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Abstract: Daratumumab (Dara) is the first-in-class human-specific anti-CD38 mAb approved for
the treatment of multiple myeloma (MM). Although recent data have demonstrated very promising
results in clinical practice and trials, some patients do not achieve a partial response, and ultimately
all patients undergo progression. Dara exerts anti-MM activity via antibody-dependent cell-mediated
cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), complement-dependent
cytotoxicity (CDC), and immunomodulatory effects. Deregulation of these pleiotropic mechanisms
may cause development of Dara resistance. Knowledge of this resistance may improve the therapeutic
management of MM patients.
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1. Introduction

Multiple myeloma (MM) is a hematological malignancy characterized by the expansion of
malignant plasma cells (MM cells) in the bone marrow (BM). Despite the availability of new anti-MM
agents, i.e., proteasome inhibitors (PI) and immunomodulatory drugs (IMiD), MM remains an incurable
disease [1,2]. A real-world retrospective study demonstrated that PI and IMiD refractory patients show
a median overall survival of approximately eight months [3].

MM drug resistance closely relies on tumor microenvironment [4]. MM cells home to and expand
in the BM, establishing a relationship with BM stromal cells (SCs) (i.e., endothelial cells, fibroblasts,
osteoblasts, osteoclasts, and immune cells) [5–8], thus creating a supportive niche. Inside the niche,
the cellular/noncellular components favor MM cell survival through the activation of several biological
processes, i.e., angiogenesis, hypoxia, autophagy, metabolism reprogramming, and apoptosis resistance,
which gradually modify tumor microenvironment and BMSCs [9–13]. Accordingly, targeting both
tumor and nontumor cells is the main goal of the new anti-MM therapeutic approaches.

CD38, a transmembrane glycoprotein, was initially identified as a marker on activated T
cells [14,15], nowadays defined as a cell receptor and a cell-surface enzyme [16,17]. It is widely
expressed on lymphoid (i.e., T and B lymphocytes, NK cells, and monocytes) and non-lymphoid tissues.
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Notably, it is highly expressed in MM cells and generally used as a co-marker for their identification
and enumeration.

CD38 contributes to the catabolism of nicotinamide adenine dinucleotide (NAD+) involved
in several cellular functions, including local immunosuppression [13]. In the BM niche, MM cells
reprogram their metabolism that increases NAD+ levels yielding lactate and H+ [18]. Through its
ectoenzymatic activity, CD38 catalyzes the cleavage of NAD+ into cyclic adenosine diphosphate
(ADP)-ribose, next to ADP-ribose via hydrolase activity [13]. Furthermore, CD38 catalyzes
the transglycosilation of nicotinamide adenine dinucleotide phosphate (NADP) and nicotinic
acid, to yield nicotinic acid adenine dinucleotide phosphate (NAADP). Cyclic ADP-ribose and
NAADP are second-messenger molecules which trigger calcium release from inositol trisphosphate
(IP3)—independent intracellular stores. ADP-ribose is the substrate for the formation of adenosine
(ADO) that is involved in the regulation of MM immune autocrine and paracrine signals [18].

Daratumumab (Dara) is the first-in-class human-specific anti-CD38 IgG1 mAb approved for the
treatment of MM [19]. Recent data demonstrated encouraging response rates in clinical trials, both as
a single agent and in combination regimens in the relapsed/refractory setting [19,20].

Dara activity as a single agent has been demonstrated in the GEN501 and Sirius clinical trials [21,22]
that show a 31.1% overall response rate (ORR), a 20.1-month overall survival (OS), and a four-month
progression-free survival (PFS) in relapsed/refractory patients [21].

The deep response and prolonged PFS can be achieved in MM patients by combining Dara
with IMiD and PI regimens. In phase-three trials (POLLUX and CASTOR), the addition of Dara to
standard-of-care regimens proved a higher response rate, depth of response, and PFS in patients with
>1 prior lines of therapy [23,24]. Due to these results, Dara is currently approved by the European
Medicines Agency (EMA) and also by the US Food and Drug Administration (US FDA) as a single
agent in relapsed/refractory MMand in combination with either Dara-Revlimid-Dexamethasone (DRd)
and Dara-Velcade-Dexamethasone (DVd) in patients with at least one previous line of therapy. Dara in
newly diagnosed transplant ineligible patients was investigated in a recent phase III study [25]
that compared the gold-standard Bortezomib-Melphalan-Prednisone (VMP) regimen to VMP plus
Dara. Results showed significantly increased ORR rates and improved complete response and
PFS in Dara-treated patients [25]. Therefore, FDA- and EMA-approved Dara plus VMP for newly
diagnosed patients not eligible for autologous stem-cell transplantation. In transplant-eligible patients
with newly diagnosed MM, CASSIOPEA study [26] demonstrated that the association of Dara with
standard of care Velcade-Thalidomide-Dexamethasone (VTD) improves depth of response and PFS,
suggesting a concrete change in the scenario of this stage of disease.

However, despite the well-established clinical efficacy of Dara, approximately 60% of patients do
not achieve a partial response, and ultimately all patients undergo progression [27]. In this review,
we will describe the mechanisms involved in Dara efficacy and resistance, focusing on tumor cells and
BM microenvironment.

2. Mechanisms of Action

Dara exerts anti-MM activity via several Fc-dependent mechanisms, namely the antibody
dependent cell-mediated cytotoxicity (ADCC), the antibody-dependent cellular phagocytosis (ADCP),
and the complement-dependent cytotoxicity (CDC). Furthermore, Dara plays an immunomodulatory
effect via withdrawal of the CD38-expressing immune suppressor cells. Pleiotropic mechanisms of
action are illustrated in Figure 1.
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Figure 1. Dara mechanisms of action. Dara recognizes CD38 on MM cells and exerts anti-MM activity
via Fc-dependent mechanisms and via immunomodulatory effects. The Fc-dependent mechanisms
involve (i) ADCC and (ii) ADCP via the engagement of Dara Fc fragment to FcRs-expressing effector
cells (i.e., NK cells, γδ T cells, neutrophils, and macrophages), causing the lysis and/or the phagocytosis
of MM cells, respectively; (iii) CDC via the engagement of C1q that activates the complement cascade
resulting in the assembly of MAC complex that enables the lysis of the target cells. Dara has also an
immunomodulatory effect via inhibition of CD38 ectoenzymatic activity, resulting in a reduction of the
immunosuppressive ADO and via the elimination of CD38+ immunosuppressive cells (i.e., MDSCs,
Tregs, and Bregs): these mechanisms promote T-cell proliferation and effector functions.

2.1. ADCC

ADCC is the most important antibody-mediated mechanism of target cell killing. The binding of
Fcγ receptors (FcγRs) expressed on effector cells to the Fc fragment of the CD38-targeting antibodies
induces the intracellular phosphorylation of the immune tyrosine-based activating motifs of the FcγRs
that results in the lysis of target cells [28]. The main FcγRs expressed on effector cells are CD32c and
CD16 on NK cells and CD64 on macrophages, dendritic cells, neutrophils, and eosinophils [29,30].
NK cells kill target cells via degranulation and release of perforins and granzymes [31] and via
activation of receptors cell death (i.e., the family of tumor necrosis factor receptors, TNFRs),
that induce target cells apoptosis [32] (Figure 1). The engagement of CD16 triggers the secretion of
pro-inflammatory cytokines, such as interferon gamma (INFγ), TNFα, macrophage colony-stimulating
factor (M-CSF), monocyte chemoattractant protein-1 (MCP-1), chemokine ligand (CCL)-3, and CCL-4,
CCL-5, that contribute to the recruitment of adaptive immune cells [33]. The different activity of NK
cells has been associated with two distinct cell subsets, based on the expression of CD16 and CD56.
Indeed, CD56dimCD16+ NK cells that prevail in peripheral blood (PB) have a potent cytolytic activity
and release high amounts of INFγ early after activation [34]. On the contrary, the CD56brightCD16+/−
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NK cell population that locates in tissues and in secondary lymphoid organs is mainly involved
in the late cytokine production. These data suggest an important coordination between the two
different cell subsets in sustaining the killing of target cells and in recruiting other immune cells to
promote the adaptive response. Research by de Weers et al. [35] demonstrated that Dara is able to
induce a dose-dependent killing of MM cells via ADCC, in both sensitive and drug-resistant patients.
Interestingly, Dara maintains its cytotoxic activity also in the presence of BMSCs, although a decrease
in the killing activity is due to the protective role of BMSCs for MM cells survival.

