD38/CD203a tandem using NAD+ as substrate
(Figure 1) may become a relevant producer of AMP for ADO
production in the BM niche. Therefore, CD39 may not be the
only in vivo immune system switch that triggers ADO-mediated
immunosuppression (34).

Under physiological conditions, the extracellular breakdown
of ATP follows the conventional ATP/ADP/AMP/ADO
adenosinergic pathway. However, under pathological conditions,
the high ATP concentration in the TME causes AMP deaminase
(AMPD) to convert AMP into inosine monophosphate (IMP),
which in turn is dephosphorylated by 5′-NT/CD73 into inosine
(INO) (35) (Figure 1). The IMP pathway (ATP/AMP/IMP/INO),
originally thought to be found mainly in the cytosolic cell
compartment (36), was recently detected by our group in BM
plasma from MM and neuroblastoma patients (3). There are
other, alternative(s) substrates (i.e., NAD+, cAMP) for the
ADO-generating axis in the MM niche (Figure 1). Using T
cell leukemia as a model, we confirmed that the canonical
CD39/CD73 pathway is flanked by another set of surface
molecules leading to the production of ADO, but using NAD+

as a leading substrate (9). Components of this alternative
pathway are NAD+-glycohydrolase/CD38, the ectonucleotide
pyrophosphatase/phosphodiesterase 1 (NPP1)/CD203a and the
5′-ectonucleotidase (5′NT)/CD73.

CD38, a transmembrane glycoprotein that lacks an internal
signaling domain, is a surface molecule expressed by normal
T, B, NK and myeloid populations as well as by different
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FIGURE 2 | Human bone marrow sheltering malignant plasma cells, bone cells, and immune cell, supports the production of adenosine for the generation of a

tolerant niche. In a closed BM niche, ADO is mainly obtained from NAD+ (and possibly from cAMP) which undergoes reaction through a multicellular chain of

ectonucleotidases (CD38, CD203a, and CD73 or TRAP depending on pH status regulated by metabolic reprogramming). According to this view, NAD+ is

disassembled into byproducts that flow in the BM plasma fluid within the myeloma niche, accumulating variable amounts of ADO. Most of ADO is taken-up by

purinergic cell receptors (ADOR) expressed by bone cells or immune cells inside the niche. The outcome is either a block of the effectiveness of immune cells (Teff,

NK, TAMs) that are capable of destroying tumor cells or that increase the number of regulatory T-cells (Tregs), mesenchymal derived stromal cells (MDSC), or dendritic

cells (DC) which suppress immune cells from responding to the tumor.

tumor cells (37). The molecule was initially considered as an
adhesion/receptor structure, but a review of the evidence suggests
that CD38 is not merely a receptor marker (38, 39). Instead, it
possesses a number of enzymatic activities ruling NAD+ levels
inside the BMniche where themPC grows (25, 40). Indeed, CD38
is located on the mPC surface as well as adjacent non-tumor
cells catalyzing the conversion of NAD+ to cyclic adenosine
diphosphate ribose (cADPR) via cyclase activity and cADPR to
ADPR via hydrolase activity (37). ADPR is further hydrolyzed by
CD203a to produce AMP. CD203a was recently proposed as a
key ectoenzyme because of its ability to convert both ADPR and
ATP to AMP, which is subsequently metabolized by CD73 into
ADO. Alternatively, a CD73-surrogated ectoenzyme, a Tartrate-
Resistant Acid Phosphatase (TRAP), is also functionally active
according to the environmental pH (7) (Figure 1).

As can be seen in Figure 2, NAD+ relies on the CD38/CD203a
tandem and CD73 ectonucleotidase to activate a discontinuous
multicellular pathway for ADO production, as detected in
plasma aspirates from myeloma BM (12). It is not completely
clear whether the alternative CD38/CD203a/CD73 and the
canonical CD39/CD73 pathways function cooperatively or
whether the relative expression of ectonucleotidases determines
which pathway is more active in the hypoxic BM niche. What it

sure is that metabolic reprogramming in the BM niche leads to an
acidic TME. It is therefore reasonable to believe that the CD38-
dependent pathway has a compensatory role for CD39 activity in
a BM acidic milieu.

