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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), (i) radioimmunotherapy, and (i) 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 serum M-
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
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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 and myeloid 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 Ca?*-
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 on malignant 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%T MM cells via Fc-y 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-
CD38 mAbs as therapeutic strategy for MM 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 kil 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 FcyR.
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 FcyRIIb and activating FcyRs.
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
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FIGURE 1 | Schematic representation of the mechanism(s) of action of anti-CD38 mAbs on MM cells.

EFFECTOR
CELL

NK CELL

MM CELL

Frontiers in Immunology | www.frontiersin.org

November 2018 | Volume 9 | Article 2722


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

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,
Daratumumab may 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 and Daratumumab may 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 CD38" Treg and to increase the frequency of CD4tCD25~
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 CD38" Tregs in vitro when cultured with
CD47CD25™ 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 TGFp/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 IgGl 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 nanobodies may 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 CD387 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 wCi 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 nCi 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 nCi), 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 WCi). 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 a-
emitter 2!*Bi conjugated to anti-CD38 mAb in preclinical models
of MM. 2!*Bi-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 21*Bi-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 2*Bi-induced toxicity was observed in the major
organ systems (43). These studies suggest that CD38-targeted
RIT may 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 CD8a, the intracellular domains of
4-1BB and CD3¢ 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 Biological: Anti-CD38 A2 CAR-T cells Recruiting

refractory multiple myeloma patients

Daratumumab (HuMax®-CD88) safety study in multiple myeloma Drug: Daratumumab plus Methylprednisolone and Completed
Dexamethasone

Monoclonal antibodies for treatment of multiple myeloma. emphasis on the Drug: Daratumumab plus Lenalidomide and Completed

CD38 antibody Daratumumab

A Phase I/lla study of human anti-CD38 antibody MOR03087 (MOR202) in
relapsed/refractory multiple myeloma

A study of UNJ-54767414 (HuMax CD38) (Anti-CD38 monoclonal antibody) in
combination with backbone treatments for the treatment of patients with multiple
myeloma

Phase Il study of the CD38 antibody Daratumumab in patients with high-risk
MGUS and low-risk smoldering multiple myeloma

CAR-T cells therapy in relapsed/refractory multiple myeloma

Isatuximab single agent study in japanese relapsed and refractory multiple
myeloma patients

SARB50984 in combination with Carfilzomib for treatment of relapsed or
refractory multiple myeloma

Study of GBR 1342, a CD38/CD3 Bispecific antibody, in subjects with previously
treated multiple myeloma

Efficacy and safety study of Pembrolizumab (MK-3475) in combination with
Daratumumab in participants with relapsed refractory multiple myeloma
SARB50984 (Isatuximab), Lenalidomide, and Dexamethasone IN Combination in
RRMM patients

2015-12: a study exploring the use of early and late consolidation/maintenance
therapy

Daratumumab in combination With ATRA

Daratumumab in combination with Bortezomib and Dexamethasone in subjects
with relapsed or relapsed and refractory multiple myeloma and severe renal
impairment

Study of Isatuximab Combined With Bortezomib + Cyclophosphamide +
Dexamethasone (VCD) and Bortezomib + Lenalidomide + Dexamethasone
(VRD) in newly diagnosed multiple myeloma (MM) non-eligible for transplant

SAR650984, Pomalidomide and Dexamethasone in combination in RRMM
patients

Daratumumab in Treating Patients With multiple myeloma

Daratumumab, Thalidomide and Dexamethasone in Relapse and/or refractory
myeloma

Copper 64Cu-DOTA-Daratumumab positron emission tomography in diagnosing
patients with relapsed multiple myeloma

Daratumumab in treating transplant-eligible participants with multiple myeloma

Daratumumab after stem cell transplant in treating patients with multiple
myeloma

Multi-CAR T cell therapy in the treatment of multiple myeloma

Dexamethasone

Drug: MOR03087 phase 1 dose escalation plus
Dexamethasone and others

Drug: Daratumumab plusVelcade, Pomalidomide
and others

Drug: Daratumumab

Biological: Anti-CD38 CAR-T Cells
Drug: Isatuximab SAR650984

Drug: SAR650984 plus Carfilzomib

Biological: GBR 1342

Biological: Pembrolizumab plus Daratumumab

Drug: isatuximab SAR650984 plus lenalidomide and

dexamethasone

Drug: Daratumumab plus carfilzomib, thalidomide,
dexamethasone and others

Drug: Daratumumab plus all-trans retinoic acid
(ATRA)

Drug: Daratumumab plus bortezomib and
dexamethasone

Drug: Daratumumab plus lenalidomide, bortezomib,

cyclophosphamide and others

Drug: Isatuximab SAR650984 plus pomalidomide
and dexamethasone

Biological: Daratumumab

Drug: Daratumumab plus thalidomide and
dexamethasone

Biological: Daratumumab plus imaging agent using
positron emission tomography

Drug: Daratumumab plus autologous hematopoietic

stem cell transplantation

Drug: Daratumumab plus autologous hematopoietic

stem cell transplantation and melphalan
Biological: Anti-CD38 CAR-T cells

Active, not recruiting

Active, not recruiting

Recruiting

Recruiting
Active, not recruiting

Recruiting

Recruiting

Not yet recruiting

Active, not recruiting

Recruiting

Recruiting

Recruiting

Recruiting

Active, not recruiting

Active, not recruiting
Not yet recruiting

Recruiting

Recruiting

Not yet recruiting

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. DRd: 93% DRd: 78% DRd: 46%
Lenalidomide and Dexamethasone (Rd) (56) Rd: 76% Rd: 45% Rd: 20%