Several studies documented that therapeutic mAbs sustain ADCC by other immune cells
(Figure 1) [28,36,37]. Neutrophils exert cytotoxic activity through the destruction of plasma membrane,
leading to the lysis of target cells [36]. Although macrophages are mainly involved in ADCP (see below),
M1 macrophages induce ADCC via the release of nitric oxide (NO) and other oxygen reactive species
(ROS) [28]. Finally, γδ T cells contribute to target cell killing via ADCC through a CD16-dependent
mechanism that induces γδ T cells’ degranulation and release of the lysosomal-associated membrane
protein-1 (LAMP-1 or CD107a) [37]. However, the role of neutrophils and γδ T cells in Dara-induced
ADCC is currently unknown.

2.2. ADCP

ADCP is an Fc-dependent mechanism that supports antibody-mediated clearance of tumor cells
both in vitro and in vivo [38]. Specifically, antibody-opsonized target cells activate the FcγRs expressed
on the surface of different immune cells that promote the phagocytic process through the internalization
and the consequent lysis of target cancer cells via phagosome acidification [38].

Overdijk et al. [39] studied the ability of Dara to induce tumor-associated macrophage
(TAM)-mediated phagocytosis in MM (Figure 1). Flow cytometry and live-cell imaging revealed
that macrophages rapidly engulf CD38+ MM cell lines in vitro. Authors finely demonstrated
that phagocytosis contributes to the antitumor activity of Dara in vivo by using immune-deficient
SCID-BEIGE mice lacking B, T, and NK cells [39]. Dara-dependent phagocytosis is related to CD38
expression, in that MM cell lines with low CD38 levels are not susceptible to Dara effect. They also
explored the role of Dara-dependent phagocytosis in fresh purified MM cells derived from MM patients,
suggesting that phagocytosis is a potent mechanism that contributes to the therapeutic activity and
clinical efficacy of Dara in MM patients [39].

2.3. CDC

The engagement of the Fc fragment to C1q initiates the classical pathway of complement cascade,
leading to formation of the membrane attack complex (MAC), a transmembrane channel that enables
the osmotic lysis of the target cell (Figure 1) [40]. The activation of the complement cascade induces
the generation of the active opsonin C3b that covalently binds to glycoproteins on the target cell
surface and allows cell recognition by phagocytic cells and production of the anaphylatoxins C3a
and C5a [40]. These pro-inflammatory chemokines modulate several immune responses promoting
leukocyte chemotaxis, phagocytes degranulation and the simultaneous upregulation of activating
FcγRIII and downregulation of inhibitory FcγRs on macrophages [41].

Dara is the most important inducer of CDC. It was selected from a panel of 42 mAbs, based on
its ability to produce the complement-mediated lysis of the B lymphoblast Daudi cell line and of
freshly isolated MM cells alone and in co-culture with BMSCs [35]. Dara induces CDC at low
concentration of human serum, proving its efficacy in a complement-defective milieu as the BM of
MM patients [35]. In addition, Nijhof et al. [42] found that Dara-mediated CDC depends on CD38
expression. Indeed, enforced CD38 expression on MM cells significantly improved CDC activity of
Dara [42].
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2.4. Immuno-Modulatory Effects

Dara treatment modulates the enzymatic activity of CD38 by reducing the ADO levels.
The production of ADO in the MM microenvironment is regulated by the “canonical” adenosinergic
pathway catalyzed by CD39/CD73, and the “alternative” axis catalyzed by CD38/CD203a/CD73 [43,44].
CD38 starts the “alternative” axis converting NAD+ to cyclic ADP-ribose, further metabolized
by CD203a into adenosine monophosphate (AMP), which is subsequently converted to ADO by
CD73 [18,44]. Using a recombinant CD38 protein, van de Donk et al. [45] showed that Dara modulates
the CD38 enzymatic activity in that it reduces cyclase activity and induces hydrolase activity, thus
increasing NAD+ and ADPR levels and decreasing cADPR (Figure 1) [45].

As CD38 is expressed on several immune cells [46–48], Dara treatment depletes CD38+ immune
cells, causing a modification of the antitumor response. Krejcik et al. [49] showed that Dara
treatment reduces the immunosuppressive cells in MM microenvironment, including myeloid-derived
suppressor cells (MDSCs), Treg, and Breg cells, and increases the anti-MM activity. Dara treatment
depleted CD19+C24+CD38+ Bregs in MM patients immediately after the first infusion and
during the entire regimen, as well as when the Dara-treated patients relapsed. Dara effect on
MDSCs was investigated by using MM-cell-induced MDSCs generated in vitro from co-cultures of
healthy donor PB mononuclear cells (MCs) with MM cell lines [49]. MM-cell-induced MDSCs
(CD11b+CD14-HLA-DR-CD33+CD15+CD38+ cells) were strongly reduced after Dara treatment,
suggesting their sensitivity to Dara-mediated ADCC and CDC [49].

Krejcik et al. [49] demonstrated the existence of a CD38+ Tregs with an increased
immune-suppressive activity, compared to the CD38-/dim Tregs. Interestingly, Dara also affects
CD38+ Tregs, contributing to the reduction of the immune-suppression [49].

Dara induces proliferation of T helper and cytotoxic cells from PB and BM samples, increasing the
CD8+/CD4+ and CD8+/Tregs ratios and stimulating T-cell function and activity via the release of
INFγ [49]. Also, Dara treatment favors the development of memory T cells and decreases naïve T cells,
suggesting a shift from inactive to effector T cells with an immunological memory: these cells can be
reactive against tumor antigens (Figure 1) [49].

Chen et al. [50] demonstrated that overexpression of CD38 is a mechanism of tumor escape from
PD1/PDL1 axis blockade in that it suppressed CD8+ T cell function via ADO signaling. Consistent
with these results, Bezman et al. [51] showed an enhanced antitumor activity in MC38 and J558 mice
treated with a combined therapy, suggesting that a dual targeting of CD38 and PD1 may represent
a promising anti-MM therapeutic strategy. The synergic effect induced by anti-CD38 mAbs was related
to a reduction in the frequency of immunosuppressive Tregs and MDSCs populations.

All these data support the immune-modulatory role of Dara that may contribute to its
anti-MM activity.

3. Mechanisms of Resistance

Although recent data have demonstrated very promising results in Dara clinical practice and
trials, some patients may do get a complete response or may experience a relapse. Several mechanisms
contribute to the development of Dara resistance, including CD38 reduction, ADCC, ADCP, CDC,
and immune-mediated processes, as illustrated in Figure 2.
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Figure 2. Dara mechanisms of resistance include the following: (i) clone selection of CD38dim MM
cells; (ii) CD38 reduction via CD38 endocytosis, trogocytosis by granulocytes and monocytes, and via
release of CD38-expressing microvescicles that contribute to ADO production and immunosuppression;
(iii) immunomodulatory effects via downregulation of intracellular pathways in BMSCs, a decrease of
effector memory T cells, M1 macrophages, and of the co-stimulatory CD28 expression on T cells; (iv)
MM cells overexpression of CD46 and of the membrane-associated complement-inhibitory proteins
(CD55 and CD59) that prevent CDC; (v) MM cells’ overexpression of CD47 that recognizes SIRPα on
TAMs inhibiting ADCP; and (vi) depletion of CD38+ NK cells via fratricide ADCC.

3.1. CD38 Reduction

As Dara recognizes CD38 on MM cells, its antitumoral activity closely depends on CD38 expression.
Low-baseline CD38 levels on MM cells were shown in non-responder patients [52], implying that
CD38 expression may be a predictor factor of clinical response.

