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A cure for multiple myeloma (MM), a malignancy of plasma cells, remains elusive. Nearly all myeloma patients
will eventually relapse and develop resistance to currently available treatments. There is an unmet medical need
to develop novel and effective therapies that can induce sustained responses. Early phase clinical trials using
chimeric antigen receptor (CAR) T cell therapy have shown great promise in the treatment of relapsed and/or
refractory MM. In this review article, we provide an overview of the CAR constructs, the gene transfer vector

systems, and approaches for T cell activation and expansion. We then summarize the outcomes of several early
phase clinical trials of CAR T cell therapy in MM and the novel CAR T targets that are under development.
Finally, we explore the potential mechanisms that result in disease relapse after CAR T therapy and propose
future directions in CAR T therapy in MM.

1. Multiple myeloma

Multiple Myeloma (MM) is a malignancy of terminally differ-
entiated plasma cells typically characterized by clonal proliferation of
these plasma cells in the bone marrow. MM represents 1% of all ma-
lignancies and 18% of hematologic malignancies in the United States;
accounting for an estimated 32,110 new diagnoses and 12,960 deaths
in 2019 alone [1]. The diagnosis of MM is made based on the presence
of =10% clonal plasma cells in the bone marrow, and evidence of end
organ damage (typically manifested as hypercalcemia, renal in-
sufficiency, anemia, and/or bone lytic lesions-the so-called CRAB cri-
teria), or in the absence of end-organ damage if a patient has any ultra-
high risk features: =60% clonal bone marrow plasma cells, the ratio of
involved serum free light/uninvolved serum free light of =100, or =2
focal lesions on MRI [2-5].

Symptomatic MM requires treatment with chemotherapy typically
consisting of a 2 to 3 drug combination that incorporates an im-
munomodulatory agent, along with a proteasome inhibitor and/or
monoclonal antibody. The immunomodulatory drugs (IMiDs) (i.e.,
thalidomide, lenalidomide, and pomalidomide) and the proteasome
inhibitors (PIs) (i.e., bortezomib, carfilzomib, and ixazomib) are the
mainstay in the treatment of MM and have shown significant efficacy in
the management of both newly diagnosed as well as relapsed and re-
fractory MM patients [6-9]. Two monoclonal antibodies (daratumumab

and elotuzumab) were approved by the FDA in 2015 and provide ad-
ditional options for the treatment of MM [10-15]. Treatment of MM
patients with combination regimens, followed by consolidation with
high-dose chemotherapy and autologous hematopoietic stem cell
transplant (ASCT) and maintenance therapy has significantly improved
the survival and outcomes of patients with MM [16-21]. The median
survival of newly diagnosed MM patients now reaches 7-9 years, with
nearly one quarter of patients surviving longer than 10 years.

However, despite these improvements, MM remains an incurable
disease and nearly all MM patients will eventually relapse and develop
resistance to currently available agents. Treatment options for these
patients are particularly limited. Adoptive transfer of immune effector
cells such as chimeric antigen receptor (CAR) T cells has shown en-
couraging results in early phase clinical studies. This review provides an
overall summary of this approach in the treatment of MM.

2. Chimeric antigen receptor (CAR) T cells
2.1. Chimeric antigen receptor constructs

Cancer patients have profound defects in anti-tumor immunity, re-
sulting in the failure to suppress tumor growth [22,23]. The objective of

CAR T therapy is to activate the anti-tumor immunity by adoptive in-
fusion of a sufficient number of immune effector cells. Most of the
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Fig. 1. CAR T construct.
Table 1
Various gene transfer approaches.
Approach Notes

Adenoviral vector
Adeno associated vector
Retroviral vector
Lentiviral vector (HIV)
Feline FIV vector

Nonviral approaches Low efficiency

High efficiency, no integration, no long-term expression

Integration at chromosome 19, difficulty in production, low capacity (small amount of DNA), host immunity against AAV
Only infecting proliferating cells (no quiescent cells), random integration, insertional mutagenesis

Infecting proliferating and quiescent cells, no insertional mutagenesis reported

Similar to HIV lentiviral vector, no concerns for HIV recombination

immune effector cells used for the adoptive transfer are T cells, al-
though NK cells have also been used. Autologous immune effector cells
are typically used but allogeneic immune effector cells have been re-
ported [24-26].

To achieve the specific and effective adoptive anti-tumor immunity,
the T cells are transduced with a construct that consists of four major
elements (Fig. 1): a single-chain variable fragment (scFv), a trans-
membrane domain, costimulatory molecule(s), and a stimulatory mo-
lecule. The scFv fragment serves to direct T cells to the tumor cells and
is commonly derived from the variable region of an antibody specific
for tumor surface antigen. It is a fusion protein of the variable regions of
the heavy and light chains of immunoglobulin connected with a short
linker peptide. This scFv fragment plays an essential role in CAR T
therapy and determines the specificity and effectiveness of CAR T
treatment [27]. The amino acid composition, position, and the number
of scFv fragments have significant impact on the effectiveness of CAR T
therapy [28]. The scFv fragment is typically cloned from hybridoma
cells that produce the antibody. Phage display library screening has
been demonstrated to be an effective approach to identify scFv frag-
ments [29,30]. In addition to using the antibody variable region against
tumor antigens for generation of the scFv fragment, some groups have
used the sequence of specific ligands that bind to unique tumor cell
receptors to generate the antigen-binding domain [31,32].

The transmembrane domain consists of a hydrophobic a-helix de-
rived from CD8, CD28 or immunoglobulin that is inserted into the
membrane lipid bilayer spanning the cell membrane [33,34]. Although
the main function of the transmembrane domain is to anchor the CAR in
the T cell membrane, thus increasing the strength of the bond between
CAR T cells and targeted tumor cells, there is some evidence that it also
plays a role in T cell activation [35,36].

The stimulatory and costimulatory molecules are required for
complete T cell activation as defined by the classical two-signal hy-
pothesis [37]. Signal 1, is provided by the interaction between the T cell
receptor (TCR) and the peptide-MHC complex on the antigen-

presenting cells (APCs). Signal 2, is a costimulatory signal mediated by
the interaction between the costimulatory molecule, CD28 on the T cell,
and CD80 (B7.1) or CD86 (B7.2) on the APC [38,39]. Therefore, the
current version of CAR T constructs encode both the costimulatory
molecule(s) and stimulatory molecule. Examples of co-stimulatory
molecule(s) include one or more of: CD27, CD28, ICOS, 4-1BB, or 0X40
[40]. It is unclear if these different molecules confer differential levels
of costimulation. Most commonly used stimulatory molecules derive
from the CD3{ chain, although the FceRly has been used in previous
generations [41,42].

2.2. Gene transfer technologies

The development of gene transfer technologies has permitted the
efficient gene transfer of the chimeric antigen receptor to T cells. As
summarized in Table 1, both viral and non-viral approaches have been
used for gene transfer and have advantages and disadvantages. For CAR
T gene transfer, retroviral and lentiviral vectors are commonly used.
Retroviral vectors stably integrate into the dividing target cell genome,
allowing for the transgene to be passed on and expressed on all
daughter cells. The limitations of retroviral vectors include inability to
transduce non-dividing cells, and random integration with the risk of
insertional mutagenesis [43,44].

In contrast, lentiviral vectors transduce both dividing and non-di-
viding cells and stably integrate into the target cell genome.
Transduction with lentiviral vectors typically produces higher titer
viruses with more stable virions, and a significantly lower risk for in-
sertional mutagenesis owning to their lack of viral genes that cause
other disease pathologies in third generation lentiviral vectors [45,46].

Once virus is produced, viral preparation undergoes several pro-
cesses to remove contaminants such as endotoxin or mycoplasma, and
undergo stringent testing to ensure compliance with good clinical
practice manufacturing guidelines. These specific processes and stan-
dards are beyond the scope of this article but are available for review
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[47,48].

2.3. T Cell activation and expansion ex vivo

Before transduction, the T cells need to be activated and expanded
ex vivo, typically in bioreactor. Typical activation is done using a syn-
thetic molecule mimicking endogenous dendritic cell (DC) activation of
the T cell. CD3/CD28 dynabeads are a commonly used commercially
available method for activating T cells ex vivo [49-52]. Beads are used
at varying ratios to T cells, but typically in the range of 1:1-1:5. This
activation phase commonly lasts about 24-48 h, before cells are sub-
sequently harvested and plated for growth. T cells will then be trans-
duced and subsequently expanded again before infusion. Exposure to
fetal bovine serum and even human serum can increase odds of pa-
thogen transmission upon reinfusion. Both Xeno-free serum, as well as
other serum free methods are being explored to limit this exposure and
comply with GMP standards [49,53].

3. Early phase multiple myeloma CAR T clinical trials targeting
BCMA

B-cell maturation antigen (BCMA), also referred to as tumor necrosis
factor receptor superfamily member 17 (TNFRSF17) or CD269, is the
receptor for BAFF and APRIL and is expressed consistently on myeloma
cells and normal plasma cells at varying intensities [54-56]. BCMA has
been shown to promote multiple myeloma pathogenesis, and targeting
BCMA has been shown to have potent anti-myeloma activity [56-59].
BCMA antigen can be cleaved by gamma-secretase and released into
blood circulation, and soluble levels of BCMA are often elevated in MM
patients and seem to correlate with disease burden [60-62]. Several
clinical trials have recently reported efficacy using CAR T cells targeting
BCMA. These data are reviewed below and summarized in Table 2.

3.1. NIH study

An anti-BCMA CAR was first developed at the National Institutes of
Health (NIH) and consisted of an anti-BCMA scFv, a CD28 costimula-
tory domain, and a CD3{ T cell activation domain [55]. A gamma-ret-
roviral vector was utilized to transduce CAR-BCMA to autologous T
cells. A phase I dose escalation study was conducted (ClinicalTrials.gov:
NCT02215967), and tested 4 dose levels: 0.3 x 10°, 1 x 10°, 3 x 109,
and 9 x 10° CAR T cells/kg of bodyweight. Patients received a con-
ditioning chemotherapy regimen of 300 mg/m2 of cyclophosphamide
(Cy) and 30 mg/m2 of fludarabine (Flu) on days -5 to -3 followed by an
infusion of CAR-BCMA T cells on day 0. A total of 26 patients were
enrolled and 13 patients received the highest CAR T cell dose level of
9.0 X10° cells/kg [63,64]. The median prior lines of treatment were 11.

CAR-BCMA T cells exhibited clear anti-myeloma activity. At the
highest CAR T cell dose, 9 of the 11 evaluable patients obtained ob-
jective anti-myeloma responses, with 2 patients (18%) achieving a
stringent complete response (sCR), 5 patients (45%) achieving a very
good partial response (VGPR), and an additional 2 patients (18%) ob-
taining a partial response (PR). Eight of 10 evaluable patients achieved
minimal residual disease (MRD) negative status by bone marrow flow
cytometry.