The cyclic nucleotide cAMP signaling pathway is a third
alternative route to the production of extracellular ADO
(Figure 1). This axis hinges on the cAMP nucleotide-
metabolizing membrane-ectoenzyme phosphodiesterase
(PDE) and CD73 (41) and it may flank or synergize the known
ATP/NAD+-catabolic pathways. The cAMP substrate, one of
the oldest signaling molecules known, is produced from ATP by
membrane-bound adenylyl cyclases (AC) (42, 43). The acidic BM
niche improves the egress of cAMP via MRP4 (44) and cAMP
efflux might regulate extracellular ADO levels and thus optimize
the autocrine and paracrine immunosuppressive effects of ADO.
In fact, ADO is rapidly taken up by the red blood cells, which
limits its half-life to <1 s in the TME, whereas cAMP is stable
in biological fluids, making it possible for it to act at distant
sites (45).

ADO levels in the TME are enzymatically balanced by
(i) adenosine deaminase (ADA) (which converts ADO into
INO) and (ii) ADO kinase (which forms AMP from ADO)
(Figure 1). Extracellular ADO homeostasis is also maintained
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by bidirectional transport through equilibrative nucleoside
transporters (ENTs) located in the plasma membrane (46).

The occurrence of an event promoting the extracellular
accumulation of nucleotides in MM, their sequential degradation
to AMP and the subsequent formation of ADO is followed by
a cAMP second messenger pathway coupled to ADO receptors
(ADORs) (Figure 1). Indeed, the extracellular accumulation of
ADO mediates signals by binding to P1-G protein-coupled
purinergic (A1, A2A, A2B, and A3) ADORs expressed by
different cells, including immune effectors (47).

IS THERE A LINK BETWEEN ADO LEVELS

AND DISEASE PROGRESSION?

ADO is produced by interactions between mPCs and other cells
lining the BM niche (25) (Figure 2). This finding suggested that
the expression of ectonucleotidases must somehow be linked to
the production of immunosuppressive ADO in the BM plasmatic
fluid of MM patients to create a protective TME. The different
ADO levels in the BM plasma samples analyzed likely reflect
(i) variability in the number of ectoenzymes and their activities
according to environmental pH (12) or (ii) their tendency to be
shed in the biological fluids (48). Further, (iii) several of these
molecules are genetically polymorphic, which influences their
function. For instance, the expression of CD38 is regulated by
a single nucleotide polymorphism (SNP) located in intron 1
(rs6449182; C>G variation) (49).

The accumulation of ADO (>25µM) in the BM niche via the
CD38/CD203a/CD73 and CD39/CD73 axes works sequentially
through mPCs/BMSCs/OCs interactions (26). High levels of
ADO as determined by cAMP production have a potent
stimulatory action on interleukin-6 (IL-6) secretion by BMSCs
(50, 51). Because IL-6 is important for normal OB function, the
targeting of IL-6 signal pathways may alter the balance between
bone resorption and formation. For this reason, mPC and OB
interactions in the BM niche contributes to the development
of osteolytic lesions in MM (52). IL-6 is also involved in
mPC proliferation, survival and disease progression (52, 53).
Accordingly, IL-6 correlates with (i) a decrease in serum albumin
secondary to increased albuminuria (54) and (ii) up-regulation of
factor HIF-1α (16), which parallels MM progression.

Microvesicles (MVs) isolated from the BM plasma of MM
patients represent another source of ADO (26). MVs from MM
patients express higher levels of adenosinergic ectonucleotidases
than those isolated from MGUS/SMM (26). Similarly, the
production of ADOwas higher when challengingMVs fromMM
patients than from asymptomatic MGUS/SMM patient samples.
A likely explanation is that MVs contribute to the production of
ADO in the BM niche (55) (Figure 2).

Results of a recent study in MM patients, evaluated according
to the International Staging System (ISS) (56, 57), revealed that
ADO levels in BM plasma samples at diagnosis were higher in
patients at an advanced stage (ISS=III) with symptomatic MM
than in those at the earlier MGUS/SMM stages (pooled ISS=I-
II) (12). These findings confirm that ADO production in the
BM niche correlates with disease progression and may be useful

as a prognostic marker for ISS staging alongside other markers,
such as (increasing) serum beta2-microglobulin and (decreasing)
serum albumin (58).