Dara therapy reduces the CD38 expression on MM cells that endures throughout the entire drug
regimen. Flow cytometry analysis of CD38 expression on MM cells from patients’ BM samples in
the GEN501 study [52] revealed a significant decrease of CD38 expression during the Dara treatment
compared to baseline values. Low levels of CD38 expression were also observed during MM
progression [52]. Interestingly, CD38 reduction occurs in non-responder and partial-responder patients,
as well as in responder ones [52]. Nijhof et al. [52] demonstrated that the low CD38 levels are only
a transient effect due to the treatment, in that the CD38 expression is restored 3–6 months after the
last drug infusion. Analysis of CD38 expression of MM cells from PB overlaps that of MM cells
from BM in terms of CD38dim/- expression and rapid decrease of circulating tumor cells after the first
Dara infusion [52]. Lenalidomide and pomalidomide are able to increase CD38 expression on MM
cells and to synergize with Dara in vitro and in vivo [53–55]. Nevertheless, Krejcik et al. [56] showed
a significant decrease of CD38 expression in MM cells of patients enrolled in the GEN503 clinical study,
where Dara was combined with lenalidomide and dexamethasone.

Several mechanisms may contribute to the CD38 reduction. The first reported one involves
clone selection: Dara selectively depletes the CD38 highly expressing MM cells via ADCC and
CDC, that allows expansion of MM cells with low CD38 (Figure 2) [57]. Thus, CD38 expression
conveys a higher susceptibility to Dara-mediated anti-MM activity. Upon Dara binding, CD38 rapidly
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undergoes endocytosis through an internalization process independent of signal transduction pathways,
in that both agonistic and non-agonistic mAbs are able to prompt CD38 internalization [58,59].
Horenstein et al. [60] demonstrated that Dara binding to CD38 modifies cytoskeleton reorganization
in MM cells by inducing a redistribution of CD38 antigens into polar aggregates released in the BM
microenvironment as microvesicles that hence express CD38 and other ectoenzymes (CD39, CD203a,
CD73) [11,61]. These microvesicles are able to produce ADO from adenosine triphosphate (ATP) and
NAD+, thus contributing to the increase of ADO levels in the BM niche, and to generate immune
suppression via the modulation of pro- and anti-inflammatory cytokine release. Microvesicles released
following Dara treatment may act both locally within the BM and at distance via blood stream,
and may be considered one mechanism of Dara resistance that abrogates anti-MM immune responses
(Figure 2) [11,62].

Dara-induced CD38 depletion involves not only MM cells but also CD38+ immune cells,
including NK, B, and T cells. Expression of CD38 is not affected in monocytes, probably due to
their role in the uptake of CD38-Dara complexes from MM cells. Krejcik et al. [56] observed that
monocytes and granulocytes contribute to the decrease of CD38 by engulfment of CD38-Dara complexes,
in the absence of the MM cells phagocytosis, through a process known as trogocytosis. The uptake of
CD38-Dara complexes results in the transfer of both Dara and CD38 from MM cells to monocyte and
granulocyte surface [56]. In the trogocytosis, the mAb-opsonized target cells (donor cells) bind to the
FcγRs of monocytes and granulocytes (acceptor cells), and create an immunologic synapse [63–65] that
induces the engulfment of CD38, along with the nearby fragment of plasma membrane (Figure 2) [65].
Thus, trogocytosis contributes to CD38 reduction, as well as to the decrease of other surface proteins
located nearby the CD38 antigen, including CD49f, CD56, CD54, and CD44, suggesting a potential role of
this mechanism in the Dara-mediated downregulation of membrane-associated complement-inhibitory
proteins. Following trogocytosis MM cells may display a different surface antigen profile [56].

The use of high mAb doses strongly activates the complement and may exhaust and saturate
cell effector functions. These exhausting conditions promote trogocytosis, rather than phagocytosis,
suggesting that the excess of mAbs-target antigen complexes may promote the escape of MM cells
through the trogocytosis of immune complexes [65].

3.2. ADCC Resistance

Activation of ADCC requires the engagement of FcγRs expressed on effector cells.
Different variants of FcγRs are related to a different cell response: FcγRIIA-131H and FcγRIIA-158V
are associated with a higher affinity to the Fc fragment of mAbs and, thus, to a higher ADCC activity;
by contrast, FcγRIIb has a negative immune-modulatory activity. Consequently, the FcγRs variants
expression on NK cells may modulate the Dara-mediated antitumor activity via ADCC [57].

NK cells express the CD38 antigen. Dara treatment induces a depletion of PB and BM NK cells via
fratricide ADCC against nearby NK cells (Figure 2). Analysis of NK cells of patients in GEN501 and
SIRIUS studies showed that NK cell levels decreased immediately after the drug’s first infusion [52].
Dara-mediated NK cells fratricide may strongly affect the NK-mediated ADCC that influences the
Dara efficacy and increases the risk of relapse [66]. However, ex vivo experiments showed that the
remaining NK cells are still active and able to exert cytotoxic activity [66]. Wang et al. [67] demonstrated
that the remaining CD38−/low NK cells, resistant to Dara-induced NK-cell fratricide, have enhanced
proliferative and anti-MM activity in vitro and in vivo, with the likelihood to be expanded in vitro.
Based on these results, the authors suggested that reinfusion of ex vivo expanded autologous NK cells
may improve Dara efficacy [67].

Finally, de Haart et al. [68] showed that BMSCs support resistance to Dara therapy,
preventing Dara-mediated ADCC. The microenvironment-related resistance is mediated by the
overexpression of the anti-apoptotic protein survivin in MM cells upon interaction with BMSCs.
Indeed, treatment of MM cells/BMSCs co-cultures with YM155, a small molecule that inhibits survivin
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expression, increased Dara-mediated ADCC abrogating the protective role of BM microenvironment
against Dara treatment [68].

3.3. ADCP Resistance

Another important mechanism of Dara resistance involves CD47, also known as integrin-associated
protein (IAP), an antigen identified in different tumors, including MM [69]. CD47 is expressed at low
levels on normal plasma cells, while it is overexpressed on MM cells [70]. CD47 overexpression may
contribute to the immune escape of tumor cells through the inhibition of ADCP, via the binding of CD47
to the signal-regulatory protein alpha (SIRPα) on TAMs [71]. The CD47/SIRPα complex acts as a “don’t
eat me” signal that induces SIRPα phosphorylation and association to Src-homology phosphatase 1
domain (SHP-1) on macrophages, resulting in the inhibition of phagocytosis (Figure 2) [72]. The “don’t
eat me” signal is the focus for different mAb therapies able to block CD47 [72,73]. Indeed, van Bommel
et al. [73] demonstrated an increase of ADCP through CD47-blocking mAbs and the consequent
regulation of the anti-phagocytic activity. Specifically, they described the RTX-CD47 bi-specific
antibody that recognizes CD47 single-chain fragment in the antibody variable regions (scFv) and in
tandem CD20-targeting scFv derived from the Rituximab association [73]. RTX-CD47 promotes the
inactivation of CD47/SIRPα signal and causes the selective removal of CD47+CD20+ cells through
phagocytosis, overall suggesting that the block of CD47 may act as a pro-phagocytic therapeutic
approach to enhance the tumoricidal activity of anticancer mAbs, including Dara [73].

3.4. CDC Resistance

Host cells are protected from complement activation by fluid phase regulators and/or by
the expression of membrane-associated complement-inhibitory proteins, such as CD46 and the
glycosyl-phospatidylinositol-anchored proteins, such as CD55 and CD59 [74]. These mechanisms
play a crucial role in the immunological escape of tumor cells and in the development of drug
resistance [75–77]. Nijhof et al. [52] demonstrated that Dara has a great efficacy toward MM
and lymphoma cell lines with lower CD59 and CD55 levels. Accordingly, treatment with
phospholipase-C, which cleaves CD55 and CD59, increases susceptibility of MM cells to Dara.
As in the BM microenvironment tumor cells express heterogeneous levels of membrane-associated
complement-inhibitory proteins, Dara therapy invariably depletes CD55dim and CD59dim tumor
cells (Figure 2). Accordingly, analysis of MM patients enrolled in the GEN501 study showed an
increased expression of CD55 and CD59 on MM cells during disease progression, suggesting that their
overexpression is associated to the MM resistant phenotype [52].

3.5. The Immune-Mediated Resistance

Recently, some authors [49,78,79] have hypothesized that the immune system may play a key role
in the development of Dara resistance.