Eleven of 12 evaluable patients (92%) developed cytokine-release
syndrome (CRS) after infusions of CAR T cells with 5 patients having
=grade 3 CRS. The most prominent signs of CRS were fever, tachy-
cardia, hypotension, and reduced cardiac function. Of thirteen patients,
4 received the interleukin (IL)-6-receptor antagonist tocilizumab to
treat CRS; 2 of these 4 patients also received corticosteroids. Two pa-
tients experienced delayed neutropenia and thrombocytopenia.
Toxicity was significant but limited in duration and controllable. This
study provides the proof of concept of CAR-BCMA T therapy in the
treatment of relapsed/refractory, poor-prognosis MM.
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3.2. MCARH171 - Memorial Sloan Kettering cancer center

Memorial Sloan Kettering reported the results of their phase I
clinical trial using a retrovirally transfected CAR T called MCARH171 as
well as pre-clinical data with JCARH125. JCARH125 is created via
lentiviral transfection (1:1 CD4 to CD8 ratio pre transduction and ex-
pansion) and contains 4-1BB and CD3{ stimulatory domains, CD28
transmembrane  domains and an  alphaBCMA/125  scFv
(ClinicalTrials.gov: NCT03430011) [65].

MCARH171 is composed of a CD3¢ and 4-1BB stimulatory domains
with a CD8a hinge/transmembrane and an a-BCMA/171 scFv. A dose
escalation study was recently reported that was designed to evaluate 4
doses: 1 x 10° cells/kg, 150 X 10% cells, 450 x 10° cells, and
800 x 10° cells [66]. Patients received conditioning chemotherapy
with Cy 3 gm/m2 as a single dose or Flu 30 mg/m2 daily and Cy
300 mg/m2 daily for 3 days followed by MCARH171 infusion in 1-2
divided doses. Eleven patients had been enrolled at time of data re-
porting with a median of 6 prior lines of therapy including a PI, an
IMiD, a CD38 antibody, and ASCT. All patients had detectable BCMA
expression; with the vast majority (91%) having > 80% expression.
Patients were grouped into those dosed with < 150 x 10° CAR T cells
and =450 x 10° CAR T cells for analysis. 50% of those in the low dose
group had CRS, none were above grade 2, but two dosed at 150 x 10°
required tocilizumab. Three of the four evaluable patients in the high
dose group had CRS, two at grade 3. Overall, 100% of evaluable pa-
tients had grade 4 neutropenia, all but one had grade 4 lymphopenia,
and all patients had grade 2 or higher thrombocytopenia.

The trial showed limited efficacy at the low dose. Overall response
rate was 64% with a median PFS of 106 days. Patients in the high dose
cohort (=450 x 10° cells) reportedly had deeper and more durable
responses including 3 VGPRs although the PFS of the high dose cohort
was not independently reported. CRS was seen in 6 patients (60%) with
only two patients having =grade 3 and tocilizumab administered to 3
patients. No dose limiting toxicities (DLTs) were reported.

3.3. UPENN/Novartis study

The University of Pennsylvania reported a phase I study using an
anti-CD3/anti-CD28 beads ex vivo-expanded, autologous T cell product
engineered by lentiviral transduction to express a fully human BCMA-
specific = CAR with CD3{ and 4-1BB signaling domains
(ClinicalTrials.gov: NCT02546167) [67]. A total of 25 patients were
enrolled into 3 cohorts: 1) 1-5 x 10® CAR T cells alone; 2) 1-5 x 107
CAR T cells with 1.5g/m? + Cy; and 3) 1-5 x 10° CAR T cells with
1.5 g/m? + Cy. CAR T-BCMA cells were given as split-dose infusions
over 3 days (10% on day 0, 30% on day 1, and 60% on day 2), with Cy
given on day —3. The median prior lines of therapy were 7 (range
3-13), and all patients had previously been exposed to a PI and an
IMiD.

Grade 3 or higher toxicities were seen in 96% of patients; most
commonly cytopenias. CRS was observed in 88% of subjects and was
=grade 3 in 32% (all of whom were treated at the highest dose). Seven
patients (28%) were treated with IL-6 blockade. Neurotoxicity was seen
in 8 patients (32%) most commonly manifesting as confusion and/or
aphasia. Three patients (12%) had =grade 3 neurotoxicity including 1
patient with PRES which was determined to be a DLT. Additional DLTs
were cardiomyopathy and hemothorax each of which occurred in 1
patient. One patient died during the trial after developing grade 4 CRS
complicated by candidemia. Notably, his labs after his 3 infusions
showed disease progression including 13% circulating plasma cells.

Overall response rate was 48%, and was 44% in cohort 1, 20% in
cohort 2, and 64% in cohort 3. Across all cohorts there were 1 sCR, 1
CR, and 5 VGPRs. These data demonstrated that CAR T-BCMA infusions
following Cy lymphodepletion is feasible and has significant clinical
activity in highly-refractory MM patients who have limited treatment
options. CRS remains a common but manageable toxicity.
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3.4. Bluebird studies

Bb2121 is a second-generation CAR T therapy using autologous T
cells transduced with a lentiviral vector encoding an anti-BCMA scFv, a
4-1BB costimulatory motif and a CD3{ T cell activation domain. It was
tested in a multicenter, 2-part, phase I study of patients with relapsed
refractory MM (ClinicalTrials.gov: NCT02658929). The first part of the
study (dose escalation) enrolled patients who had received =3 prior
lines of therapy including a PI and an IMiD, and had =50% BCMA
expression on their plasma cells [68,69]. Twenty-one patients were
enrolled in the dose escalation part and received CAR T cells at doses of
50 x 10°, 150 x 10°, 450 x 10° or 800 x 10°. In the dose-expansion
phase, patients had to have received daratumumab and been refractory
to their last line of therapy, BCMA expression was required, but no
specific cutoff was defined. Twelve patients were enrolled in the dose
expansion phase and received CAR T cells in the range of
150-450 x 10°. Patient received lymphodepletion with Flu (30 mg/
mz)/Cy (300 mg/mz) given daily for 3 days (-5, —4, and — 3) followed
by a single infusion of bb2121 on day 0. The median number of prior
lines of treatment was 7 and 8 for dose escalation phase and dose ex-
pansion phase, respectively.

At the median follow-up of 11.3 months, CRS, primarily grade 1-2,
was reported in 25 of 33 (76%) patients; 2 (6%) patients had grade =3
CRS that resolved in 24 h. Grade =3 neutropenia was observed in 28
patients (85%); grade =3 anemia was seen in 15 (45%) patients, and
grade =3 thrombocytopenia in 15 (45%) patients. One patient (3%)
had grade 4 neurotoxicity. There were no grade 4 or 5 CRS events. One
patient died during the trial due to cardiopulmonary arrest which was
considered to be unrelated to the study treatment.

At the dose of 50 x 10° (N = 3), ORR was 33% with the only re-
sponse being a PR. At the cell dose of 150 X 10° (N = 8), ORR was 75%
with: 5 (63%) patients achieving a sCR, and 1 (12%) patient achieving a
PR. At doses > 150 x 10° (n = 30), ORR was 90%, with 12 (40%) sCR,
3 (10%) CR, 9 (30%) VGPR, and 3 (10%) PR. Of the 16 patients with a
disease response tested for minimal residual disease (MRD) all 16
(100%) were MRD negative, albeit with a relatively low threshold of
10~ * with only 3 patients achieving MRD negativity at a level of 10~°.
With a median follow-up of 11.3 months median progression-free sur-
vival was 11.8 months in patients infused with =150 x 10° CAR T cells
compared to 2.6 months in the patients in the 50 x 10° cohort. Median
progression-free survival in the 16 responders who were MRD negative
was 17 months. Bb2121 shows promising efficacy at dose levels
=150 x 10° CAR T cells with deep and durable ongoing responses and
manageable CRS and neurotoxicity [70]. These data support the po-
tential of bb2121 anti-BCMA CAR T cell therapy as a new treatment for
RRMM.

Bb21217 is a second generation anti-BCMA CAR T developed by
Bluebird Bio which uses the same scFv, 4-1BB costimulatory motif and
CD3¢ T cell activation domain as bb2121 but adds the PI3K inhibitor
bb007 during the ex vivo T cell expansion phase. By limiting PI3K sig-
naling and upregulating AKT, the population of CAR T cells is enriched
for long-lived memory-like T cells displaying CD62L+ and CD27 +
[71]. Mouse studies which re-challenged animals with tumor im-
plantation at day 30 on the opposite flank from prior showed no tumor
growth at day 90, in contrast to bb2121 which showed marked growth.
Currently a phase 1 dose escalation trial is enrolling patients with
RRMM who have previously been treated with =3 regimens including a
PI and IMiD (ClinicalTrials.gov: NCT03274219). Planned doses are
150 x 10° cells and escalating to 300 X 10°, 450 x 10°, and 800 x 10°
with 3 days of Flu and Cy at days -5, -4 and -3.

As of June 2018 (the most recent report) 8 patients had been treated
all at the 150 x 10° dose with plans for a total enrollment of 50 patients
[72]. Median number of prior lines of therapy was 9. CRS was seen in 5
(63%) of patients including one patient who had DLTs of grade 3 and
grade 4 encephalopathy. This patient was noted to have high tumor
burden which was thought to play a role in these toxicities. At time of

Cellular Immunology 345 (2019) 103964

data cut-off 7 patients were evaluable for response with an ORR of 86%.
One (14%) patient had a sCR, 3 (43%) achieved a VGPR, and 2 (29%)
had a PR.

Interestingly, most responses appear to deepen over time, with CR
achieved as late as 10 months. Examination of T cell populations
(n = 6) in these patients showed an increase of CD62L+ /CD45RA-
cells, and a trend towards increased CD27 +/CD45RA- cells. On this
note, of 7 examined patients, 6 still had detectable CAR vector copies at
3 months, and 3 out of 3 patients had detectable CAR vector copies at
6 months. Finally, no change in vector copy number, serum M protein,
serum free light chain, or sSBCMA seemed discernable when patients
were stratified into high tumor burden and low tumor burden groups.
Bb21217 opens the door for a new wave of myeloma CAR-T trials ex-
amining how enriching for memory-like sub-populations of T cells may
prolong disease remission by increasing the capability of controlling
myeloma relapse.

3.5. Nanjing Legend/Janssen LCAR-B38M study

Nanjing Legend Biotech reported the safety and efficacy of LCAR-
B38M, a dual epitope-binding CAR T cell therapy, in patients with re-
lapsed/refractory MM. At data cutoff, this phase I, single-arm, open-
label, multicenter study enrolled a total of 57 patients
(ClinicalTrials.gov: NCT03090659). The median number of prior lines
of therapy was 3 (range, 1-9), including prior PI (68%), IMiDs (86%)
and both PI and IMiDs (60%) in the majority of patients. Ten (18%)
patients previously underwent ASCT. Autologous T cells were en-
gineered with lentiviral vector to express a BCMA targeting domain
against 2 distinct BCMA epitopes connected by GGGGS linker, a CD8a
hinge and transmembrane domain, a 4-1BB/CD137 cytoplasmic do-
main and a human CD3{ domain. Patient received 3 doses of Cy
300 mg/m2 on day —5, —4, and — 3 for lymphodepletion and median
CAR T cell dose of 0.5 x 10° cells/kg (range, 0.07-2.1 x 10°) that was
split into 3 infusions (20, 30, and 50% of total dose administered over
7 days [73].