These observations support the view that (i) the expression
of ectonucleotidases is linked to the production of ADO
in the BM plasmatic fluid of MM patients and (ii) that
metabolic reprogramming may allow mPCs to construct a
microenvironment that favors their survival and protects them
from the host immune system. Moreover, the adenosinergic
metabolic strategy assists in silencing the immune effectors
during progression of MM from indolent monoclonal
gammopathy to symptomatic overt disease. It is possible
that these observations are only correlative and merely a
reflection of tumor burden. Nonetheless, ADO levels in the BM
plasma provide a sensitive marker of myeloma progression.

IMPACT OF METABOLIC

REPROGRAMMING ON IMMUNE CELL

FUNCTIONS

mPCs alter the BM niche, affecting bone cells [e.g., they increase
the number and activities of osteoclasts (OCs) and decrease the
same on osteoblasts (OBs)], either mediated by soluble factors
or by cell-to-cell contacts (6, 59). At the same time, mPCs affect
immune events by creating a permissive niche that fosters the
colonization of mPCs (60, 61).

Immune cells have regulatory functions originally intended
to protect vital organs from inflammatory damage and tumor
development (11). However, even activated immune effector T
cells that potentially recognize specific tumor-associated antigens
have a hard time surviving in the TME while trying to perform
their expected functions in harsh metabolic conditions (62).
Different kinds of immune cells have developed varied strategies
for surviving in the conditions of lactic acidosis (pH ≤ 6.5)
created by dysregulated metabolism. Lactic acid is reported as
modulating proliferation and activation of human T cells. Indeed,
T lymphocytes treated with lactic acid show diminished TCR-
mediated activation and trafficking to the TME (63). In addition,
effector T cell functions in MM patients are blunted, resulting
in paresis of cellular and humoral immunities (64, 65). Tumor
cells hijack macrophages (TAMs) via lactic acid (66) and natural
killer (NK) cells lose almost all of their functions and reach a
state of anergy when exposed to an acidic pH (67). In contrast,
myeloid-derived suppressor cells (MDSCs) and regulatory T
(Treg) lymphocytes boost tumor growth in acidic conditions
(68). The concentrations of lactic acid observed in pathology
also inhibit the maturation of dendritic cells (DCs) and their
antigen presentation (69). All these conditions in the immune
compartment correlate in vivo with tumor progression and
metastatic spread. Finally, lactic acid causes a reduction in LDH-
A expression, which is paralleled by diminished tumor growth
and a decline in the number of MDSCs (70). An implication of
this is that lactic acid is an immuno-modulatory molecule that
can strongly repress anti-tumor immunity.

Within such a scenario, metabolic reprogramming has
multiple effects, including the extracellular accumulation of
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nucleotides (ATP, NAD+, cAMP) and of ADO, its main catabolic
product (25, 71). From the operational point of view, ADO
ligation of ADORA2A (dominantly expressed by most immune
cells) is followed by decreased proliferation and by inhibition
of the cytolytic anti-tumor activities of cytotoxic T lymphocytes
(27, 30, 72), and inhibition of cytotoxicity and IFN-γ release
by NK cells (73). These effects are followed by suppression
of pro-inflammatory activities and by an increased number of
immunoregulatory cells. The outcome is the establishment of a
long-lasting immunosuppressive environment (74).

The partial block of ADORA2A may increase the
concentration of extracellular AMP, favoring internalization
and accumulation of the mononucleotide inside the cell. This
would lead to activation of the AMP-dependent protein
kinase (AMPK) (75), inducing a positive effect on the
AMPK/mTOR/p70S6K/rpS6 protein axis, which is reported
as inducing suppression of T cell proliferation in human
melanoma cells through an adenosinergic pathway led by
CD38 (76). The high levels of ADO measured in the culture
supernatants of primary melanoma cells and the BM plasma
from MM patients (12) were also detected by metabolomic
screening using AICAR (5-Aminoimidazole-4-carboxamide
ribonucleotide)-treated malignant cells identifying pyrimidine
starvation as the mechanism of AICAR-induced apoptosis
in mPCs (77). AICAR is a metabolic intermediate in the
enzymatic conversion of AMP into inosine monophosphate
(IMP), catalyzed by ADO deaminase (3). As an analog of AMP,
AICAR activates AMP-dependent protein kinase (AMPK)
activity, a signal molecule reported as a potential target in MM
that induces G1 arrest in mPCs (78). High extracellular ADO
levels, by ligation of low affinity ADORA2B, can influence the
antigen-presenting activity of DCs (79, 80) and activate normal
infiltrating cells that block the anti-tumor immune response
(such as Tregs, MDSCs, and TAMs) (81), leading to peripheral
tolerance (Figure 2). Although these cell subsets are recruited
to the tumor site to fine-tune immune activation, they have the
perverse effect of boosting tumor growth (28).