Krejick et al. [49] and Neri et al. [78] documented low numbers of effector memory T cells in
relapsed MM patients. Single cell resolution analysis of BM mononuclear cells (MCs) depleted of
CD138+ cells from Dara/IMiD-treated patients showed a decreased expression of the co-stimulatory
antigen CD28 on T cells and a reduced number of M1 macrophages in resistant and/or progressing
patients compared to responder ones [78]. Finally, RNA-sequencing of BMSCs cells depleted of
CD138+ MM cells showed a different gene expression profile between progressed and Dara naive
patients. The Database for Annotation, Visualization, and Integrated Discovery (DAVID) analysis
provides the functional interpretation of the downregulated genes, such as tool-like receptor (TLR) 8,
CD47, chemokine (C-X-C motif) ligand (CXCL) 10, and CXCL4, highlighting their involvement in the
Dara-mediated immune response (Figure 2) [79].

Nevertheless, this intriguing hypothesis should be further investigated.
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4. New Strategies to Overcome Dara Resistance

Several studies are focusing on the development of new strategies to overcome Dara resistance,
such as new optimized drugs and/or combined therapeutic regimens.

The combined regimen Dara–IMiD in clinical trials is offering promising outcomes [22,23] and
suggests a synergistic effect, probably due to IMiD’ immunomodulatory effects, which ultimately lead
to upregulation of CD38 expression [53–55].

A new promising molecule to overcome Dara resistance is ATRA, the active metabolite of vitamin
A. CD38 expression is positively regulated by retinoic acids that bind to retinoic acids responsive
elements (RARE), located in the promoter and within intron 1 of the CD38 gene. A new synthetic
derivative of ATRA, tamibarotene (a.k.a. Am80), upregulates CD38 expression on MM cells, without the
side effect of ATRA, suggesting its clinical potential. Chillemi et al. [58] demonstrated that in vitro
treatment of fresh isolated MM cells and MM cell lines with ATRA or tamibarotene enhances CD38
expression. Recently, Nijhof et al. [52] showed that ATRA simultaneously increases CD38 expression and
reduces CD55 and CD59 expression in resistant MM cells. Thus, ATRA enhances both Dara-mediated
ADCC and CDC activity and may help to prevent Dara resistance mediated by CD38 reduction and
membrane-associated complement-inhibitory proteins expression.

Another strategy to overcome resistance to Dara may be the use of other anti-CD38
antibodies with a different mechanism of action, namely Isatuximab (SAR650984), MOR202,
and TAK-079 [80]. Isatuximab mediates a direct cytotoxicity against MM cells, in addition to
the canonical Fc-dependent mechanisms of action [81]. Indeed, Jiang et al. [81] demonstrated that it
induces a CD38-dependent depletion of MM cells via homotypic aggregation-associated cell death
by actin cytoskeleton polymerization, caspase-dependent apoptosis, and lysosomal cell death [81].
Furthermore, Isatuximab induces an allosteric modulation of CD38 that results in a higher inhibition
of its ecto-enzymatic activity [82]. Clinical trials demonstrated that Isatuximab has a great antitumor
activity alone or in combination with anti-MM IMiD [43,80]. Finally, MOR202 and TAK-079 anti-CD38
antibodies are actually in phase I/II clinical trials in relapsed/refractory MM patients (ClinicalTrials.gov
Identifier: NCT01421186 and NCT03439280, respectively).

Finally, other strategies, including CD47 targeting [72,73], CD55/CD59 inhibitors [52,83],
the enhancement of NK effector functions via ex vivo expanded NK cells [57,67], and the use of
bi-specific molecules [57,84], are under investigation and may represent new therapeutic strategies to
improve the outcome of Dara-treated MM patients.

Author Contributions: Conceptualization, I.S., V.D., A.V., and M.A.F.; writing of original draft, I.S., V.D., A.M.,
A.L., and M.A.F.; supervision of the manuscript, A.G.S., R.R., C.T.S., M.A.M. and A.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Associazione Italiana per la Ricerca sul Cancro (AIRC: Milan,
Italy) through an Investigator Grant (no. 20441) to VR and by INNOLABS – POR Puglia FESR-FSE 2014-2020
(Telemielomedicina) to AV. The sponsors of this study are public or non-profit organisations that support science
in general.

Acknowledgments: We acknowledge Prof. Vito Racanelli for his support and suggestions.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Fairfield, H.; Falank, C.; Avery, L.; Reagan, M.R. Multiple myeloma in the marrow: Pathogenesis and
treatments. Ann. N. Y. Acad. Sci. 2016, 1364, 32–51. [CrossRef] [PubMed]

2. Solimando, A.G.; Da Vià, M.C.; Cicco, S.; Leone, P.; Di Lernia, G.; Giannico, D.; Desantis, V.; Frassanito, M.A.;
Morizio, A.; Delgado Tascon, J.; et al. High-Risk Multiple Myeloma: Integrated Clinical and Omics Approach
Dissects the Neoplastic Clone and the Tumor Microenvironment. J. Clin. Med. 2019, 8, 997. [CrossRef]
[PubMed]

3. Usmani, S.; Ahmadi, T.; Ng, Y.; Lam, A.; Desai, A.; Potluri, R.; Mehra, M. Analysis of Real-World Data on
Overall Survival in Multiple Myeloma Patients With ≥3 Prior Lines of Therapy Including a Proteasome

http://dx.doi.org/10.1111/nyas.13038
http://www.ncbi.nlm.nih.gov/pubmed/27002787
http://dx.doi.org/10.3390/jcm8070997
http://www.ncbi.nlm.nih.gov/pubmed/31323969


Cells 2020, 9, 167 10 of 14

Inhibitor (PI) and an Immunomodulatory Drug (IMiD), or Double Refractory to a PI and an IMiD. Oncologist
2016, 21, 1355–1361. [CrossRef] [PubMed]

4. Di Marzo, L.; Desantis, V.; Solimando, A.G.; Ruggieri, S.; Annese, T.; Nico, B.; Fumarulo, R.; Vacca, A.;
Frassanito, M.A. Microenvironment drug resistance in multiple myeloma: Emerging new players. Oncotarget
2016, 7, 60698–60711. [CrossRef] [PubMed]

5. Lamanuzzi, A.; Saltarella, I.; Desantis, V.; Frassanito, M.A.; Leone, P.; Racanelli, V.; Nico, B.; Ribatti, D.;
Ditonno, P.; Prete, M.; et al. Inhibition of mTOR complex 2 restrains tumor angiogenesis in multiple myeloma.
Oncotarget 2018, 9, 20563–20577. [CrossRef]

6. Frassanito, M.A.; Rao, L.; Moschetta, M.; Ria, R.; Di Marzo, L.; De Luisi, A.; Racanelli, V.; Catacchio, I.;
Berardi, S.; Basile, A.; et al. Bone marrow fibroblasts parallel multiple myeloma progression in patients and
mice: In vitro and in vivo studies. Leukemia 2014, 28, 904–916. [CrossRef]

7. Terpos, E.; Ntanasis-Stathopoulos, I.; Gavriatopoulou, M.; Dimopoulos, M.A. Pathogenesis of bone disease
in multiple myeloma: From bench to bedside. Blood Cancer J. 2018, 8, 7. [CrossRef]

8. Noonan, K.; Borrello, I. The immune microenvironment of myeloma. Cancer Microenviron. 2011, 4, 313–323.
[CrossRef]

9. Saltarella, I.; Frassanito, M.A.; Lamanuzzi, A.; Brevi, A.; Leone, P.; Desantis, V.; Di Marzo, L.; Bellone, M.;
Derudas, D.; Ribatti, D.; et al. Homotypic and Heterotypic Activation of the Notch Pathway in Multiple
Myeloma-Enhanced Angiogenesis: A Novel Therapeutic Target? Neoplasia 2019, 21, 93–105. [CrossRef]

10. Ria, R.; Catacchio, I.; Berardi, S.; De Luisi, A.; Caivano, A.; Piccoli, C.; Ruggieri, V.; Frassanito, M.A.; Ribatti, D.;
Nico, B.; et al. HIF-1α of bone marrow endothelial cells implies relapse and drug resistance in patients with
multiple myeloma and may act as a therapeutic target. Clin. Cancer Res. 2014, 20, 847–858. [CrossRef]