Daratumumab plus Pomalidomide and Dexamethasone (D,pom/dex) vs.
Pomalidomide and Dexamethasone (pom/dex) (57, 58)

Daratumumab Plus Bortezomib and Dexamethasone (DVd) vs. Bortezomib
and Dexamethasone (Vd) (59)

D, pom/dex: 60%
pom/dex: 47%
DVd: 84%

Vd: 63%

D, pom/dex: 43%
pom/dex: 32%
DVd: 62%

Vd: 29%

D, pom/dex: 17%
pom/dex: 15%
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 Thl-like cytokines
and, more importantly, to lyse CD38" MM cells but not CD38/°
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) acute myeloid 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 2722


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

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

. Kuehl WM, Bergsagel PL. Multiple myeloma: evolving genetic events and host

interactions. Nat Rev Cancer (2002) 2:175-87. doi: 10.1038/nrc746

. 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 ] Haematol. (2003)
121:749-57. doi: 10.1046/j.1365-2141.2003.04355.x

. 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

. 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

. Avet-Loiseau H, Attal M, Moreau P, Charbonnel C, Garban E 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

. Phekoo K], 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 ] Haematol. (2004) 127:299-304.
doi: 10.1111/j.1365-2141.2004.05207.x

. Palumbo A, Anderson K. Multiple myeloma. N Engl ] Med. (2011) 364:1046—

60. doi: 10.1056/NEJMral011442

. 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

. 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. ] Immunol. (1990) 145:2390-6.

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. ] Immunol. (1998) 160:395-402.

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

Howard M, Grimaldi JC, Bazan JE 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

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
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
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

Weiner LM, Surana R, Wang S. Monoclonal antibodies: versatile
platforms for cancer immunotherapy. Nat Rev Immunol. (2010) 10:317-27.
doi: 10.1038/nri2744

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

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).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Krejcik ], Casneuf T, Nijhof IS, Verbist B, Bald ], 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

. 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

Cherkasova E, Espinoza L, Kotecha R, Reger RN, Berg M, Aue G, et al.
Treatment of ex vivo expanded NK cells with Daratumumab F(ab’)2 fragments
protects adoptively transferred NK cells from Daratumumab-mediated killing
and augments Daratumumab-induced Antibody Dependent Cellular Toxicity
(ADCC) of myeloma. Blood (2015) 126:4244.

Nijhof IS, Casneuf T, Van Velzen ], 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

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

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.

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.
Overdijk MB, Jansen JHM, Nederend M, Lammerts Van Bueren JJ, Groen
RW]J, Parren PWHI, et al. The therapeutic CD38 monoclonal antibody
daratumumab induces programmed cell death via Fcy receptor-mediated
cross-linking. J Immunol. (2016) 197:807-13. doi: 10.4049/jimmunol.1501351
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. |
Immunol. (2011) 186:1840-8. doi: 10.4049/jimmunol.1003032

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.

Morandi F, Marimpietri D, Horenstein AL, Bolzoni M, Toscani D, Costa
E 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:€1458809. doi: 10.1080/2162402X.2018.1458809

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

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

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

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 2722


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

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

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

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

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

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.

Ellis JH, Barber KA, Tutt A, Hale C, Lewis AP, Glennie M]J, et al. Engineered
anti-CD38 monoclonal antibodies for immunotherapy of multiple myeloma.
J Immunol. (1995) 155:925-37.

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

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

Barabas AZ, Cole CD, Graeft 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

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

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. Res. (2014) 74:1179-89.
doi: 10.1158/0008-5472.CAN-13-1589

Green D], Osteen 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

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

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

Chu J, Deng Y, Benson DM, He S, Hughes T, Zhang J, et al. CSI1-
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

Ali SA, Shi V, Maric I, Wang M, Stroncek DE 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

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

Cancer

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Garfall AL, Stadtmauer EA, Hwang WT, Lacey SE, 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

Mihara K, Bhattacharyya ], 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: 10.1038/1eu.2011.205

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.

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

Drent E, Themeli M, Poels R, De Jong-Korlaar R, Yuan H, De Bruijn J, etal. 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

Drent E, Poels R, Mulders MJ, Van De Donk NWC], Themeli M,
Lokhorst HM, et al. Feasibility of controlling CD38-CAR T cell activity
with a Tet-on inducible CAR design. PLoS ONE (2018) 13:20197349.
doi: 10.1371/journal.pone.0197349

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
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/JC0O.2017.35.15_suppl.103

San-Miguel ], 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.clm1.2017.03.029

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: 10.1038/1eu.2010.190

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

Spencer A, Mark T, Spicka I, Masszi T, Lauri B, Levin M-D, et al. Depth of
response and MRD with 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.clm1.2017.
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 2722


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

	CD38: A Target for Immunotherapeutic Approaches in Multiple Myeloma
	Multiple Myeloma and CD38: background
	CD38-targeted immunotherapeutic strategies: rationale, applications and limitations
	Anti-CD38 mAbs
	Daratumumab
	Isatuximab
	CD38-Specific Chimeric mAbs and Nanobodies

	Radioimmunotherapy
	Cellular Therapy

	Conclusions
	Author Contributions
	Funding
	References