THERAPEUTIC STRATEGIES TO

COUNTERACT ADENOSINE SUPPRESSIVE

MECHANISMS IN MM

Immune Checkpoint Molecules in MM

Bone Marrow
Preclinical and clinical studies revealed that most tumors
overexpress immune checkpoint (ICP) molecules, of which the
most studied are programmed death-1 (PD-1) and its ligand (PD-
L1) and cytotoxic T-lymphocyte-associated protein-4 (CTLA-
4) (82, 83). The activation of ICP rules anergy, apoptosis and
“exhaustion” to initiate T cell suppression (84–86). In a similar
fashion, mPCs can evade immunosurveillance by means of
multiple mechanisms of immunosuppression (74), such as the
ability of mPCs to hijack inhibitory ICP suppressive mechanisms
(87). Therapeutic strategies incorporating inhibition of ICP have
shown promising results, although high rates of resistance limit
their efficacy (88). For instance, a large subset of patients still

remains refractory following PD-1/PD-L1 ICP blockade (89, 90).
Recently, the purinergic pathway promoting ADO generation
through the CD38/CD203a/CD73 pathway (9) was identified as
the main obstacle to the therapeutic benefit of anti–PD-1/PD-
L1 blockade (91, 92). The same studies also determined that
tumors treated with PD-1/PD-L1-monoclonal antibodies (mAbs)
endowed with blocking properties developed resistance through
the metabolic upregulation of CD38, akin to that induced by
all-trans retinoic acid (ATRA) and interferon-β in the TME
(as in non-small cell lung cancer, NSCLC). A pre-existing and
inducible high expression of CD38 (as in mPCs) is thought to
be the main hindrance to the therapeutic potential of the anti–
PD-1/PD-L1 blockade (Figure 3). Indeed, it has been reported
that (i) CD38 inhibits CD8+ T-cell functions via ADO receptor
signaling (76), while either (ii) inhibiting CD38 or blocking ADO
receptors was effective in overcoming resistance to combined
ICP immunotherapeutic strategies (92). Further, (iii) CD38
KO tumors grow much more slowly than CD38+ wild-type
tumors in wild-type mice (92). However, the protective effect of
CD38 vanishes in the absence of CD8+ T cells, suggesting that
CD38-expressing cells impair CD8+ T cell functions. Together,
these data indicate that the NAD+ adenosinergic pathway
helps sustain the production of immunosuppressant ADO in
the modified adaptive immune response to anti-PD-1/PD-L1
treatment (Figure 3).

The endpoint of ADO signaling is the induction of “anergic”
effector cells, which suggests that extracellular ADO functions as
a negative ICP molecule (93). This hypothesis is strengthened
by evidence of synergic anti-tumor effects elicited by combining
anti-PD-1/CTLA-4 and inhibitors of ADO production or
signaling (94).

Reducing CD38 Surface Levels
CD38 is expressed at different levels on mPCs from all MM
patients (95, 96). A decrease in the level of CD38 in MM
cells can occur in several ways: (i) treatment with anti-CD38
mAbs; (ii) generation of MVs followed by their uptake of
the CD38-mAb complexes by FcR+-expressing cells; and (iii)
trogocytosis (97). It has been observed that anti-CD38 mAbs
(e.g., daratumumab) ligation on mPCs is followed by the
aggregation, polarization and release of MVs derived from cell
membranes and expressing adenosinergic molecules (CD39,
CD203a, CD73) clustered in lipid domains. MVs isolated from
the BM plasma of MM patients also contain the target CD38 as
well as the specific monoclonal IgG (98). While the exact fate
of the MVs is unknown, MV bearing monoclonal IgG exit the
BM niche and cluster around cells expressing FcR. Since MVs
fuse with the target cells, modulation of immune responses is
expected (55).