11. Desantis, V.; Saltarella, I.; Lamanuzzi, A.; Mariggiò, M.A.; Racanelli, V.; Vacca, A.; Frassanito, M.A. Autophagy:
A New Mechanism of Prosurvival and Drug Resistance in Multiple Myeloma. Transl. Oncol. 2018, 11, 1350–1357.
[CrossRef] [PubMed]

12. Frassanito, M.A.; De Veirman, K.; Desantis, V.; Di Marzo, L.; Vergara, D.; Ruggieri, S.; Annese, T.; Nico, B.;
Menu, E.; Catacchio, I.; et al. Halting pro-survival autophagy by TGFβ inhibition in bone marrow fibroblasts
overcomes bortezomib resistance in multiple myeloma patients. Leukemia 2016, 30, 640–648. [CrossRef]
[PubMed]

13. Horenstein, A.L.; Morandi, F.; Bracci, C.; Pistoia, V.; Malavasi, F. Functional insights into
nucleotide-metabolizing ectoenzymes expressed by bone marrow-resident cells in patients with multiple
myeloma. Immunol. Lett. 2019, 205, 40–50. [CrossRef] [PubMed]

14. Terhorst, C.; van Agthoven, A.; LeClair, K.; Snow, P.; Reinherz, E.; Schlossman, S. Biochemical studies of the
human thymocyte cell-surface antigens T6, T9 and T10. Cell 1981, 23, 771–780. [CrossRef]

15. Chillemi, A.; Zaccarello, G.; Quarona, V.; Lazzaretti, M.; Martella, E.; Giuliani, N.; Ferracini, R.; Pistoia, V.;
Horenstein, A.L.; Malavasi, F. CD38 and bone marrow microenvironment. Front. Biosci. 2014, 19, 152–162.
[CrossRef]

16. Malavasi, F.; Funaro, A.; Roggero, S.; Horenstein, A.L.; Calosso, L.; Mehta, K. Human CD38: A glycoprotein
in search of a function. Immunol. Today 1994, 15, 95–97. [CrossRef]

17. Howard, M.; Grimaldi, J.C.; Bazan, J.F.; Lund, F.E.; Santos-Argumedo, L.; Parkhouse, R.M.; Walseth, T.F.;
Lee, H.C. Formation and hydrolysis of cyclic ADP-ribose catalyzed by lymphocyte antigen CD38. Science
1993, 262, 1056–1059. [CrossRef]

18. Horenstein, A.L.; Quarona, V.; Toscani, D.; Costa, F.; Chillemi, A.; Pistoia, V.; Giuliani, N.; Malavasi, F.
Adenosine Generated in the Bone Marrow Niche Through a CD38-Mediated Pathway Correlates with
Progression of Human Myeloma. Mol. Med. 2016, 22, 694–704. [CrossRef]

19. Touzeau, C.; Moreau, P. Daratumumab for the treatment of multiple myeloma. Expert Opin. Biol. Ther.
2017, 17, 887–893. [CrossRef]

20. Guang, M.H.Z.; McCann, A.; Bianchi, G.; Zhang, L.; Dowling, P.; Bazou, D.; O’Gorman, P.; Anderson, K.C.
Overcoming multiple myeloma drug resistance in the era of cancer ‘omics’. Leuk. Lymphoma 2018, 59, 542–561.
[CrossRef]

21. Usmani, S.Z.; Weiss, B.M.; Plesner, T.; Bahlis, N.J.; Belch, A.; Lonial, S.; Lokhorst, H.M.; Voorhees, P.M.;
Richardson, P.G.; Chari, A.; et al. Clinical efficacy of daratumumab monotherapy in patients with heavily
pretreated relapsed or refractory multiple myeloma. Blood 2016, 128, 37–44. [CrossRef] [PubMed]

http://dx.doi.org/10.1634/theoncologist.2016-0104
http://www.ncbi.nlm.nih.gov/pubmed/27486203
http://dx.doi.org/10.18632/oncotarget.10849
http://www.ncbi.nlm.nih.gov/pubmed/27474171
http://dx.doi.org/10.18632/oncotarget.25003
http://dx.doi.org/10.1038/leu.2013.254
http://dx.doi.org/10.1038/s41408-017-0037-4
http://dx.doi.org/10.1007/s12307-011-0086-3
http://dx.doi.org/10.1016/j.neo.2018.10.011
http://dx.doi.org/10.1158/1078-0432.CCR-13-1950
http://dx.doi.org/10.1016/j.tranon.2018.08.014
http://www.ncbi.nlm.nih.gov/pubmed/30196237
http://dx.doi.org/10.1038/leu.2015.289
http://www.ncbi.nlm.nih.gov/pubmed/26487273
http://dx.doi.org/10.1016/j.imlet.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30447309
http://dx.doi.org/10.1016/0092-8674(81)90441-4
http://dx.doi.org/10.2741/4201
http://dx.doi.org/10.1016/0167-5699(94)90148-1
http://dx.doi.org/10.1126/science.8235624
http://dx.doi.org/10.2119/molmed.2016.00198
http://dx.doi.org/10.1080/14712598.2017.1322578
http://dx.doi.org/10.1080/10428194.2017.1337115
http://dx.doi.org/10.1182/blood-2016-03-705210
http://www.ncbi.nlm.nih.gov/pubmed/27216216


Cells 2020, 9, 167 11 of 14

22. Lonial, S.; Weiss, B.M.; Usmani, S.Z.; Singhal, S.; Chari, A.; Bahlis, N.J.; Belch, A.; Krishnan, A.; Vescio, R.A.;
Mateos, M.V.; et al. Daratumumab monotherapy in patients with treatment-refractory multiple myeloma
(SIRIUS): An open-label, randomised, phase 2 trial. Lancet 2016, 387, 1551–1560. [CrossRef]

23. Dimopoulos, M.A.; Oriol, A.; Nahi, H.; San-Miguel, J.; Bahlis, N.J.; Usmani, S.Z.; Rabin, N.; Orlowski, R.Z.;
Komarnicki, M.; Suzuki, K.; et al. Daratumumab, Lenalidomide, and Dexamethasone for Multiple Myeloma.
N. Engl. J. Med. 2016, 375, 1319–1331. [CrossRef] [PubMed]

24. Palumbo, A.; Chanan-Khan, A.; Weisel, K.; Nooka, A.K.; Masszi, T.; Beksac, M.; Spicka, I.; Hungria, V.;
Munder, M.; Mateos, M.V.; et al. Daratumumab, Bortezomib, and Dexamethasone for Multiple Myeloma.
N. Engl. J. Med. 2016, 375, 754–766. [CrossRef]

25. Mateos, M.V.; Dimopoulos, M.A.; Cavo, M.; Suzuki, K.; Jakubowiak, A.; Knop, S.; Doyen, C.; Lucio, P.;
Nagy, Z.; Kaplan, P.; et al. Daratumumab plus Bortezomib, Melphalan, and Prednisone for Untreated
Myeloma. N. Engl. J. Med. 2018, 378, 518–528. [CrossRef]

26. Moreau, P.; Attal, M.; Hulin, C.; Arnulf, B.; Belhadj, K.; Benboubker, L.; Béné, M.C.; Broijl, A.; Caillon, H.;
Caillot, D.; et al. Bortezomib, thalidomide, and dexamethasone with or without daratumumab before
and after autologous stem-cell transplantation for newly diagnosed multiple myeloma (CASSIOPEIA): A
randomised, open-label, phase 3 study. Lancet 2019, 394, 29–38. [CrossRef]

27. Nooka, A.K.; Joseph, N.S.; Kaufman, J.L.; Heffner, L.T.; Gupta, V.A.; Gleason, C.; Boise, L.H.; Lonial, S.
Clinical efficacy of daratumumab, pomalidomide, and dexamethasone in patients with relapsed or refractory
myeloma: Utility of re-treatment with daratumumab among refractory patients. Cancer 2019, 125, 2991–3000.
[CrossRef]

