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Preface to “Immunotherapy in Myeloma: A Theme
Issue in Honor of Prof. Dr. Gosta Gahrton”

It is a great honor for me to write this introduction to celebrate the achievements of my mentor,
colleague, and friend Prof. Gosta Gahrton. It is very fitting that he is celebrated with this issue on the
topic “immunotherapy of multiple myeloma”.

Gosta Gahrton was born in 1932 in the provincial town of Kristianstad in the southern part of
Sweden, where his father was a physician as well. He studied medicine in Lund, where he also
started his research before moving to Stockholm in 1961 to continue his research in the laboratory
of Torbjorn Caspersson, a very well-known Swedish researcher who, among other achievements,
developed the Q-binding technique to visualize human chromosomes. During the subsequent
decade, he spent two years in Boston at the Children’s Cancer Research Foundation and worked
as a hematologist at Karolinska Hospital. In 1974, Gosta Gahrton moved to Huddinge Hospital, later
Karolinska University Hospital Huddinge, where he, together with a group of colleagues, especially
Prof. Carl-Gustav Growth, performed the first bone marrow transplantation in Sweden in 1975.
Gosta Gahrton became Professor of Medicine at Huddinge Hospital in 1985, a position he held until
his retirement in 1997. During his time there, the Section of Hematology, later the Department of
Hematology, flourished and became an important center for hematological research in Sweden.

Gosta Gahrton has also held other important scientific positions, both in Sweden and
internationally. He was a member of the Nobel committee for several years and was also its chairman
for one year. He has been president of the EBMT, and president of the WMDA, to name a few
international positions. In these organizations, he has shown his diplomatic talents in developing
and enabling collaboration.

Gosta Gahrton’s most prominent characteristic as a scientist is his inquisitiveness and
willingness to investigate and develop new fields. Looking back over more than 60 years as a scientist,
he has addressed and studied several different fields. His first studies were in cellular biology, later
developing into the field of cytogenetics, and he ran a cytogenetic laboratory for many years. In 1990,
he was the senior author on a paper describing the prognostic subgroups in B-cell CLL defined by
specific cytogenetic abnormalities published in New England Journal of Medicine. He was also one
of the founders of the first study group for the treatment of AML in Sweden, a group in which he was
involved for many years, including as its chairman.

Bone Marrow Transplantation became another major interest after the start of the program
at Huddinge Hospital and Gosta was one of the key drivers for the development of the largest
transplant program in Sweden. His interest in bone marrow transplantation, today stem cell
transplantation, has continued for several decades and he has been able to combine this with one of
his other main interests, namely, multiple myeloma, the topic of this celebratory issue. At Huddinge
Hospital, in 1985, we performed one of the first allogeneic transplants for multiple myeloma in the
world and we published the experience of three patients in 1986. He has, since then, been very
active in the field, including as the chairman of the myeloma subcommittee of the EBMT for many
years, resulting in many important papers, including the seminal paper “Allogeneic bone marrow
transplantation in multiple myeloma” published in New England Journal of Medicine in 1991. In the
late 1980s, he became interested in gene therapy when the field was in the very early phase of its

development, an interest that he has held ever since.



One of Gosta Gahrton’s strongest qualities is his role as a mentor and tutor for students,
collaborators, junior researchers, and colleagues. The first time I spoke to him was in approximately
1980 in the staff lunchroom at the Hematology ward at, what was then, Huddinge Hospital in
Stockholm, Sweden. I was then a Junior Resident in internal medicine with the goal of becoming
an Infectious Disease Specialist. He had never met me before and sat down with a cup of coffee and
asked me who I was, what my goals were, and if I wanted to conduct research. After 10 minutes, he
said: “Why don’t you study CMV infection after allogeneic bone marrow transplantation. I will
call my friend, who is a virologist” and after this moment, my career plans were changed and
instead of an Infectious Disease Specialist, I became a Hematologist. This is very typical of Gosta
Gahrton, who, among his many achievements, has inspired many young physicians to combine
clinical hematology with research. He is always interested and willing to help but also critical in
a constructive way. Another very important quality is his willingness to let more junior people
grow. As mentioned above, he has had many interests during his scientific career and when a junior
colleague has developed into an independent researcher, Gosta Gahrton has repeatedly stepped back
and allowed others to take over responsibility in that area of research and allow for their growth as
scientists and clinicians. However, we have always known that we can count on his help and support
when we needed it. Many of his former students, therefore, hold or have held important positions in
Swedish hematology.

Thanks Gosta!