All patients experienced =1 adverse events. 37/57 patients (65%)
had grade =3 AEs that included leukopenia (17/57; 30%), thrombo-
cytopenia (13/57; 23%), and elevation in aspartate aminotransferase
(12/57; 21%). CRS occurred in 51/57 patients (90%). However only 4
patients (7%) had grade =3 cases, and only one patient had neuro-
toxicity manifesting as grade 1 aphasia, agitation, and seizure-like ac-
tivity.

The overall response rate was 88% with 39/57 patients (68%)
achieving a CR, 3/57 (5%) achieving a VGPR, and 8/57 (14%) a PR.
MRD testing at the sensitivity of 10~ * was negative for 36/57 (63%)
patients. The median time to response was 1 month (range, 0.4-3.5). At
a median follow-up of 8 months, median progression-free survival was
15 months (95% CI, 11 to not estimable). Median overall survival for all
patients was not reached. These data demonstrated that LCAR-B38M
CAR T cell therapy has a manageable safety profile and can achieve
deep and durable responses in patients with RRMM.

3.6. Correlation between BCMA expression level and CAR T responses

Whether the level of BCMA expression correlates with the response
of BCMA-CAR T therapy is still an area of active debate. In the bb2121
BCMA-CAR T trial, tumor response was independent of plasma cell
BCMA expression: the objective response rate for myeloma patients
with low BCMA expression, (i.e., < 50% bone marrow plasma cells
expressing BCMA) was 100%. This response rate was not significantly
different from the 91% response rate seen in myeloma patients with
high BCMA expression (=50% bone marrow plasma cell expression)
treated with the same dose of CAR T cells. Despite this, the bb21217
trial is only enrolling patients with =50% BCMA expression. Similarly,
in the Nanjing Legend CAR T trial, BCMA expression did not appear to
correlate with clinical response: An ORR of 92% was observed in
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patients with < 40% BCMA expression compared with an ORR of 82%
in patients with =40% BCMA expression. There was no correlation
between BCMA expression and median PFS or OS: Median PFS was
15months for patients who had < 40% BCMA expression and
11 months for patients who had =40% BCMA expression. Median OS
was not reached for both the < 40 and =40% BCMA expression groups.
Notably, baseline levels of soluble BCMA did not correlate with re-
sponse to the UPENN/Novartis BCMA CAR T. However, patients that
had a PR or better to the treatment had a decrease in sBCMA that
peaked at 60 days (p < .001) [67].

One concern is that the current IHC assay for measuring BCMA
expression may not accurately represent BCMA expression level and
that a flow based assay would be more accurate. However, use of a
flow-based assay would require fresh, un-fixed tumor cells for mea-
surement which can be difficult to coordinate.

BCMA levels from fresh bone marrow aspirates was measured by
flow cytometry in the UPENN/Novartis study. Patients achieving a PR
or better showed a decrease of BCMA mean fluorescence intensity (MFI)
at day 28 (p = .02) compared to pre-treatment (from 4000 to 944),
whereas non-responders did not display a decrease at day 28 (2704 to
2104). However, this response was not durable and may have be
skewed by the small number of patients with very high BCMA MFI [67].

4. Early phase clinical trials targeting other myeloma antigens
4.1. Phase I clinical trial with CAR T therapy targeting the x light chain

Ramos et al. at the Baylor College of Medicine and Houston
Methodist Hospital conducted a phase 1 clinical trial in patients with
k" non-Hodgkin lymphoma/chronic lymphocytic leukemia or MM
(ClinicalTrials.gov: NCT00881920) (Table 3) [74]. Autologous T cells
were genetically engineered by retroviral vector to express a murine
scFv fragment targeting the k light chain of human immunoglobulin, a
CD28 costimulatory domain and a CD3¢ domain. A spacer region de-
rived from the human IgG1-CH2CH3 domains was cloned in-frame
between the scFv and the signaling domain. Eight myeloma patients
were enrolled in the study. Seven of 8 patients had undergone prior
ASCT. Patients received no or limited lymphodepletion chemotherapy
(12.5 mg/kg Cy). Cell dose was in the range of 0.92-1.9 x 108 cells.

All infusions were well tolerated. Only 1 MM patient experienced a
grade 3 lymphopenia that was deemed possibly related to therapy.
None of the adverse events reported were considered to be related to
CAR T infusion. No patients experienced symptoms consistent with
severe CRS.

No objective responses were observed in the MM patients. 5 of 8
patients had stable disease. One patient had a progressive decline in
their paraprotein levels (2240 to 1730 mg/dL IgG) and improvement in

Table 3
Other CAR T therapy trials in MM.
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anemia (11.6 to 14.4 g/dL hemoglobin), which was sustained for
2 years. Overall, response with k CAR T in patients with k-light chain
restricted myeloma has been modest.

4.2. Clinical trial with CAR T therapy targeting CD19

Typically, malignant plasma cells isolated from MM patients lack
CD19 expression [75-77]. However, recent reports suggest that there
may be a CD19 + population of plasma cells in MM patients with very
refractory disease [78-80]. Additionally, patients with monoclonal
gammopathy of undetermined significance (MGUS) have be shown to
have high expression of CD19 [81]. These data suggest that these cells
may represent myeloma-initiating cells (i.e. myeloma stem cells). These
cells contribute to relapses, and are thought to be derived from post-
germinal center B cells, which exhibit B cell phenotypes such as the
expression of CD19 or CD20. To eliminate these myeloma-initiating
cells, Garfall et al. at the University of Pennsylvania performed an early
phase clinical trial in which relapsed/refractory myeloma patients re-
ceived CAR T cells against CD19 (CTL019) following salvage high dose
melphalan and ASCT (ClinicalTrials.gov: NCT02135406) (Table 3)
[82]. All subjects had previously undergone an ASCT with < 1 year
progression-free survival. Twelve patients enrolled in this clinical trial
and 10 subjects received CTLO19 CAR T therapy. Median total lines of
prior therapy were 6 (range 2-10).

Most adverse events were attributed to high-dose melphalan con-
ditioning. CRS was observed only in one subject and was grade 1 in
severity. At day 100 after ASCT, 8 of 10 subjects exhibited a partial
response or better. Because this overall response rate could also be due
to ASCT alone, to assess the effectiveness of CTL019 the authors com-
pared progression-free survival (PFS) after ASCT + CTL019 (PFS2) to
each subject’s PFS after prior ASCT (PFS1). In 8 of 10 subjects, PFS2
was shorter than PFS1. However, in 2 subjects, PFS2 was substantially
longer than PFS1 (479 vs. 181 days for one subject; 249 vs. 127 days for
the other subject). Moreover, in these two subjects, the presentation of
the disease progression after ASCT + CTLO19 treatment was different
from their disease progression prior to ASCT + CTL019 therapy: the
rise in monoclonal immunoglobulin production was more gradual and
there was no evidence of multiple myeloma by standard anatomic pa-
thology assessment at time of progression. Expression of Sox2, a tran-
scription factor that governs self-renewal and pluripotency, has been
linked to myeloma-propagating capacity in myeloma cell lines [83,84].
In the two subjects with longer PFS2, there was an increase in anti-Sox2
antibody response and T cell response after CTLO19 treatment. These
results suggest that CAR T therapy targeting CD19" myeloma-propa-
gating cells following ASCT may be beneficial and could potentially
lead to longer progression-free survival.

Baylor U Penn

China

Authors/presentation
Target

n

vector

Costimulatory domain
Activation domain
conditioning

Dosing

Prior lines of treatment (median)
CRS

Response

MRD

Ramos et al., JCI 2016; 126:2588
Kappa light chain (CRL-1758
hybridoma)

8

Retroviral vector

CD28

CD3¢

3 patients without Cy; 5 with Cy
9.2 to 19 x 107 CAR T cells/M>

1-5
None

5: SD; 3: NR

Not done

Garfall et al., JCI Insight, 2018; 3:e120505
ASCT + CTLO19

10

Lentiviral vector

4-1BB

CD3¢

ASCT followed by CTL019

4.4 x 10°® (range 1.1-6 x 10%)

2-10

None

2 patients significantly longer PFS (479 vs 181; 249 vs
127)

Not done

Guo et al., J Cell Immunol 2016, 2: 28
CD138

5

Lentiviral vector

4-1BB (CD137)

CD3¢

various

0.756 x 107 cytokine-induced killer cells/
kg

5-18

fever

4/5: stable disease

Not done
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Table 4
CAR T therapy under development.
Germany UK Japan Japan
Authors/presentation Gogishvili et al. Blood, 2017 Lee et al., Blood 2018; 131:746 ASH 2018 Hosen et al., Nat Med 2017
Target SLAMF7 APRIL (ligand for BCMA and TACI) A2/NY-ESO-1 (cancer Integrin B,
testis antigen)
scFv huLuc63 (elotuzumab) Note: no scFV; ligand-based antigen binding  Clone: 3M4E5 Screening > 10,000 hybridomas

domain
vector Lentiviral vector

Costimulatory domain CD28 CD28 and 0X40

Activation domain CD3(¢ CD3(¢

MM cell lines +++ +++
Primary myeloma cells +++ +++
Xenograft mouse model  + + + ++ +

Toxicities Preserves lymphocytes including
virus-specific T cells

Clinical trial started

Oncoretroviral vector

Works in BCMA*TACI~ or BCMA ~TACI™
Dual antigen targeting

Lentiviral vector Retroviral vector

CD28 CD28

CD3¢ CD3¢

+++ +++
+++

Without damaging normal
hematopoietic cells
Ongoing

4.3. Clinical trial with CAR T therapy targeting CD138

CD138 is highly expressed on MM cells and is involved in their
development and proliferation. Guo et al. describes the outcomes of 5
MM patients treated with a CD138 CAR T (ClinicalTrials.gov:
NCT01886976) (Table 3) [85]. A lentiviral vector was used to trans-
duce autologous T cells to express the fusion gene, anti-CD138-ScFV-
CD8a-4-1BB-CD3(. Patients received an average of 0.756 x 107 cyto-
kine-induced cells/kg. Four of the 5 patients developed fever, chills,
and nausea within 40 min to 4 h after cell infusion which lasted up to
2 h. The best response was stable disease seen in 4 patients which lasted
up to 7 months. Table 4

5. CAR T therapy under preclinical development (Table 4)
5.1. CAR T therapy targeting SLAMF7

SLAMF7 (CD319, CS-1) is a member of the signaling lymphocytic
activation molecule family of trans-membrane receptors. SLAMF7 is
expressed on NK cells and a proportion of CD8" T cells. SLAMF7 is
uniformly expressed on malignant plasma cells in newly diagnosed
multiple myeloma and in relapsed myeloma after intensive che-
motherapy [86-88]. Furthermore, SLAMF7-CAR T cells were effective
against myeloma cells in vitro and in vivo in a murine xenograft model
[89]. Importantly, SLAMF7-CAR T cells induce selective fratricide of
SLAMF7 */hi8% NK cells, CD4™ and CD8™* T cells, and B cells, but spare
SLAMF7 ~ /1% cell subsets, which may be sufficient to preserve normal
lymphocyte function including anti-viral immunity [88]. These data
provide strong preclinical data for the potential use of SLAMF7-CAR T
cell therapy in multiple myeloma. A SLAMF7-CAR T clinical trial was
recently initiated at the National Cancer Institute (NCI).