28. Herter, S.; Birk, M.C.; Klein, C.; Gerdes, C.; Umana, P.; Bacac, M. Glycoengineering of therapeutic antibodies
enhances monocyte/macrophage-mediated phagocytosis and cytotoxicity. J. Immunol. 2014, 192, 2252–2260.
[CrossRef]

29. Nimmerjahn, F.; Ravetch, J.V. Fcgamma receptors: Old friends and new family members. Immunity 2006, 24, 19–28.
[CrossRef]

30. Rosales, C. Fcγ Receptor Heterogeneity in Leukocyte Functional Responses. Front. Immunol. 2017, 8, 280.
[CrossRef]

31. Krzewski, K.; Coligan, J.E. Human NK cell lytic granules and regulation of their exocytosis. Front. Immunol.
2012, 3, 335. [CrossRef] [PubMed]

32. Smyth, M.J.; Cretney, E.; Kelly, J.M.; Westwood, J.A.; Street, S.E.; Yagita, H.; Takeda, K.; van Dommelen, S.L.;
Degli-Esposti, M.A.; Hayakawa, Y. Activation of NK cell cytotoxicity. Mol. Immunol. 2005, 42, 501–510.
[CrossRef] [PubMed]

33. Paul, S.; Lal, G. The Molecular Mechanism of Natural Killer Cells Function and Its Importance in Cancer
Immunotherapy. Front. Immunol. 2017, 8, 1124. [CrossRef] [PubMed]

34. De Maria, A.; Bozzano, F.; Cantoni, C.; Moretta, L. Revisiting human natural killer cell subset function
revealed cytolytic CD56dimCD16+ NK cells as rapid producers of abundant IFN-γ on activation. PNAS
2011, 108, 728–732. [CrossRef]

35. De Weers, M.; Tai, Y.T.; van der Veer, M.S.; Bakker, J.M.; Vink, T.; Jacobs, D.C.; Oomen, L.A.; Peipp, M.;
Valerius, T.; Slootstra, J.W.; et al. Daratumumab, a novel therapeutic human CD38 monoclonal antibody,
induces killing of multiple myeloma and other hematological tumors. J. Immunol. 2011, 186, 1840–1848.
[CrossRef]

36. Matlung, H.L.; Babes, L.; Zhao, X.W.; van Houdt, M.; Treffers, L.W.; van Rees, D.J.; Franke, K.; Schornagel, K.;
Verkuijlen, P.; Janssen, H.; et al. Neutrophils Kill Antibody-Opsonized Cancer Cells by Trogoptosis. Cell Rep.
2018, 23, 3946–3959. [CrossRef]

37. Seidel, U.J.; Vogt, F.; Grosse-Hovest, L.; Jung, G.; Handgretinger, R.; Lang, P. γδ T Cell-Mediated
Antibody-Dependent Cellular Cytotoxicity with CD19 Antibodies Assessed by an Impedance-Based
Label-Free Real-Time Cytotoxicity Assay. Front. Immunol. 2014, 5, 618. [CrossRef]

38. Bakema, J.E.; van Egmond, M. Fc receptor-dependent mechanisms of monoclonal antibody therapy of cancer.
Curr Top. Microbiol Immunol. 2014, 382, 373–392.

39. Overdijk, M.B.; Verploegen, S.; Bögels, M.; van Egmond, M.; Lammerts van Bueren, J.J.; Mutis, T.; Groen, R.W.;
Breij, E.; Martens, A.C.; Bleeker, W.K.; et al. Antibody-mediated phagocytosis contributes to the anti-tumor activity of
the therapeutic antibody daratumumab in lymphoma and multiple myeloma. MAbs 2015, 7, 311–321. [CrossRef]

http://dx.doi.org/10.1016/S0140-6736(15)01120-4
http://dx.doi.org/10.1056/NEJMoa1607751
http://www.ncbi.nlm.nih.gov/pubmed/27705267
http://dx.doi.org/10.1056/NEJMoa1606038
http://dx.doi.org/10.1056/NEJMoa1714678
http://dx.doi.org/10.1016/S0140-6736(19)31240-1
http://dx.doi.org/10.1002/cncr.32178
http://dx.doi.org/10.4049/jimmunol.1301249
http://dx.doi.org/10.1016/j.immuni.2005.11.010
http://dx.doi.org/10.3389/fimmu.2017.00280
http://dx.doi.org/10.3389/fimmu.2012.00335
http://www.ncbi.nlm.nih.gov/pubmed/23162553
http://dx.doi.org/10.1016/j.molimm.2004.07.034
http://www.ncbi.nlm.nih.gov/pubmed/15607806
http://dx.doi.org/10.3389/fimmu.2017.01124
http://www.ncbi.nlm.nih.gov/pubmed/28955340
http://dx.doi.org/10.1073/pnas.1012356108
http://dx.doi.org/10.4049/jimmunol.1003032
http://dx.doi.org/10.1016/j.celrep.2018.05.082
http://dx.doi.org/10.3389/fimmu.2014.00618
http://dx.doi.org/10.1080/19420862.2015.1007813


Cells 2020, 9, 167 12 of 14

40. Afshar-Kharghan, V. The role of the complement system in cancer. J. Clin. Invest. 2017, 127, 780–789.
[CrossRef]

41. Shushakova, N.; Skokowa, J.; Schulman, J.; Baumann, U.; Zwirner, J.; Schmidt, R.E.; Gessner, J.E. C5a
anaphylatoxin is a major regulator of activating versus inhibitory FcgammaRs in immune complex-induced
lung disease. J. Clin. Invest. 2002, 110, 1823–1830. [CrossRef] [PubMed]

42. Nijhof, I.S.; Groen, R.W.; Lokhorst, H.M.; van Kessel, B.; Bloem, A.C.; van Velzen, J.; de Jong-Korlaar, R.;
Yuan, H.; Noort, W.A.; Klein, S.K.; et al. Upregulation of CD38 expression on multiple myeloma cells by
all-trans retinoic acid improves the efficacy of daratumumab. Leukemia 2015, 29, 2039–2049. [CrossRef]
[PubMed]

43. Morandi, F.; Airoldi, I.; Marimpietri, D.; Bracci, C.; Faini, A.C.; Gramignoli, R. CD38, a Receptor with
Multifunctional Activities: From Modulatory Functions on Regulatory Cell Subsets and Extracellular Vesicles,
to a Target for Therapeutic Strategies. Cells 2019, 8, 1527. [CrossRef] [PubMed]

44. Horenstein, A.L.; Chillemi, A.; Zaccarello, G.; Bruzzone, S.; Quarona, V.; Zito, A.; Serra, S.; Malavasi, F.
A CD38/CD203a/CD73 ectoenzymatic pathway independent of CD39 drives a novel adenosinergic loop in
human T lymphocytes. Oncoimmunology 2013, 2. [CrossRef] [PubMed]

45. Van de Donk, N.W.; Janmaat, M.L.; Mutis, T.; Lammerts van Bueren, J.J.; Ahmadi, T.; Sasser, A.K.;
Lokhorst, H.M.; Parren, P.W. Monoclonal antibodies targeting CD38 in hematological malignancies and
beyond. Immunol. Rev. 2016, 270, 95–112. [CrossRef]

46. Karakasheva, T.A.; Waldron, T.J.; Eruslanov, E.; Kim, S.B.; Lee, J.S.; O’Brien, S.; Hicks, P.D.; Basu, D.;
Singhal, S.; Malavasi, F.; et al. CD38-Expressing Myeloid-Derived Suppressor Cells Promote Tumor Growth
in a Murine Model of Esophageal Cancer. Cancer Res. 2015, 75, 4074–4085. [CrossRef]

47. Flores-Borja, F.; Bosma, A.; Ng, D.; Reddy, V.; Ehrenstein, M.R.; Isenberg, D.A.; Mauri, C. CD19+CD24hiCD38hi

B cells maintain regulatory T cells while limiting TH1 and TH17 differentiation. Sci. Transl. Med. 2013, 5, 173.
[CrossRef]

48. Van de Donk, N.W.C.J. Immunomodulatory effects of CD38-targeting antibodies. Immunol. Lett. 2018, 199, 16–22.
[CrossRef]

49. Krejcik, J.; Casneuf, T.; Nijhof, I.S.; Verbist, B.; Bald, J.; Plesner, T.; Syed, K.; Liu, K.; van de Donk, N.W.;
Weiss, B.M.; et al. Daratumumab depletes CD38+ immune regulatory cells, promotes T-cell expansion, and
skews T-cell repertoire in multiple myeloma. Blood 2016, 128, 384–394. [CrossRef]

50. Chen, L.; Diao, L.; Yang, Y.; Yi, X.; Rodriguez, B.L.; Li, Y.; Villalobos, P.A.; Cascone, T.; Liu, X.; Tan, L.; et al.
CD38-Mediated Immunosuppression as a Mechanism of Tumor Cell Escape from PD-1/PD-L1 Blockade.
Cancer Discov. 2018, 8, 1156–1175. [CrossRef]

51. Bezman, N.A.; Kinder, M.; Jhatakia, A.D.; Mattson, B.K.; Pizutti, D.; Thompson, E.W.; Capaldi, D.A.;
Mendonca, M.W.; Anandam, A.; Dhar, G. Antitumor activity associated with dual targeting of CD38 and
programmed death-1 (PD-1) pathways in preclinical models. Cancer Res. 2018, 78, 1727.