Transfer of CD38 from the MM cell surface to effector cells
either by trogocytic transfer or vesiculation might compromise
therapeutic efficacy because of a reduction inmAbs that eliminate
MM cells via CDC and ADCC (97, 99). This reduction in
surface CD38 could have several beneficial effects. Firstly,
CD38 is an immunomodulatory molecule that inhibits T-
cell functions via ADOR signaling (100). It is thus possible
that a simultaneous down-regulation of CD38 (and associated
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FIGURE 3 | Schematic depiction of the CD38/CD203a/CD73 adenosinergic pathway as a major mechanism of the acquired resistance to anti-PD-1/PD-L1 blockade

within the BM niche. CD38+high MM cells catalyze NAD+ transformation to ADO via the CD38/CD203a/CD73 ectoenzymatic pathway, discontinuously expressed by

BM resident cells (MM, OCs, OBs, BMSC). This step is followed by (i) the activation of the ADOR A2A and A2B on cytotoxic T-lymphocytes, with suppression of their

anti-tumor functions and (ii) the induction of an anti-PD-1/PD-L1-mediated resistance to the increase of cytotoxic T-cell infiltration in the BM niche.

Anti–PD-1/PD-L1-resistant MM cells also produce soluble mediators (such as IFN-β and ATRA) leading to increased expression of CD38 on mPCs via RARα. This

mechanism support the use of anti-CD38 mAbs (e.g., daratumumab and isatuximab) with the ability to inhibit CD38 cyclase activity. When used in combination with

PD-1/PD-L1 immune checkpoint blockade (e.g., nivolumab and atezolizumab), the result may be an improvement of antitumor immune responses with reactivation of

CD8+ T effector lymphocytes leading to a control of MM cells.

adenosinergic molecules) on MM cells as well as in TME cells by
trogocytosis andMV formationmay lead to (i) decreased levels of
ADO in the BM niche (12) and, consequently, (ii) fewer immune-
related adverse events associated with ICP blockade (90). In
fact, as shown in Figure 3, treatment with anti-CD38 mAbs in
combination with anti-PD-1/PD-L1 may induce expansion of
BM T effector cells in MM patients.

CD38 can also be transferred by trogocytosis to effector
T lymphocytes, along with other molecules located on
CD38+mPCs membrane domain. For instance, the expression
of adhesion proteins on the surface of (i) MM cells (e.g., CD56,
CD49d, and CD138) (101) or of (ii) non-immune and endothelial
cells (e.g., CD31/PECAM1) (102) resident in the BM niche are
transferred, resulting in diminished expression. It is therefore
likely that CD38+mPC interaction with CD31+BMSCs in the
protective myeloma niche is hindered, leading to a reduction in
pro-survival signals (103).

In contrast with conventional tumor therapies, mAb
immunotherapy targets the immune response to provoke a
systemic anti-tumor response (104, 105). CD38 is a valuable

target for therapeutic mAbs because of (i) its ability to
impair tumor growth either by directly targeting cells or
by inducing immune modulation (106). Other significant
advantages provided by mAbs are (ii) the successful induction
of durable responses and increased survival in various types of
cancer (107–109).

Pharma companies recognized the value of CD38 as an ideal
target for treating humanMMwith mAbs because of its favorable
expression during ontogenesis (37, 110). Indeed, CD38 is not
expressed by early hematological precursors (111) and CD38
expression is maintained in spite of the genomic differences
marking mPCs.