5.2. CAR T therapy targeting BCMA with APRIL

As previously discussed, several early phase clinical trials have de-
monstrated efficacy of BCMA CAR T therapy in the treatment of MM.
All these studies used a scFV fragment derived from anti-BCMA anti-
body to direct CAR T cells to target BCMA expressing myeloma cells.
BCMA expression could vary and the expression could be down-regu-
lated after BCMA targeted CAR T therapy. Therefore, a CAR T therapy
that targets both BCMA™ and BCMA™ myeloma cells is highly desir-
able. Lee L et al. recently reported an “A proliferating-inducing ligand”
(APRIL)-based CAR T cells [90]. APRIL is a natural high-affinity ligand
for both BCMA and transmembrane activator and calcium-modulator
and cyclophilin ligand (TACI). TACI was expressed in 39 out of 50
primary MM cells (78%). An oncoretroviral vector was constructed that
encoded a truncated APRIL fused to a spacer domain, a CD28 trans-
membrane and the CD28-0X40-CD3¢ endodomain. The APRIL CAR T

cells induced cytolysis of MM cells at low antigen densities, at low E:T
ratio, and in the presence of soluble APRIL, BCMA, and TACI in vitro
and in vivo. More importantly, APRIL CAR T therapy resulted in disease
control in an in vivo escape model, suggesting that the dual-antigen
targeting of BCMA and TACI allows continued disease suppression in
the event of BCMA downregulation or loss in patients who have co-
expression of both antigens on their tumor cells.

5.3. CAR T therapy targeting A2/NY-ESO-1;5,

NY-ESO-1 is a well-known cancer-testis antigen, and is highly ex-
pressed in poor-prognosis multiple myeloma patients especially those
with relapsed disease or high risk cytogenetics [91]. NY-ESO-1 is highly
immunogenic and induces spontaneous humoral and cellular immune
responses. Cytotoxic T cells specific for NY-ESO-115;.165 peptide pre-
sented by an HLA-A * 02:01 molecule (A2/NY-ESO-1,5,) on myeloma
cell surfaces are functionally active and can kill primary MM cells.
Maruta et al. generated second-generation CAR T cells with A2/NY-
ESO-1;5;,-specific scFv linked with CD28 and CD3( [92]. Two different
A2/NY-ESO-1;57-specific scFv genes were tested: one encodes variable
regions of a light (L) and a heavy (H) chains in order of LH, and the
other one encodes HL. For comparison, a bispecific antibody (BsAb)
composed of each A2/NY-ESO-1,s5;,-specific scFv and a CD3e-reactive
scFv was also generated. It was found that five out of five A2/NY-ESO-
1157~ CAR-transduced T cells showed A2/NY-ESO-1;s7-specific re-
activity, resulting in anti-myeloma reactivity to A2*NY-ESO-1*U266
myeloma cells. Newly generated BsAbs successfully linked A2/NY-ESO-
1,57 expressing targets and CD3 ™ T cells. Interestingly, compared with
CAR-T cells, BsAb-stimulated T cells showed superior A2/NY-ESO-1,5,-
reactive cytokine production capacity. These data suggest that A2/NY-
ESO-1,5; is an important target in CAR T therapy or BsAB therapy for
MM.

5.4. CAR T therapy targeting integrin 7

Most of the current targets used in CAR T therapy are also expressed
on normal cells/tissues, resulting in unwanted toxicities and side ef-
fects. Therefore, identifying cancer-specific cell-surface antigens is cri-
tical for future CAR T development. Hosen et al. recently screened >
10,000 anti-MM mAb hybridomas and identified MMG49 as an MM-
specific mAb [93]. The MMG49 epitope is located in the N-terminal
region of the integrin 37 chain and is hidden in the resting integrin
conformer but exposed in the active conformation. Interestingly, there
was high MMG49 reactivity on MM cells due to elevated expression and
constitutive activation of integrin 7. This is in contrast to other cell
types including normal lymphocytes where the MMG49 binding is
minimal, making MMG49 a very attractive, specific target for MM CAR
T therapy. Indeed, CAR T cells derived from MMG49 recognize and kill
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MM cells in vitro and in vivo without damaging normal hematopoietic
cells. This study opens a new avenue to target cancer specific cell-sur-
face proteins that undergo conformational changes in cancer cells.

6. Mechanisms of resistance/relapse after CAR T therapy

Despite the promise of CAR T therapy in the treatment of MM, pa-
tients still relapse with CAR T therapy even after achieving MRD ne-
gativity. The progression-free survival in bb2121 and LCAR-B38M trial
was 17.7 and 15 months, respectively. The mechanisms for the relapse
remain to be characterized but may include the following.

6.1. Down-regulation or loss of target antigen

The most commonly cited reason for relapse to CAR T therapy is the
development of cancer cells which no longer express the target antigen.
Loss of target antigen has been reported in several CAR T trials to date
[94-97]. In the UPENN/Novartis trial, the investigators noted sig-
nificantly diminished levels of BCMA antigen on MM cells following
CAR T therapy, but did not comment if this correlated with relapse. A
solution to this issue is to create CAR T cells that target multiple tumor
antigens either by using multiple CAR T cells in combination or using
bi/tri-specific CAR T cells which have multiple unique scFVs on a single
CAR T cell. Yan et al. tested a CD19/BCMA CAR T in patients with
RRMM. As of the last data reported 8 patients had been treated with 5
evaluable for response. The overall response rate was 100% including 1
sCR, 1 VGPR, 2 PR, and 1 SD [98].

6.2. Inaccessibility of myeloma cells by CAR T cells

Myeloma cells reside in the bone marrow microenvironment con-
sisting of wide spectrum of cell types and extracellular matrix proteins,
including fibronectin, collagen, laminin, and osteopontin [99]. This
microenvironment could shield MM cells from CAR T therapy. A similar
phenomenon was recently illustrated by Cazaux et al. Using intravital
imaging they tracked CD19 CAR T cells in B cell lymphoma-bearing
mice and found that many of these cells were trapped in the lungs in the
form of large cell aggregates and never reached their target destination
[100]. Myeloma cells in particular have developed specific abilities to
evade immune detection, such as upregulation of immune suppressive
molecules (reviewed in [101]), increased Tregs and myeloid derived
suppressor cells (MDSCs) [102,103], and secretion of VEGF, HGF, fi-
broblast growth factor (FGF), and stromal-cell-derived factor (SDF)-1a
by bone marrow stromal cells [104] to avoid the killing of CAR T cells.

6.3. Insufficient persistence of CAR T cells

Insufficient persistence of the CAR T cells has been postulated as a
probable cause of loss of efficacy, and ultimately relapse of myeloma in
response to CAR T therapy. In the CD19-CAR T cell trials for chronic
lymphocytic leukemia and acute B lymphoblastic leukemia, some stu-
dies showed that the degree of in vivo expansion and persistence of CAR
T correlated with response [105,106], although other trials have noted
durable responses with absence of detectable CAR T cells [107]. In the
bb2121 study, CAR T cell expansion was correlated with response, and
CAR T cells persisted up to 1year after infusion in 20% of patients.
Notably, CAR T levels were significantly higher in patients who
achieved a response to the therapy at 28 days after infusion [68]. It will
be interesting to see if this data is replicated as more MM patients are
treated with a CAR T approach.

6.4. Enrichment of immunosuppressive cells such as MDSCs or pDCs
MDSCs have been shown to be elevated in peripheral blood of MM

patients [108]. In the context of MM, MDSCs have been shown to in-
crease tumor burden, reduce immune penetrance into the tumor
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microenvironment, and induce MM-related angiogenesis [109]. The
coadministration of NK cells capable of targeting NKG2D, and thus
eliminating MDSCs, was able to increase survival in solid tumor bearing
mice infused with CAR T cells versus those treated with CAR T cells
alone [110]. There is also a long history of this receptor’s therapeutic
potential in myeloma [111]. A clinical trial testing the efficacy of CAR T
cells expressing NKG2D in 7 AML and 5 MM was safe with only mild
(< 3) toxicities, however no objective responses were seen [112]. It
remains to be seen if a combination of this CAR T targeting MDSCs with
an anti-myeloma CAR T therapy would have increased efficacy and/or
toxicity.

Plasmacytoid dendritic cells (pDCs) in the bone marrow offer si-
milar immunosuppressive support to myeloma, increasing its survival,
drug resistance, and growth [113]. The targeted therapy SL-401 is a
recombinant CD123 genetically fused to a truncated diphtheria toxin
payload, which specifically targets pDCs. Use of SL-401 showed anti-
myeloma activity in preclinical models as both a single agent and sy-
nergism with bortezomib, dexamethasone, lenalidomide, and pomali-
domide [114-116] and in clinical trials with pomalidomide and
dexamethasone [117]. Unfortunately, the drug was associated with
increased risk of death due to capillary leak syndrome in a trial of pa-
tients with blastic plasmacytoid dendritic cell neoplasm (BPDCN). A
trial investigating an allogenic CAR designed to target CD123 (UCART
123) was in clinical trials for AML and BPDCN, but was placed on hold
on September 5, 2017 by the FDA due to the death of a patient. The
hold was subsequently lifted on November 7, 2017 [118], and the trial
evaluating safety and efficacy of UCART123 in patients with AML is
currently ongoing (ClinicalTrials.gov: NCT03190278).

7. Second CAR T therapy

At the 2019 ASCO annual meeting, Li et al. presented 4 cases who
received human BCMA-targeting CAR T therapy (CT103A) after the
patients’ myeloma relapsed from a murine BCMA-targeting CAR T
therapy. The CT103A CAR construct is a lentiviral vector encoding a
fully human scFV, CD8a hinger and transmembrane, 4-1BB costimula-
tory and CD3( activation domain. Patients received 1-6 X 10° CAR T
cells/kg. All 4 patients had objective responses: 3 patients achieved a
CR and 1 patient had a VGPR. More patients and longer follow up are
needed, but this study demonstrated the potential of a second CAR T
therapy in patients who relapse from previous CAR T therapy [119].

8. Summary and future direction

CAR T therapy has shown promising results and safety profiles. It is
highly likely that in the near future CAR T therapy will become an
important modality of treatment especially for relapsed/refractory MM.
It remains to be determined when will be the best time to incorporate
CAR T therapy in MM: as part of induction therapy, in the relapsed
setting, as an alternative to ASCT, or as an adjunctive to ASCT? Finally,
the mechanisms of resistance/relapse with CAR T therapy remain to be
characterized and the approaches to overcome resistance/relapse will
be crucial for the ultimate success of CAR T therapy in MM. Overall, it is
still unclear whether CAR T therapy will become another option in an
increasingly complex arsenal of multiple myeloma treatment options,
or bring about a new standard of care to a disease that currently re-
mains incurable.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.