52. Nijhof, I.S.; Casneuf, T.; van Velzen, J.; van Kessel, B.; Axel, A.E.; Syed, K.; Groen, R.W.; van Duin, M.;
Sonneveld, P.; Minnema, M.C.; et al. CD38 expression and complement inhibitors affect response and
resistance to daratumumab therapy in myeloma. Blood 2016, 128, 959–970. [CrossRef] [PubMed]

53. Boxhammer, R.; Steidl, S.; Endell, J. Effect of IMiD compounds on CD38 expression on multiple myeloma
cells: MOR202, a human CD38 antibody in combination with pomalidomide. J. Clin. Oncol. 2015, 33, 8588.
[CrossRef]

54. Endell, J.; Boxhammer, R.; Wurzenberger, C.; Ness, D.; Steidl, S. The Activity of MOR202, a Fully Human
Anti-CD38 Antibody, Is Complemented by ADCP and Is Synergistically Enhanced by Lenalidomide in Vitro
and in Vivo. Blood 2012, 120, 4018. [CrossRef]

55. Van de Donk, N.W.C.J.; Richardson, P.G.; Malavasi, F. CD38 antibodies in multiple myeloma: Back to the
future. Blood 2018, 131, 13–29. [CrossRef]

56. Krejcik, J.; Frerichs, K.A.; Nijhof, I.S.; van Kessel, B.; van Velzen, J.F.; Bloem, A.C.; Broekmans, M.E.C.;
Zweegman, S.; van Meerloo, J.; Musters, R.J.P.; et al. Monocytes and Granulocytes Reduce CD38 Expression
Levels on Myeloma Cells in Patients Treated with Daratumumab. Clin. Cancer Res. 2017, 23, 7498–7511.
[CrossRef]

57. Van de Donk, N.W.C.J.; Usmani, S.Z. CD38 Antibodies in Multiple Myeloma: Mechanisms of Action and
Modes of Resistance. Front. Immunol. 2018, 9, 2134. [CrossRef]

http://dx.doi.org/10.1172/JCI90962
http://dx.doi.org/10.1172/JCI16577
http://www.ncbi.nlm.nih.gov/pubmed/12488432
http://dx.doi.org/10.1038/leu.2015.123
http://www.ncbi.nlm.nih.gov/pubmed/25975191
http://dx.doi.org/10.3390/cells8121527
http://www.ncbi.nlm.nih.gov/pubmed/31783629
http://dx.doi.org/10.4161/onci.26246
http://www.ncbi.nlm.nih.gov/pubmed/24319640
http://dx.doi.org/10.1111/imr.12389
http://dx.doi.org/10.1158/0008-5472.CAN-14-3639
http://dx.doi.org/10.1126/scitranslmed.3005407
http://dx.doi.org/10.1016/j.imlet.2018.04.005
http://dx.doi.org/10.1182/blood-2015-12-687749
http://dx.doi.org/10.1158/2159-8290.CD-17-1033
http://dx.doi.org/10.1182/blood-2016-03-703439
http://www.ncbi.nlm.nih.gov/pubmed/27307294
http://dx.doi.org/10.1200/jco.2015.33.15_suppl.8588
http://dx.doi.org/10.1182/blood.V120.21.4018.4018
http://dx.doi.org/10.1182/blood-2017-06-740944
http://dx.doi.org/10.1158/1078-0432.CCR-17-2027
http://dx.doi.org/10.3389/fimmu.2018.02134


Cells 2020, 9, 167 13 of 14

58. Chillemi, A.; Zaccarello, G.; Quarona, V.; Ferracin, M.; Ghimenti, C.; Massaia, M.; Horenstein, A.L.; Malavasi, F.
Anti-CD38 antibody therapy: Windows of opportunity yielded by the functional characteristics of the target
molecule. Mol. Med. 2013, 19, 99–108. [CrossRef]

59. Funaro, A.; Reinis, M.; Trubiani, O.; Santi, S.; Di Primio, R.; Malavasi, F. CD38 functions are regulated through
an internalization step. J. Immunol. 1998, 160, 2238–2247.

60. Horenstein, A.L.; Chillemi, A.; Quarona, V.; Zito, A.; Roato, I.; Morandi, F.; Marimpietri, D.; Bolzoni, M.;
Toscani, D.; Oldham, R.J.; et al. NAD+-Metabolizing Ectoenzymes in Remodeling Tumor-Host Interactions:
The Human Myeloma Model. Cells 2015, 4, 520–537. [CrossRef]

61. Chillemi, A.; Quarona, V.; Zito, A.; Morandi, F.; Marimpietri, D.; Cuccioloni, M.; ldham, J.R.; Cragg, S.M.;
Bolzoni, M.; Toscani, D.; et al. Generation and Characterization of Microvesicles after Daratumumab
Interaction with Myeloma Cells. Blood 2015, 126, 1849. [CrossRef]

62. Morandi, F.; Marimpietri, D.; Horenstein, A.L.; Bolzoni, M.; Toscani, D.; Costa, F.; Castella, B.; Faini, A.C.;
Massaia, M.; Pistoia, V.; 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. [CrossRef] [PubMed]

63. Joly, E.; Hudrisier, D. What is trogocytosis and what is its purpose? Nat. Immunol. 2003, 4, 815. [CrossRef]
[PubMed]

64. Vaisitti, T.; Serra, S.; Pepper, C.; Rossi, D.; Laurenti, L.; Gaidano, G.; Malavasi, F.; Deaglio, S. CD38 signals
upregulate expression and functions of matrix metalloproteinase-9 in chronic lymphocytic leukemia cells.
Leukemia 2013, 27, 1177–1181. [CrossRef] [PubMed]

65. Taylor, R.P.; Lindorfer, M.A. Analyses of CD20 monoclonal antibody-mediated tumor cell killing mechanisms:
Rational design of dosing strategies. Mol. Pharmacol. 2014, 86, 485–491. [CrossRef] [PubMed]

66. Casneuf, T.; Xu, X.S.; Adams, H.C.; Axel, A.E.; Chiu, C.; Khan, I.; Ahmadi, T.; Yan, X.; Lonial, S.; Plesner, T.;
et al. Effects of daratumumab on natural killer cells and impact on clinical outcomes in relapsed or refractory
multiple myeloma. Blood Adv. 2017, 1, 2105–2114. [CrossRef]

67. Wang, Y.; Zhang, Y.; Hughes, T.; Zhang, J.; Caligiuri, M.A.; Benson, D.M.; Yu, J. Fratricide of NK Cells
in Daratumumab Therapy for Multiple Myeloma Overcome by Ex Vivo-Expanded Autologous NK Cells.
Clin. Cancer Res. 2018, 24, 4006–4017. [CrossRef]

68. De Haart, S.J.; Holthof, L.; Noort, W.A.; Minnema, M.C.; Emmelot, M.E.; Aarts-Riemens, T.; Doshi, P.;
Sasser, K.; Yuan, H.; de Bruijn, J.; et al. Sepantronium bromide (YM155) improves daratumumab-mediated
cellular lysis of multiple myeloma cells by abrogation of bone marrow stromal cell-induced resistance.
Haematologica 2016, 101, 339–342. [CrossRef]