In the BM niche, NAD+ metabolization is mediated by
CD38 and elicits rapid functional responses leading to significant
accumulation of ADO that induces immune silencing. It is
thus reasonable to assume that a mAb-mediated reduction
of CD38 on mPCs, mediated by the uptake of CD38+MVs-
mAb complexes by FcR+-immune cells, may contribute to
an improved host-antitumor immune response (112). Two
of the available anti-CD38 therapeutic mAbs, daratumumab
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and isatuximab, modulate the enzymatic activity of CD38 in
vitro, which is able to reduce immunosuppressive ADO levels
(3). Daratumumab (human IgG1k), the first therapeutic mAb
approved in vivo (113, 114), inhibits CD38 cyclase activity,
while enhancing hydrolase enzymatic activity (115). Its ligand
effect on NAD+ catalysis was determined on mPCs isolated
from the BM plasma of MM patients and, for comparative
evaluation, on a continuous human myeloma cell line. It was
seen that daratumumab (100µg/mL) inhibits the cyclase activity
of CD38 in vitro (45% ± 5 and 32% ± 10, respectively).
Furthermore, daratumumab ligation is followed by increased
hydrolysis of cADPR (20% ± 5). Thus, daratumumab modulates
the enzymatic activities of CD38, partially dampening cyclase
activity, while simultaneously enhancing hydrolase activity.
These results were measured by HPLC chromatography tests
using NAD+ (or the surrogate NGD+) as the substrate for
cyclase and, cADPR for hydrolase (12, 25). So far, the results
indicate that NAD+ (and NGD+) are decreased by consumption
secondary to CD38 catalysis and cADPR is also reduced. In
contrast, ADPR is increased in the presence of daratumumab.
Reduced cADPR levels may lead to reduced Ca2+ mobilization,
which decreases signaling potential. Increased ADPR levels,
which contribute to adenosinergic immune suppression, add
a further element of complexity to the context of NAD+

homeostasis and tumor survival in closed systems, (e.g., the BM
niche). It is still worthwhile to evaluate the specific contribution
of each CD38 cyclase/hydrolase mechanism to the clinical
features of MM. In addition, daratumumab-mediated reduction
of CD38 on MM cells may also decrease the generation of
immunosuppressive ADOmolecules (12, 26), which would result
in an improved host-anti-tumor immune response (91). Further
investigation is needed to determine whether anti-CD38 in vivo
therapy also modulates the enzymatic activities of the molecule.
However, on the basis of in vitro experimental observations,
we hypothesize that specific monoclonal IgG1 antibodies (e.g.,
daratumumab and isatuximab) might modulate both the cyclase
and hydrolase enzymatic activities of CD38 in vivo. This
hypothesis is supported by initial experimental evaluation of
ADO in paired blood and BM plasma samples from MM
patients, obtained before and after treatment with daratumumab
(in collaboration with Dr. van de Donk, Department of
Hematology, VU University Medical Center, Amsterdam, The
Netherlands). Indeed, the experimental adenosinergic trend
observed (e.g., decay of ADO contents after daratumumab
treatment) seem consistent with the in vitro counterpart
(Horenstein, personal communication).

MECHANISMS OF RESISTANCE TO

IMMUNOTHERAPY: mABs AND

IMMUNOMODULATOR DRUGS

Increased understanding of the interactions between
malignant cells and the immune system has paved the way
to immunotherapy for cancer patients (116). Despite some
favorable outcomes, most patients do not respond, likely because
of intrinsic tumor resistance mechanisms. These include (i)

decreased or absent antigen expression [e.g., tumor antigens,
MHC I receptors, MHC I chain-related gene A and B (MICA
and MICB)]; (ii) changes in the expression of cell receptors (e.g.,
tumor-expressed markers, PD-1/PD-L1, CTLA-4, among other
ICPs); and (iii) alterations in cellular enzymes and metabolic
pathways [e.g., CD38/NAD+glycohydrolase; indoleamine 2,3-
dioxygenase (IDO)] (37, 117) are the most likely involved in
changes within the TME, resulting in a lack of response to
immunotherapy (109).

Absent of MICA antigen expression has been suggested as
a potential predictor of the efficacy of future immunotherapies
using cytokine-induced killer (CIK) cells, a T cell population
obtained by in vitro differentiation of peripheral blood
mononuclear cells (PBMC) that represent a promising
immunological approach in cancer (118). It has been shown that
CIK cells are able (i) to produce extracellular ADO via canonical
(CD39/CD73) and/or alternative (CD38/CD203a/CD73 or
CD203a/CD73) pathways (119) and (ii) to modulate these
ectonucleotidases during PBMC to CIK differentiation.
This means that it may be possible to modulate ADO-
generating ectoenzymes pharmacologically to improve CIK cell
performance. Other treatments for enhancing MICA expression
in MM myeloma cell lines and increase cytotoxicity are also
being explored (120).