D. Feinberg, et al.

Acknowledgement

Funding: This work is supported by Duke Cancer Institute Fund, NIH
R44CA199767, NIH 5T32 HL007057-42, NCI R21CA234701, and NIH
RO1CA197792.

Authors’ contributions

All authors wrote, read, and approved the final manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellimm.2019.103964.

References

[11

[2

—

[31
[4]

[5]

[6]

[7

—

[81

[91

[10]

[11]

[12]

[13]

[14]

P.G. Richardson, M. Delforge, M. Beksac, P. Wen, J.L. Jongen, O. Sezer, E. Terpos,
N. Munshi, A. Palumbo, S.V. Rajkumar, J.L. Harousseau, P. Moreau, H. Avet-
Loiseau, J.H. Lee, M. Cavo, G. Merlini, P. Voorhees, W.J. Chng, A. Mazumder,

S. Usmani, H. Einsele, R. Comenzo, R. Orlowski, D. Vesole, J.J. Lahuerta,

R. Niesvizky, D. Siegel, M.V. Mateos, M. Dimopoulos, S. Lonial, S. Jagannath,

J. Blade, J.S. Miguel, G. Morgan, K.C. Anderson, B.G. Durie, P. Sonneveld,
Management of treatment-emergent peripheral neuropathy in multiple myeloma,
Leukemia 26 (2012) 595-608.

N. Latov, Pathogenesis and therapy of neuropathies associated with monoclonal
gammopathies, Ann. Neurol. 37 (Suppl. 1) (1995) S32-542.

V. Batuman, The pathogenesis of acute kidney impairment in patients with mul-
tiple myeloma, Adv. Chronic Kidney Dis. 19 (2012) 282-286.

S.V. Rajkumar, Multiple myeloma update on diagnosis, risk-stratification, and
management, Am. J. Hematol. 91 (2016) (2016) 719-734.

J. Mikhael, N. Ismaila, M.C. Cheung, C. Costello, M.V. Dhodapkar, S. Kumar,

M. Lacy, B. Lipe, R.F. Little, A. Nikonova, Treatment of multiple myeloma: ASCO
and CCO joint clinical practice guideline, J. Clin. Oncol. 37 (2019) 1228-1263.
P.G. Richardson, B. Barlogie, J. Berenson, S. Singhal, S. Jagannath, D. Irwin,
S.V. Rajkumar, G. Srkalovic, M. Alsina, R. Alexanian, D. Siegel, R.Z. Orlowski,
D. Kuter, S.A. Limentani, S. Lee, T. Hideshima, D.L. Esseltine, M. Kauffman,

J. Adams, D.P. Schenkein, K.C. Anderson, A phase 2 study of bortezomib in re-
lapsed, refractory myeloma, N. Engl. J. Med. 348 (2003) 2609-2617.

P.G. Richardson, P. Sonneveld, M.W. Schuster, D. Irwin, E.A. Stadtmauer,

T. Facon, J.L. Harousseau, D. Ben-Yehuda, S. Lonial, H. Goldschmidt, D. Reece,
J.F. San-Miguel, J. Blade, M. Boccadoro, J. Cavenagh, W.S. Dalton, A.L. Boral,
D.L. Esseltine, J.B. Porter, D. Schenkein, K.C. Anderson, Bortezomib or high-dose
dexamethasone for relapsed multiple myeloma, N. Engl. J. Med. 352 (2005)
2487-2498.

D.J. Kuhn, Q. Chen, P.M. Voorhees, J.S. Strader, K.D. Shenk, C.M. Sun, S.D. Demo,
M.K. Bennett, F.W. van Leeuwen, A.A. Chanan-Khan, R.Z. Orlowski, Potent ac-
tivity of carfilzomib, a novel, irreversible inhibitor of the ubiquitin-proteasome
pathway, against preclinical models of multiple myeloma, Blood 110 (2007)
3281-3290.

H. Ludwig, V. Bolejack, J. Crowley, J. Blade, J.S. Miguel, R.A. Kyle, S.V. Rajkumar,
K. Shimizu, I. Turesson, J. Westin, P. Sonneveld, M. Cavo, M. Boccadoro,

A. Palumbo, P. Tosi, J.L. Harousseau, M. Attal, B. Barlogie, A.K. Stewart, B. Durie,
Survival and years of life lost in different age cohorts of patients with multiple
myeloma, J. Clin. Oncol. 28 (2010) 1599-1605.

S.Z. Usmani, B.M. Weiss, T. Plesner, N.J. Bahlis, A. Belch, S. Lonial, H.M. Lokhorst,
P.M. Voorhees, P.G. Richardson, A. Chari, A.K. Sasser, A. Axel, H. Feng,

C.M. Uhlar, J. Wang, 1. Khan, T. Ahmadi, H. Nahi, Clinical efficacy of dar-
atumumab monotherapy in patients with heavily pretreated relapsed or refractory
multiple myeloma, Blood 128 (2016) 37-44.

A. Palumbo, A. Chanan-Khan, K. Weisel, A.K. Nooka, T. Masszi, M. Beksac,

I. Spicka, V. Hungria, M. Munder, M.V. Mateos, T.M. Mark, M. Qi, J. Schecter,
H. Amin, X. Qin, W. Deraedt, T. Ahmadi, A. Spencer, P. Sonneveld, Daratumumab,
bortezomib, and dexamethasone for multiple myeloma, N. Engl. J. Med. 375
(2016) 754-766.

M.A. Dimopoulos, A. Oriol, H. Nahi, J. San-Miguel, N.J. Bahlis, S.Z. Usmani,

N. Rabin, R.Z. Orlowski, M. Komarnicki, K. Suzuki, T. Plesner, S.S. Yoon, D. Ben
Yehuda, P.G. Richardson, H. Goldschmidt, D. Reece, S. Lisby, N.Z. Khokhar,

L. ORourke, C. Chiu, X. Qin, M. Guckert, T. Ahmadi, P. Moreau,
Lenalidomidedaratumumab and dexamethasone for multiple myeloma, N. Engl. J.
Med. 375 (2016) 1319-1331.

H.M. Lokhorst, T. Plesner, J.P. Laubach, H. Nahi, P. Gimsing, M. Hansson,

M.C. Minnema, U. Lassen, J. Krejcik, A. Palumbo, N.W. van de Donk, T. Ahmadi,
I. Khan, C.M. Uhlar, J. Wang, A.K. Sasser, N. Losic, S. Lisby, L. Basse, N. Brun,
P.G. Richardson, Targeting CD38 with daratumumab monotherapy in multiple
myeloma, N. Engl. J. Med. 373 (2015) 1207-1219.

P.G. Richardson, S. Jagannath, P. Moreau, A.J. Jakubowiak, M.S. Raab, T. Facon,
R. Vij, D. White, D.E. Reece, L. Benboubker, J. Zonder, L.C. Tsao, K.C. Anderson,
E. Bleickardt, A.K. Singhal, S. Lonial, Elotuzumab in combination with lenalido-
mide and dexamethasone in patients with relapsed multiple myeloma: final phase

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Cellular Immunology 345 (2019) 103964

2 results from the randomised, open-label, phase 1b-2 dose-escalation stud, The
Lancet, Haematology 2 (2015) e516—e527.

S. Lonial, M. Dimopoulos, A. Palumbo, D. White, S. Grosicki, I. Spicka, A. Walter-
Croneck, P. Moreau, M.V. Mateos, H. Magen, A. Belch, D. Reece, M. Beksac,

A. Spencer, H. Oakervee, R.Z. Orlowski, M. Taniwaki, C. Rollig, H. Einsele,

K.L. Wu, A. Singhal, J. San-Miguel, M. Matsumoto, J. Katz, E. Bleickardt,

V. Poulart, K.C. Anderson, P. Richardson, Elotuzumab therapy for relapsed or
refractory multiple myeloma, N. Engl. J. Med. 373 (2015) 621-631.

B. Barlogie, E. Anaissie, F. van Rhee, J. Haessler, K. Hollmig, M. Pineda-Roman,
M. Cottler-Fox, A. Mohiuddin, Y. Alsayed, G. Tricot, V. Bolejack, M. Zangari,

J. Epstein, N. Petty, D. Steward, B. Jenkins, J. Gurley, E. Sullivan, J. Crowley,
J.D. Shaughnessy Jr., Incorporating bortezomib into upfront treatment for mul-
tiple myeloma: early results of total therapy 3, Br. J. Haematol. 138 (2007)
176-185.

C.B. Reeder, D.E. Reece, V. Kukreti, C. Chen, S. Trudel, J. Hentz, B. Noble,

N.A. Pirooz, J.E. Spong, J.G. Piza, V.H. Zepeda, J.R. Mikhael, J.F. Leis,

P.L. Bergsagel, R. Fonseca, A.K. Stewart, Cyclophosphamide, bortezomib and
dexamethasone induction for newly diagnosed multiple myeloma: high response
rates in a phase II clinical trial, Leukemia 23 (2009) 1337-1341.

S. Knop, P. Liebisch, H. Wandt, M. Kropff, W. Jung, N. Kroeger, O. Sezer, C. Straka,
G. Fingerle-Rowson, H. Einsele, Bortezomib, IV cyclophosphamide, and dex-
amethasone (VelCD) as induction therapy in newly diagnosed multiple myeloma:
results of an interim analysis of the German DSMM Xia trial, J. Clin. Oncol. 27
(2009) abstr 8516.

A. Palumbo, F. Gay, P. Falco, C. Crippa, V. Montefusco, F. Patriarca, F. Rossini,
S. Caltagirone, G. Benevolo, N. Pescosta, T. Guglielmelli, S. Bringhen, M. Offidani,
N. Giuliani, M.T. Petrucci, P. Musto, A.M. Liberati, G. Rossi, P. Corradini,

M. Boccadoro, Bortezomib as induction before autologous transplantation, fol-
lowed by lenalidomide as consolidation-maintenance in untreated multiple mye-
loma patients, J. Clin. Oncol. 28 (2010) 800-807.

S.V. Rajkumar, S. Jacobus, N.S. Callander, R. Fonseca, D.H. Vesole, M.E. Williams,
R. Abonour, D.S. Siegel, M. Katz, P.R. Greipp, Lenalidomide plus high-dose dex-
amethasone versus lenalidomide plus low-dose dexamethasone as initial therapy
for newly diagnosed multiple myeloma: an open-label randomised controlled trial,
Lancet Oncol. 11 (2010) 29-37.

S.K. Kumar, I. Flinn, S.J. Noga, P. Hari, R. Rifkin, N. Callander, M. Bhandari, J.L.
Wolf, C. Gasparetto, A. Krishnan, D. Grosman, J. Glass, E.A. Sahovic, H. Shi, I.J.
Webb, P.G. Richardson, S.V. Rajkumar, Bortezomib, dexamethasone, cyclopho-
sphamide and lenalidomide combination for newly diagnosed multiple myeloma:
phase 1 results from the multicenter EVOLUTION study, Leukemia.

J. Carbone, D. Ohm, Immune dysfunction in cancer patients, Oncology (Huntingt)
16 (2002) 11-18.

G.P. Dunn, A.T. Bruce, H. Ikeda, L.J. Old, R.D. Schreiber, Cancer immunoediting:
from immunosurveillance to tumor escape, Nat. Immunol. 3 (2002) 991.