69. Rendtlew Danielsen, J.M.; Knudsen, L.M.; Dahl, I.M.; Lodahl, M.; Rasmussen, T. Dysregulation of CD47 and
the ligands thrombospondin 1 and 2 in multiple myeloma. Br. J. Haematol. 2007, 138, 756–760. [CrossRef]

70. Uluckan, O.; Becker, S.N.; Deng, H.; Zou, W.; Prior, J.L.; Piwnica-Worms, D.; Frazier, W.A.; Weilbaecher, K.N.
CD47 regulates bone mass and tumor metastasis to bone. Cancer Res. 2009, 69, 3196–3204. [CrossRef]

71. Matozaki, T.; Murata, Y.; Okazawa, H.; Ohnishi, H. Functions and molecular mechanisms of the
CD47-SIRPalpha signalling pathway. Trends Cell Biol. 2009, 19, 72–80. [CrossRef] [PubMed]

72. Russ, A.; Hua, A.B.; Montfort, W.R.; Rahman, B.; Riaz, I.B.; Khalid, M.U.; Carew, J.S.; Nawrocki, S.T.;
Persky, D.; Anwer, F. Blocking “don’t eat me” signal of CD47-SIRPα in hematological malignancies, an
in-depth review. Blood Rev. 2018, 32, 480–489. [CrossRef] [PubMed]

73. Van Bommel, P.E.; He, Y.; Schepel, I.; Hendriks, M.A.J.M.; Wiersma, V.R.; van Ginkel, R.J.; van Meerten, T.;
Ammatuna, E.; Huls, G.; Samplonius, D.F.; et al. CD20-selective inhibition of CD47-SIRPα “don’t eat
me” signaling with a bispecific antibody-derivative enhances the anticancer activity of daratumumab,
alemtuzumab and obinutuzumab. Oncoimmunology 2017, 7. [CrossRef] [PubMed]

74. Zipfel, P.F.; Skerka, C. Complement regulators and inhibitory proteins. Nat. Rev. Immunol. 2009, 9, 729–740.
[CrossRef]

75. Kirschfink, M. Targeting complement in therapy. Immunol. Rev. 2001, 180, 177–189. [CrossRef]
76. Meyer, S.; Leusen, J.H.; Boross, P. Regulation of complement and modulation of its activity in monoclonal

antibody therapy of cancer. MAbs 2014, 6, 1133–1144. [CrossRef]
77. Hu, W.; Ge, X.; You, T.; Xu, T.; Zhang, J.; Wu, G.; Peng, Z.; Chorev, M.; Aktas, B.H.; Halperin, J.A.; et al.

Human CD59 inhibitor sensitizes rituximab-resistant lymphoma cells to complement-mediated cytolysis.
Cancer Res. 2011, 71, 2298–2307. [CrossRef]

http://dx.doi.org/10.2119/molmed.2013.00009
http://dx.doi.org/10.3390/cells4030520
http://dx.doi.org/10.1182/blood.V126.23.1849.1849
http://dx.doi.org/10.1080/2162402X.2018.1458809
http://www.ncbi.nlm.nih.gov/pubmed/30221054
http://dx.doi.org/10.1038/ni0903-815
http://www.ncbi.nlm.nih.gov/pubmed/12942076
http://dx.doi.org/10.1038/leu.2012.260
http://www.ncbi.nlm.nih.gov/pubmed/22955446
http://dx.doi.org/10.1124/mol.114.092684
http://www.ncbi.nlm.nih.gov/pubmed/24944188
http://dx.doi.org/10.1182/bloodadvances.2017006866
http://dx.doi.org/10.1158/1078-0432.CCR-17-3117
http://dx.doi.org/10.3324/haematol.2015.139667
http://dx.doi.org/10.1111/j.1365-2141.2007.06729.x
http://dx.doi.org/10.1158/0008-5472.CAN-08-3358
http://dx.doi.org/10.1016/j.tcb.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19144521
http://dx.doi.org/10.1016/j.blre.2018.04.005
http://www.ncbi.nlm.nih.gov/pubmed/29709247
http://dx.doi.org/10.1080/2162402X.2017.1386361
http://www.ncbi.nlm.nih.gov/pubmed/29308308
http://dx.doi.org/10.1038/nri2620
http://dx.doi.org/10.1034/j.1600-065X.2001.1800116.x
http://dx.doi.org/10.4161/mabs.29670
http://dx.doi.org/10.1158/0008-5472.CAN-10-3016


Cells 2020, 9, 167 14 of 14

78. Neri, P.; Maity, R.; Tagoug, I.; Duggan, P.; McCulloch, S.; Jimenez-Zepeda, V.; Tay, J.; Boise, L.H.; Thakurta, A.;
Bahlis, N.J. Single Cell Resolution Profiling Defines the Innate and Adaptive Immune Repertoires Modulated
By Daratumumab and IMiDs Treatment in Multiple Myeloma (MM). Blood 2017, 130, 123.

79. Viola, D.; Dona, A.; Gunes, E.G.; Troadec, E.; Wu, X.; Branciamore, S.; McDonald, T.; Ghoda, L.; Streatfield, A.;
Sanchez, J.F.; et al. Immune mediated mechanisms of resistance to daratumumab. Blood 2018, 132, 3201.
[CrossRef]

80. Frerichs, K.A.; Nagy, N.A.; Lindenbergh, P.L.; Bosman, P.; Marin Soto, J.; Broekmans, M.; Groen, R.W.J.;
Themeli, M.; Nieuwenhuis, L.; Stege, C.; et al. CD38-targeting antibodies in multiple myeloma: Mechanisms
of action and clinical experience. Expert Rev. Clin. Immunol. 2018, 14, 197–206. [CrossRef]

81. Jiang, H.; Acharya, C.; An, G.; Zhong, M.; Feng, X.; Wang, L.; Dasilva, N.; Song, Z.; Yang, G.; Adrian, F.; 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. [CrossRef] [PubMed]

82. Deckert, J.; Wetzel, M.C.; Bartle, L.M.; Skaletskaya, A.; Goldmacher, V.S.; Vallée, F.; Zhou-Liu, Q.; Ferrari, P.;
Pouzieux, S.; Lahoute, C.; et al. SAR650984, a novel humanized CD38-targeting antibody, demonstrates
potent antitumor activity in models of multiple myeloma and other CD38+ hematologic malignancies.
Clin. Cancer Res. 2014, 20, 4574–4583. [CrossRef] [PubMed]

83. You, T.; Hu, W.; Ge, X.; Shen, J.; Qin, X. Application of a novel inhibitor of human CD59 for the enhancement
of complement-dependent cytolysis on cancer cells. Cell Mol. Immunol. 2011, 8, 157–163. [CrossRef]

84. Macor, P.; Secco, E.; Mezzaroba, N.; Zorzet, S.; Durigutto, P.; Gaiotto, T.; De Maso, L.; Biffi, S.; Garrovo, C.;
Capolla, S.; et al. Bispecific antibodies targeting tumor-associated antigens and neutralizing complement
regulators increase the efficacy of antibody-based immunotherapy in mice. Leukemia 2015, 29, 406–414.
[CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1182/blood-2018-99-117441
http://dx.doi.org/10.1080/1744666X.2018.1443809
http://dx.doi.org/10.1038/leu.2015.240
http://www.ncbi.nlm.nih.gov/pubmed/26338273
http://dx.doi.org/10.1158/1078-0432.CCR-14-0695
http://www.ncbi.nlm.nih.gov/pubmed/24987056
http://dx.doi.org/10.1038/cmi.2010.35
http://dx.doi.org/10.1038/leu.2014.185
http://www.ncbi.nlm.nih.gov/pubmed/24903480
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mechanisms of Action 
	ADCC 
	ADCP 
	CDC 
	Immuno-Modulatory Effects 

	Mechanisms of Resistance 
	CD38 Reduction 
	ADCC Resistance 
	ADCP Resistance 
	CDC Resistance 
	The Immune-Mediated Resistance 

	New Strategies to Overcome Dara Resistance 
	References