Immunotherapy protocols have also revealed that the initial
benefits of mAb therapy can be followed by resistance to anti-
tumor immune responses (88). The mechanisms of resistance
might be secondary to reprogrammed metabolism, which
generates immune privileges in the TME. Such dysregulated
metabolic conditionsmay influence the deterioration of themAb,
reducing its therapeutic efficacy (121–123). There are several
possible explanations for such deterioration (e.g., fragmentation,
aggregation or denaturation) and potential loss of mAb activity.
One is related to the acidic extracellular pH observed in the
TME. These effects depend on the properties of the individual
mAb as well as on the environmental characteristics where the
mAb is expected to operate (124). Furthermore, an acidic pH
may induce degradation of the aspartate amino acid in the
complementarity-determining regions (CDR): this may reduce
or influence the ability of the mAb to bind to its epitope (123).
Therefore, the highly acidic nature of the TME in the MM niche
is of extreme relevance in determining the therapeutic activity of
the anti-CD38 mAb selected.

Although anti-CD38/daratumumab-mediated therapy has
single-agent efficacy in MM disease, clinical trials have suggested
that outcomes are improved when treatment is combined
with immunomodulator drugs (IMiDs: e.g., dexamethasone,
thalidomide, doxorubicin, lenalidomide, among others) (125,
126). It must be kept in mind that the positive charge acquired
by the weak chemical base (i.e., doxorubicin) in an acidic
BM environment inhibits its permeability across biological
membranes. Consequently, the efficacy of drug delivery and the
resistance mechanisms are now postulated to link an acidic TME
with the dynamics of the tumor cell membrane. Importantly,
additional mechanisms of resistance continue to be discovered,
further elucidating the complex interactions between malignant
cells and the immune system (88).
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CONCLUSIONS

An accurate depiction of the metabolism of extracellular
nucleotides facilitates the design of original strategies for
inactivating ADO-dependent immunosuppressive mechanisms.
Because ICP therapies, such as anti-PD-1/PD-L1, have acquired
resistance to CD38-generated ADO, pathways driven by CD38
that involve ADO production may be considered as a promising
therapeutic approach. In line with this, several options to
counteract the immunosuppressive effects of ADO are currently
under analysis (93, 125). Synergic strategies being evaluated
include (i) inhibition of nucleotide-release channels, (ii) use
of inhibitors of ADO generation by the CD39/CD73 and
CD38/CD203a/CD73 ectoenzymatic pathways, (iii) use of drugs
degrading extracellular ADO. Further approaches are (iv) the
use of A2A and A2B ADOR antagonists. Still other potential
strategies rely on (v) inhibitors of hypoxia-HIF-1α signaling, (vi)
activatory mechanisms of ADO hydrolytic deamination to INO
[a caveat is that it can mediate immunosuppressive effects long
after ADO catabolization (35)], and to (vii) AMP synthesis from
ADO by ADO kinase (127). These are the main options under
consideration today. Future studies seek additional targets that
might amplify the antitumor immune response, with the aim of
increasing the rate of lasting response to immunotherapy. For
instance, AMPD is a purinemetabolic enzyme that converts AMP
to IMP (see section Adenosine Production within the BMNiche).
The enzyme was analyzed in hematological malignancies to
investigate whether it is suitable as a novel target for MM therapy
(128). The report raised the possibility that AMPD inhibition
might be useful as a novel therapeutic strategy forMM.Moreover,
AMPD inhibitors induced cell death in myeloma cell lines.

One of the aims of the present review has been to
provide support for the view that the metabolism/immunity
tandem can be useful in the development of a new generation

of MM therapies. Some of the proposals mentioned are
now entering into clinical trials. The results will validate
the efficacy of treatment in terms of its impact on disease
progression. A precise definition of the mechanisms through
which the intricate purinome network operates in MM will
facilitate the design of predictive diagnostic procedures as
well as the adoption of pharmacological agents able to
target adenosinergic pathways. Along with drugs directly
targeting mPCs, these results are expected to lead to future
theragnostic applications.
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