R. Buhmann, A. Nolte, D. Westhaus, B. Emmerich, M. Hallek, CD40-activated B-
cell chronic lymphocytic leukemia cells for tumor immunotherapy: stimulation of
allogeneic versus autologous T cells generates different types of effector cells,
Blood 93 (1999) 1992-2002.

Y. Yang, E. Jacoby, T.J. Fry, Challenges and opportunities of allogeneic donor-
derived CAR T cells, Curr. Opin. Hematol. 22 (2015) 509.

J. Liu, J.F. Zhong, X. Zhang, C. Zhang, Allogeneic CD19-CAR-T cell infusion after
allogeneic hematopoietic stem cell transplantation in B cell malignancies, J.
Hematol. Oncol. 10 (2017) 35.

A.T. Gacerez, B. Arellano, C.L. Sentman, How chimeric antigen receptor design
affects adoptive T cell therapy, J. Cell. Physiol. 231 (2016) 2590-2598.

X. Liu, S. Jiang, C. Fang, S. Yang, D. Olalere, E.C. Pequignot, A.P. Cogdill, N. Li,
M. Ramones, B. Granda, Affinity-tuned ErbB2 or EGFR chimeric antigen receptor T
cells exhibit an increased therapeutic index against tumors in mice, Cancer Res. 75
(2015) 3596-3607.

C. Wong, R. Waibel, M. Sheets, J.-P. Mach, R. Finnern, Human scFv antibody
fragments specific for the epithelial tumour marker MUC-1, selected by phage
display on living cells, Cancer Immunol. Immunother. 50 (2001) 93-101.

C.M. Hammers, J.R. Stanley, Antibody phage display: technique and applications,
J. Invest. Dermatol. 134 (2014) el7.

K.S. Kahlon, C. Brown, L.J. Cooper, A. Raubitschek, S.J. Forman, M.C. Jensen,
Specific recognition and killing of glioblastoma multiforme by interleukin 13-ze-
takine redirected cytolytic T cells, Cancer Res. 64 (2004) 9160-9166.

D.M. Davies, J. Foster, S.J. van der Stegen, A.C. Parente-Pereira, L. Chiapero-
Stanke, G.J. Delinassios, S.E. Burbridge, V. Kao, Z. Liu, L. Bosshard-Carter, Flexible
targeting of ErbB dimers that drive tumorigenesis by using genetically engineered
T cells, Mol. Med. 18 (2012) 565-576.

S. Guedan, H. Calderon, A.D. Posey Jr, M.V. Maus, Engineering and design of
chimeric antigen receptors, Mol. Ther. Meth. Clin. Dev. (2018).

D. Abate-Daga, M.L. Davila, CAR models: next-generation CAR modifications for
enhanced T-cell function, Mol. Ther. Oncolytics 3 (2016) 16014.

S.0. Morin, V. Giroux, C. Favre, Y. Bechah, N. Auphan-Anezin, R. Roncagalli, J.-
L. Meége, D. Olive, M. Malissen, J.A. Nunes, In the absence of its cytosolic domain,
the CD28 molecule still contributes to T cell activation, Cell. Mol. Life Sci. 72
(2015) 2739-2748.

E. Wang, L.-C. Wang, C.-Y. Tsai, V. Bhoj, Z. Gershenson, E. Moon, K. Newick,

J. Sun, A. Lo, T. Baradet, Generation of potent T-cell immunotherapy for cancer
using DAP12-based, multichain, chimeric immunoreceptors, Cancer Immunol.
Res. 3 (2015) 815-826.

M.F. Fontana, R.E. Vance, Two signal models in innate immunity, Immunol. Rev.
243 (2011) 26-39.

C.H. June, J.A. Ledbetter, M.M. Gillespie, T. Lindsten, C.B. Thompson, T-cell



D. Feinberg, et al.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[501]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

proliferation involving the CD28 pathway is associated with cyclosporine-resistant
interleukin 2 gene expression, Mol. Cell. Biol. 7 (1987) 4472-4481.

P. Bretscher, M. Cohn, A theory of self-nonself discrimination, Science 169 (1970)
1042-1049.

R. Weinkove, P. George, N. Dasyam, A.D. McLellan, Selecting costimulatory do-
mains for chimeric antigen receptors: functional and clinical considerations, Clin.
Transl. Immunol. 8 (2019) e1049.

K.J. Curran, H.J. Pegram, R.J. Brentjens, Chimeric antigen receptors for T cell
immunotherapy: current understanding and future directions, J. Gene Med. 14
(2012) 405-415.

C. Zhang, J. Liu, J.F. Zhong, X. Zhang, Engineering CAR-T cells, Biomarker Res. 5
(2017) 22.

S.J. Howe, M.R. Mansour, K. Schwarzwaelder, C. Bartholomae, M. Hubank,

H. Kempski, M.H. Brugman, K. Pike-Overzet, S.J. Chatters, D. de Ridder,
Insertional mutagenesis combined with acquired somatic mutations causes leu-
kemogenesis following gene therapy of SCID-X1 patients, J. Clin. Investig. 118
(2008).

0.S. Kustikova, B. Schiedlmeier, M.H. Brugman, M. Stahlhut, S. Bartels, Z. Li,

C. Baum, Cell-intrinsic and vector-related properties cooperate to determine the
incidence and consequences of insertional mutagenesis, Mol. Ther. 17 (2009)
1537-1547.

T. Liechtenstein, N. Perez-Janices, D. Escors, Lentiviral vectors for cancer im-
munotherapy and clinical applications, Cancers 5 (2013) 815-837.

D. Escors, K. Breckpot, Lentiviral vectors in gene therapy: their current status and
future potential, Archivum Immunologiae et Therapiae Experimentalis 58 (2010)
107-119.

J. Sheu, J. Beltzer, B. Fury, K. Wilczek, S. Tobin, D. Falconer, J. Nolta, G. Bauer,
Large-scale production of lentiviral vector in a closed system hollow fiber bior-
eactor, Mol. Ther. Meth. Clin. Dev. 2 (2015) 15020.

L.J. Ausubel, C. Hall, A. Sharma, R. Shakeley, P. Lopez, V. Quezada, S. Couture,
K. Laderman, R. McMahon, P. Huang, D. Hsu, L. Couture, Production of CGMP-
Grade Lentiviral Vectors, Bioprocess Int. 10 (2012) 32-43.

C. Smith, G. @kern, S. Rehan, L. Beagley, S.K. Lee, T. Aarvak, K.W. Schjetne,

R. Khanna, Ex vivo expansion of human T cells for adoptive immunotherapy using
the novel Xeno-free CTS Immune Cell Serum Replacement, Clin. Transl. Immunol.
4 (2015) e31.

A.-M. Rasmussen, G. Borelli, H.J. Hoel, K. Lislerud, G. Gaudernack, G. Kvalheim,
T. Aarvak, Ex vivo expansion protocol for human tumor specific T cells for
adoptive T cell therapy, J. Immunol. Meth. 355 (2010) 52-60.

D. Hollyman, J. Stefanski, M. Przybylowski, S. Bartido, O. Borquez-Ojeda,

C. Taylor, R. Yeh, V. Capacio, M. Olszewska, J. Hosey, Manufacturing validation of
biologically functional T cells targeted to CD19 antigen for autologous adoptive
cell therapy, J. Inmunother. (Hagerstown, Md. 32 (2009) (1997) 169.

L.L. Parker, M.T. Do, J.A. Westwood, J.R. Wunderlich, M.E. Dudley,

S.A. Rosenberg, P. Hwu, Expansion and characterization of T cells transduced with
a chimeric receptor against ovarian cancer, Hum. Gene Ther. 11 (2000)
2377-2387.

A.R. Medvec, C. Ecker, H. Kong, E.A. Winters, J. Glover, A. Varela-Rohena,

J.L. Riley, Improved expansion and in vivo function of patient T cells by a serum-
free medium, Mol. Ther. Meth. Clin. Dev. 8 (2018) 65-74.

A.J. Novak, J.R. Darce, B.K. Arendt, B. Harder, K. Henderson, W. Kindsvogel,
J.A. Gross, P.R. Greipp, D.F. Jelinek, Expression of BCMA, TACI, and BAFF-R in
multiple myeloma: a mechanism for growth and survival, Blood 103 (2004)
689-694.

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

D.-X. By, R. Singh, E.E. Choi, M. Ruella, S. Nunez-Cruz, K.G. Mansfield, P. Bennett,
N. Barton, Q. Wu, J. Zhang, Pre-clinical validation of B cell maturation antigen
(BCMA) as a target for T cell immunotherapy of multiple myeloma, Oncotarget 9
(2018) 25764.

Y.-T. Tai, C. Acharya, G. An, M. Moschetta, M.Y. Zhong, X. Feng, M. Cea,

A. Cagnetta, K. Wen, H. van Eenennaam, APRIL and BCMA promote human
multiple myeloma growth and immunosuppression in the bone marrow micro-
environment, Blood 127 (2016) 3225-3236.

Y.-T. Tai, S.-F. Cho, K. Anderson, Targeting B cell maturation antigen in MM:
potential uses of BCMA-based immunotherapy, Front. Immunol. 9 (2018) 1821.
Y.-T. Tai, K.C. Anderson, Targeting B-cell maturation antigen in multiple mye-
loma, Immunotherapy 7 (2015) 1187-1199.

S.A. Laurent, F.S. Hoffmann, P.-H. Kuhn, Q. Cheng, Y. Chu, M. Schmidt-Supprian,
S.M. Hauck, E. Schuh, M. Krumbholz, H. Riibsamen, y-Secretase directly sheds the
survival receptor BCMA from plasma cells, Nat. Commun. 6 (2015) 7333.

M. Ghermezi, M. Li, S. Vardanyan, N.M. Harutyunyan, J. Gottlieb, A. Berenson,
T.M. Spektor, C. Andreu-Vieyra, S. Petraki, E. Sanchez, Serum B-cell maturation
antigen: a novel biomarker to predict outcomes for multiple myeloma patients,
Haematologica 102 (2017) 785-795.

S. Bujarski, C. Soof, H. Chen, M. Li, E. Sanchez, C.S. Wang, M. Emamy-Sadr,
R.A. Swift, K.J. Rahbari, S. Patil, Serum b-cell maturation antigen levels to predict
progression free survival and responses among relapsed or refractory multiple
myeloma patients treated on the phase I IRUX trial, American Society of, Clin.
Oncol. (2018).

Jennifer Brudno, Norris Lam, Michael Wang, David Stroncek, Irina Maric,
Maryalice Stetler-Stevenson, Constance Yuan, Steven Hartman, Jennifer

A. Kanakry, Steven Z. Pavletic, Steven A. Feldman, Judith Lawrence,

Rashmika Patel, Brenna Hansen, R.E. Gress, J.N. Kochenderfer, T cells genetically

10

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

Cellular Immunology 345 (2019) 103964

modified to express an anti-B-cell maturation antigen chimeric antigen receptor
with a CD28 costimulatory moiety cause remissions of poor-prognosis relapsed
multiple myeloma, Blood (2017) 524.

S.A. Ali, V. Shi, I. Maric, M. Wang, D.F. Stroncek, J.J. Rose, J.N. Brudno,

M. Stetler-Stevenson, S.A. Feldman, B.G. Hansen, V.S. Fellowes, F.T. Hakim,
R.E. Gress, J.N. Kochenderfer, T cells expressing an anti-B-cell maturation antigen
chimeric antigen receptor cause remissions of multiple myeloma, Blood 128
(2016) 1688-1700.

E.L. Smith, M. Staehr, R. Masakayan, 1.J. Tatake, T.J. Purdon, X. Wang, P. Wang,
H. Liu, Y. Xu, S.C. Garrett-Thomson, Development and evaluation of an optimal
human single-chain variable fragment-derived BCMA-targeted CAR T cell vector,
Mol. Ther. 26 (2018) 1447-1456.

S. Mailankody, A. Ghosh, M. Staehr, T.J. Purdon, M. Roshal, E. Halton,

C. Diamonte, J. Pineda, P. Anant, Y. Bernal, Clinical responses and pharmacoki-
netics of MCARH171, a human-derived Bema targeted CAR T cell therapy in re-
lapsed/refractory multiple myeloma: final results of a phase I clinical trial, Am.
Soc. Hematol. (2018).

A.D. Cohen, A.L. Garfall, E.A. Stadtmauer, J.J. Melenhorst, S.F. Lacey,

E. Lancaster, D.T. Vogl, B.M. Weiss, K. Dengel, A. Nelson, B cell maturation an-
tigen-specific CAR T cells are clinically active in multiple myeloma, J. Clin.
Investig. (2019).

N. Raje, J. Berdeja, Y. Lin, D. Siegel, S. Jagannath, D. Madduri, M. Liedtke,

J. Rosenblatt, M.V. Maus, A. Turka, Anti-BCMA CAR T-cell therapy bb2121 in
relapsed or refractory multiple myeloma, N. Engl. J. Med. 380 (2019) 1726-1737.
N.S. Raje, J.G. Berdeja, Y. Lin, N.C. Munshi, D.S.D. Siegel, M. Liedtke,

S. Jagannath, D. Madduri, J. Rosenblatt, M.V. Maus, A. Turka, L.P. Lam,

R.A. Morgan, T. Quigley, M. Massaro, K. Hege, F. Petrocca, J. Kochenderfer,
bb2121 anti-BCMA CAR T-cell therapy in patients with relapsed/refractory mul-
tiple myeloma: updated results from a multicenter phase I study, J. Clin. Oncol. 36
(2018) 8007-8007.

Jesus G. Berdeja, Yi Lin, Noopur Raje, Nikhil Munshi, David Siegel,

Michaela Liedtke, Sundar Jagannath, Marcela V. Maus, Ashley Turka, Lyh

Ping Lam, Kristen Hege, Richard A. Morgan, M.T. Quigley, J.N. Kochenderfer,
Durable clinical responses in heavily pretreated patients with relapsed/refractory
multiple myeloma: updated results from a multicenter study of bb2121 Anti-Becma
CAR T cell therapy, Blood 130 (2017) 740.

C.A. Klebanoff, J.G. Crompton, A.J. Leonardi, T.N. Yamamoto, S.S. Chandran,
R.L. Eil, M. Sukumar, S.K. Vodnala, J. Hu, Y. Ji, Inhibition of AKT signaling un-
couples T cell differentiation from expansion for receptor-engineered adoptive
immunotherapy, JCI insight 2 (2017).

N. Shah, M. Alsina, D.S. Siegel, S. Jagannath, D. Madduri, J.L. Kaufman, A. Turka,
L.P. Lam, M. Massaro, K. Hege, Initial results from a phase 1 clinical study of
bb21217, a next-generation Anti Bcma CAR T therapy, Am. Soc. Hematol. (2018).
W.H. Zhao, J. Liu, B.Y. Wang, Y.X. Chen, X.M. Cao, Y. Yang, Y.L. Zhang,

F.X. Wang, P.Y. Zhang, B. Lei, L.F. Gu, J.L. Wang, N. Yang, R. Zhang, H. Zhang,
Y. Shen, J. Bai, Y. Xu, X.G. Wang, R.L. Zhang, L.L. Wei, Z.F. Li, Z.Z. Li, Y. Geng,
Q. He, Q.C. Zhuang, X.H. Fan, A.L. He, W.G. Zhang, A phase 1, open-label study of
LCAR-B38M, a chimeric antigen receptor T cell therapy directed against B cell
maturation antigen, in patients with relapsed or refractory multiple myeloma, J.
Hematol. Oncol. 11 (2018) 141.

C.A. Ramos, B. Savoldo, V. Torrano, B. Ballard, H. Zhang, O. Dakhova, E. Liu,
G. Carrum, R.T. Kamble, A.P. Gee, Z. Mei, M.F. Wu, H. Liu, B. Grilley,

C.M. Rooney, M.K. Brenner, H.E. Heslop, G. Dotti, Clinical responses with T
lymphocytes targeting malignancy-associated kappa light chains, J. Clin. Invest.
126 (2016) 2588-2596.

H. Ishikawa, N. Tsuyama, M.S. Mahmoud, R. Fujii, S. Abroun, S. Liu, F.-J. Li,
M.M. Kawano, CD19 expression and growth inhibition of tumours in human
multiple myeloma, Leukemia Lymphoma 43 (2002) 613-616.

E. Cannizzo, G. Carulli, L. Del Vecchio, V. Ottaviano, E. Bellio, E. Zenari,

A. Azzara, M. Petrini, F. Preffer, The role of CD19 and CD27 in the diagnosis of
multiple myeloma by flow cytometry: a new statistical model, Am. J. Clin. Pathol.
137 (2012) 377-386.

M. Stetler-Stevenson, B. Paiva, L. Stoolman, P. Lin, J.L. Jorgensen, A. Orfao, J. Van
Dongen, A.C. Rawstron, Consensus guidelines for myeloma minimal residual dis-
ease sample staining and data acquisition, Cytometry Part B: Clin. Cytometry 90
(2016) 26-30.

R. Hajek, S.A. Okubote, H. Svachova, Myeloma stem cell concepts, heterogeneity
and plasticity of multiple myeloma, Br. J. Haematol. 163 (2013) 551-564.

A.L. Garfall, M.V. Maus, W.-T. Hwang, S.F. Lacey, Y.D. Mahnke, J.J. Melenhorst,
Z. Zheng, D.T. Vogl, A.D. Cohen, B.M. Weiss, Chimeric antigen receptor T cells
against CD19 for multiple myeloma, N. Engl. J. Med. 373 (2015) 1040-1047.

B. Paiva, N. Puig, M.-T. Cedena, B.G. de Jong, Y. Ruiz, I. Rapado, J. Martinez-
Lopez, L. Cordon, D. Alignani, J.A. Delgado, Differentiation stage of myeloma
plasma cells: biological and clinical significance, Leukemia 31 (2017) 382.

M. Zandecki, T. Facon, F. Bernardi, V. Izydorczyk, L. Dupond, M. Francois,

R. Reade, T. laru, F. Bauters, A. Cosson, CD19 and immunophenotype of bone
marrow plasma cells in monoclonal gammopathy of undetermined significance, J.
Clin. Pathol. 48 (1995) 548-552.

A.L. Garfall, E.A. Stadtmauer, W.T. Hwang, S.F. Lacey, J.J. Melenhorst,

M. Krevvata, M.P. Carroll, W.H. Matsui, Q. Wang, M.V. Dhodapkar, K. Dhodapkar,
R. Das, D.T. Vogl, B.M. Weiss, A.D. Cohen, P.A. Mangan, E.C. Ayers, S. Nunez-
Cruz, I. Kulikovskaya, M.M. Davis, A. Lamontagne, K. Dengel, N.D. Kerr,

R.M. Young, D.L. Siegel, B.L. Levine, M.C. Milone, M.V. Maus, C.H. June, Anti-
CD19 CAR T cells with high-dose melphalan and autologous stem cell transplan-
tation for refractory multiple myeloma, JCI Insight 3 (2018).

K. Noonan, W. Matsui, P. Serafini, R. Carbley, G. Tan, J. Khalili, M. Bonyhadi,



D. Feinberg, et al.

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

H. Levitsky, K. Whartenby, I. Borrello, Activated marrow-infiltrating lymphocytes
effectively target plasma cells and their clonogenic precursors, Cancer Res. 65
(2005) 2026-2034.

R. Spisek, A. Kukreja, L.-C. Chen, P. Matthews, A. Mazumder, D. Vesole,

S. Jagannath, H.A. Zebroski, A.J. Simpson, G. Ritter, Frequent and specific im-
munity to the embryonal stem cell-associated antigen SOX2 in patients with
monoclonal gammopathy, J. Exp. Med. 204 (2007) 831-840.

B. Guo, M. Chen, Q. Han, F. Hui, H. Dai, W. Zhang, Y. Zhang, Y. Wang, H. Zhu,
W. Han, CD138-directed adoptive immunotherapy of chimeric antigen receptor
(CAR)-modified T cells for multiple myeloma, J. Cell. Immunother. 2 (2016)
28-35.

E.D. Hsi, R. Steinle, B. Balasa, S. Szmania, A. Draksharapu, B.P. Shum, M. Huseni,
D. Powers, A. Nanisetti, Y. Zhang, CS1, a potential new therapeutic antibody target
for the treatment of multiple myeloma, Clin. Cancer Res. 14 (2008) 2775-2784.
Y.-T. Tai, M. Dillon, W. Song, M. Leiba, X.-F. Li, P. Burger, A.L. Lee, K. Podar,

T. Hideshima, A.G. Rice, Anti-CS1 humanized monoclonal antibody HuLuc63 in-
hibits myeloma cell adhesion and induces antibody-dependent cellular cytotoxi-
city in the bone marrow milieu, Blood 112 (2008) 1329-1337.

T. Gogishvili, S. Danhof, S. Prommersberger, J. Rydzek, M. Schreder, C. Brede,
H. Einsele, M. Hudecek, SLAMF7-CAR T cells eliminate myeloma and confer se-
lective fratricide of SLAMF7(+) normal lymphocytes, Blood 130 (2017)
2838-2847.

S. Danhof, T. Gogishvili, S. Koch, M. Schreder, S. Knop, H. Einsele, M. Hudecek,
CAR-engineered T cells specific for the elotuzumab target SLAMF7 eliminate pri-
mary myeloma cells and confer selective fratricide of SLAMF7 + normal lym-
phocyte subsets, Am. Soc. Hematol. (2015).

L. Lee, B. Draper, N. Chaplin, B. Philip, M. Chin, D. Galas-Filipowicz, S. Onuoha,
S. Thomas, V. Baldan, R. Bughda, P. Maciocia, E. Kokalaki, M.P. Neves, D. Patel,
M. Rodriguez-Justo, J. Francis, K. Yong, M. Pule, An APRIL-based chimeric antigen
receptor for dual targeting of BCMA and TACI in multiple myeloma, Blood 131
(2018) 746-758.

F. van Rhee, S.M. Szmania, F. Zhan, S.K. Gupta, M. Pomtree, P. Lin, R.B. Batchu,
A. Moreno, G. Spagnoli, J. Shaughnessy, G. Tricot, NY-ESO-1 is highly expressed in
poor-prognosis multiple myeloma and induces spontaneous humoral and cellular
immune responses, Blood 105 (2005) 3939-3944.

M. Maruta, T. Ochi, K. Tanimoto, T. Azuma, H. Fujiwara, N. Yasukawa,
Development of T-cell therapy by exploiting modified antibodies specific for A2/
NY-ESO-1 for refractory myeloma, Blood 1913 (2017).

N. Hosen, Y. Matsunaga, K. Hasegawa, H. Matsuno, Y. Nakamura, M. Makita,

K. Watanabe, M. Yoshida, K. Satoh, S. Morimoto, F. Fujiki, H. Nakajima, J. Nakata,
S. Nishida, A. Tsuboi, Y. Oka, M. Manabe, H. Ichihara, Y. Aoyama, A. Mugitani,
T. Nakao, M. Hino, R. Uchibori, K. Ozawa, Y. Baba, S. Terakura, N. Wada, E. Morii,
J. Nishimura, K. Takeda, Y. Oji, H. Sugiyama, J. Takagi, A. Kumanogoh, The ac-
tivated conformation of integrin beta7 is a novel multiple myeloma-specific target
for CAR T cell therapy, Nat. Med. 23 (2017) 1436-1443.

J.N. Brudno, 1. Maric, S.D. Hartman, J.J. Rose, M. Wang, N. Lam, M. Stetler-
Stevenson, D. Salem, C. Yuan, S. Pavletic, J.A. Kanakry, S.A. Ali, L. Mikkilineni,
S.A. Feldman, D.F. Stroncek, B.G. Hansen, J. Lawrence, R. Patel, F. Hakim,

R.E. Gress, J.N. Kochenderfer, T cells genetically modified to express an anti-B-cell
maturation antigen chimeric antigen receptor cause remissions of poor-prognosis
relapsed multiple myeloma, J. Clin. Oncol. 36 (2018) 2267-2280.

S.L. Maude, D.T. Teachey, S.R. Rheingold, P.A. Shaw, R. Aplenc, D.M. Barrett,
C.S. Barker, C. Callahan, N.V. Frey, F. Nazimuddin, Sustained remissions with
CD19-specific chimeric antigen receptor (CAR)-modified T cells in children with
relapsed/refractory ALL, Am. Soc. Clin. Oncol. (2016).

R. Gardner, O. Finney, H. Smithers, K.J. Leger, C.E. Annesley, C. Summers,

C. Brown, S. Mgebroff, C. Lindgren, K. Spratt, CD19CAR T cell products of defined
CD4: CD8 composition and transgene expression show prolonged persistence and
durable MRD-negative remission in pediatric and young adult B-cell ALL, Am. Soc.
Hematol. (2016).

J.N. Brudno, V. Shi, D. Stroncek, S. Pittaluga, J.A. Kanakry, L.M. Curtis, J.C. Gea-
Banacloche, S. Pavletic, M.-H. Bagheri, J.J. Rose, T cells expressing a novel fully-
human anti-CD19 chimeric antigen receptor induce remissions of advanced lym-
phoma in a first-in-humans clinical trial, Am. Soc. Hematol. (2016).

L. Yan, J. Shang, L. Kang, X. Shi, J. Zhou, S. Jin, W. Yao, Y. Yao, G. Chen, Z. Zhu,
Combined infusion of CD19 and BCMA-specific chimeric antigen receptor T cells
for RRMM: initial safety and efficacy report from a clinical pilot study, Am. Soc.
Hematol. (2017).

T. Hideshima, C. Mitsiades, G. Tonon, P.G. Richardson, K.C. Anderson,
Understanding multiple myeloma pathogenesis in the bone marrow to identify
new therapeutic targets, Nat. Rev. Cancer 7 (2007) 585.

M. Cazaux, C.L. Grandjean, F. Lemaitre, Z. Garcia, R.J. Beck, I. Milo, J. Postat,
J.B. Beltman, E.J. Cheadle, P. Bousso, Single-cell imaging of CAR T cell activity in
vivo reveals extensive functional and anatomical heterogeneity, J. Exp. Med. 216
(2019) 1038-1049.

B. Paul, S. Kang, Z. Zheng, Y. Kang, The challenges of checkpoint inhibition in the

11

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]
[119]

Cellular Immunology 345 (2019) 103964

treatment of multiple myeloma, Cell. Immunol. (2018).

S. Feyler, M. Von Lilienfeld-Toal, S. Jarmin, L. Marles, A. Rawstron, A. Ashcroft,
R.G. Owen, P.J. Selby, G. Cook, CD4+ CD25+ FoxP3+ regulatory T cells are
increased whilst CD3+ CD4— CD8— affTCR+ double negative T cells are de-
creased in the peripheral blood of patients with multiple myeloma which corre-
lates with disease burden, Br. J. Haematol. 144 (2009) 686-695.

M.K. Brimnes, A.J. Vangsted, L.M. Knudsen, P. Gimsing, A.O. Gang, H.E. Johnsen,
I.M. Svane, Increased level of both CD4 + FOXP3 + regulatory T cells and CD14 +
HLA-DR — /low myeloid-derived suppressor cells and decreased level of dendritic
cells in patients with multiple myeloma, Scand. J. Immunol. 72 (2010) 540-547.
M. Majka, A. Janowska-Wieczorek, J. Ratajczak, K. Ehrenman, Z. Pietrzkowski,
M.A. Kowalska, A.M. Gewirtz, S.G. Emerson, M.Z. Ratajczak, Numerous growth
factors, cytokines, and chemokines are secreted by human CD34 + cells, myelo-
blasts, erythroblasts, and megakaryoblasts and regulate normal hematopoiesis in
an autocrine/paracrine manner: presented at the 41st Annual Meeting of the
American Society of Hematology, New Orleans, LA, December 3-7, 1999, Blood 97
(2001) 3075-3085.

D.L. Porter, W.-T. Hwang, N.V. Frey, S.F. Lacey, P.A. Shaw, A.W. Loren, A. Bagg,
K.T. Marcucci, A. Shen, V. Gonzalez, Chimeric antigen receptor T cells persist and
induce sustained remissions in relapsed refractory chronic lymphocytic leukemia,
Sci. Transl. Med. 7 (2015) 303ra139-303ra139.

D.L. Porter, N.V. Frey, J.J. Melenhorst, W.-T. Hwang, S.F. Lacey, P. Shaw,

A. Chew, S.A. Grupp, J. Capobianchi, J. Gilmore, Randomized phase II dose op-
timization study of chimeric antigen receptor modified T cells directed against
CD19 (CTLO019) in patients with relapsed, refractory CLL, Am. Soc.Hematol.
(2014).

M.L. Davila, I. Riviere, X. Wang, S. Bartido, J. Park, K. Curran, S.S. Chung,

J. Stefanski, O. Borquez-Ojeda, M. Olszewska, Efficacy and toxicity management
of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia, Sci. Transl.
Med. 6 (2014) 224ra225-224ra225.

G.T. Gorgiin, G. Whitehill, J.L. Anderson, T. Hideshima, C. Maguire, J. Laubach,
N. Raje, N.C. Munshi, P.G. Richardson, K.C. Anderson, Tumor-promoting immune-
suppressive myeloid-derived suppressor cells in the multiple myeloma micro-
environment in humans, Blood 121 (2013) 2975-2987.

M. Binsfeld, J. Muller, V. Lamour, K. De Veirman, H. De Raeve, A. Bellahcéne,
E. Van Valckenborgh, F. Baron, Y. Beguin, J. Caers, Granulocytic myeloid-derived
suppressor cells promote angiogenesis in the context of multiple myeloma,
Oncotarget 7 (2016) 37931.

R. Parihar, C. Rivas, M. Huynh, B. Omer, N. Lapteva, L.S. Metelitsa,

S.M. Gottschalk, C.M. Rooney, NK cells expressing a chimeric activating receptor
eliminate MDSCs and rescue impaired CAR-T cell activity against solid tumors,
Cancer Immunol. Res. 7 (2019) 363-375.

A. Barber, T. Zhang, C.J. Megli, J. Wu, K.R. Meehan, C.L. Sentman, Chimeric
NKG2D receptor-expressing T cells as an immunotherapy for multiple myeloma,
Exp. Hematol. 36 (2008) 1318-1328.

S.H. Baumeister, J. Murad, L. Werner, H. Daley, H. Trebeden-Negre, J.K. Gicobi,
A. Schmucker, J. Reder, C.L. Sentman, D.E. Gilham, Phase I trial of autologous
CAR T cells targeting NKG2D ligands in patients with AML/MDS and multiple
myeloma, Cancer Immunol. Res. 7 (2019) 100-112.

D. Chauhan, A.V. Singh, M. Brahmandam, R. Carrasco, M. Bandi, T. Hideshima,
G. Bianchi, K. Podar, Y.-T. Tai, C. Mitsiades, Functional interaction of plasmacy-
toid dendritic cells with multiple myeloma cells: a therapeutic target, Cancer Cell
16 (2009) 309-323.

A. Ray, D. Das, Y. Song, V. Macri, P. Richardson, C. Brooks, D. Chauhan,

K. Anderson, A novel agent SL-401 induces anti-myeloma activity by targeting
plasmacytoid dendritic cells, osteoclastogenesis and cancer stem-like cells,
Leukemia 31 (2017) 2652.

J. Gionco, J. Chen, R. Lindsay, V. Macri, C.L. Brooks, SL-401, a targeted therapy
directed to the interleukin-3 receptor (CD123), and SL-801, a reversible inhibitor
of exportin-1 (XPO1), display synergistic anti-tumor activity against hematologic
malignancies in vitro, Am. Soc. Hematol. (2016).

D.S. Das, Z. Tian, V. Macri, C.L. Brooks, P.G. Richardson, E. Rowinsky,

D. Chauhan, K.C. Anderson, SL-401, A novel targeted therapy directed to the in-
terleukin-3 receptor (IL-3R), inhibits plasmacytoid dendritic cell (pDC)-induced
myeloma cell growth and overcomes drug resistance, Blood 122 (2013) 3170-
3170.

M. Htut, C. Gasparetto, J. Zonder, T.G. Martin, E.C. Scott, J. Chen, S. Shemesh,
C.L. Brooks, D. Chauhan, K.C. Anderson, Results from ongoing phase 1/2 trial of
SL-401 in combination with pomalidomide and dexamethasone in relapsed or
refractory multiple myeloma, Am. Soc. Hematol. (2016).

J. Harris, FDA lifts holds on “off-the-shelf” CAR-T Trials, OncLive, Nov 07, 2017.
C. Li, J. Zhou, W. Wang, G. Hu, A. Du, X. Zhou, L. Meng, Z. Hong, L. Chen, X. Mao,
Clinical responses and pharmacokinetics of fully human BCMA targeting CAR T-
cell therapy in relapsed/refractory multiple myeloma, J. Clin. Oncol. 37 (2019)
(suppl; abstr 8013) (2019).