Per Ljungman

Professor (em) in Hematology
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Immunotherapy has become a major pillar in the treatment of multiple myeloma. This
Special Issue of Hemato addresses the increasing role of immunotherapy-based treatment op-
tions in multiple myeloma and is dedicated to Prof. Gésta Gahrton, former president of the
European Society for Blood and Marrow Transplantation (EBMT), who, in 1987, published
results of allogeneic stem cell transplantation as one of the most effective immunotherapies
in patients with multiple myeloma [1]. Even if allogeneic stem cell transplantation has
not found its definitive role in the treatment of multiple myeloma, our understanding
of the immunological interaction of myeloma cells and the microenvironment and the
improving techniques of monoclonal or bispecific antibodies and CAR-T technology as
well as translational research on myeloma has rapidly developed in the last 30 years and
immunotherapy has become a major backbone in the treatment of multiple myeloma.

After a personal introduction to Prof. Gahrton by Per Ljungman, Juan Luis Reguera-
Ortega from José A. Pérez-Simoén’s group in Sevilla presents an overview of the rapidly
growing field of chimeric antigen receptor T-cells (CAR-T) in myeloma [2], before Nico
Gagelmann, from the Hamburg group, summarizes the effect of donor T-cells (DLI) after
allogeneic stem cell transplantation to enhance the graft-versus-myeloma effect [3]. The
increasing role of natural killer cells is highlighted and reviewed by Marie Therese Rubio,
Adele Dhuyser, and Stéphanie Nguyen from Nancy [4].

The development of monoclonal, bispecific, and immune conjugated antibodies is
described by Christie Verkleij, Wassilis Bruins, Sonja Zweegman, and Niels van de Donk
from Amsterdam [5], while Benedetto Bruno together with Giuseppe Lia, Francesca Boni-
fazi, and Luisa Giaccone describe the development and progress in allogeneic stem cell
transplantation for myeloma in the last decades [6]. This Special Issue closes with an article
by Luis Gerardo Rodriguez-Lobato from Joan Bladé’s group in Barcelona summarizing the
current knowledge about the failure of immunotherapy in multiple myeloma [7].

All the contributions are excellent state-of-the-art studies and the editors express their
deep gratitude to the authors and hope that readers will enjoy this Special Issue on this
exciting field in the treatment of multiple myeloma.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Multiple myeloma remains an incurable disease despite great advances in its therapeutic
landscape. Increasing evidence supports the belief that immune dysfunction plays an important
role in the disease pathogenesis, progression, and drug resistance. Recent efforts have focused on
harnessing the immune system to exert anti-myeloma effects with encouraging outcomes. First-in-
class anti-CD38 monoclonal antibody, daratumumab, now forms part of standard treatment regimens
in relapsed and refractory settings and is shifting to front-line treatments. However, a non-negligible
number of patients will progress and be triple refractory from the first line of treatment. Antibody-
drug conjugates, bispecific antibodies, and chimeric antigen receptors (CAR) are being developed
in a heavily pretreated setting with outstanding results. Belantamab mafodotin-blmf has already
received approval and other anti-B-cell maturation antigen (BCMA) therapies (CARs and bispecific
antibodies are expected to be integrated in therapeutic options against myeloma soon. Nonetheless,
immunotherapy faces different challenges in terms of efficacy and safety, and manufacturing and
economic drawbacks associated with such a line of therapy pose additional obstacles to broadening
its use. In this review, we described the most important clinical data on immunotherapeutic agents,
delineated the limitations that lie in immunotherapy, and provided potential insights to overcome
such issues.

Keywords: multiple myeloma; immunotherapy; daratumumab; BCMA; bi-specific T cell engagers;
chimeric antigen receptor; relapse; cytokine-release syndrome

1. Introduction

Multiple myeloma (MM) is a neoplastic plasma cell disease that accounts for 1.8% of all
cancers diagnosed annually in the United States (US) and a similar proportion of all cancers
diagnosed annually in Western Europe. MM is considered the second most common
hematological malignancy after lymphoma or chronic lymphocytic leukemia [1-3].

Clonal plasma cells arise on the basis of an initial event—like cytogenetic (CG)
abnormalities—that occur in early development of the B-cell maturation process [4]. Once
a non-malignant plasma cell acquires a primary CG abnormality, namely trisomies or IgH
translocations, the potential clone is able to remain for many years. From a clinical per-
spective, monoclonal gammopathy of undetermined significance (MGUS) is a well-defined
pre-MM stage for detection of CG abnormalities [5-7]. However, multiple ways can trigger
clonal plasma cells, like the well-recognized “second hits” that include monosomies, 1q
aberrations, or del17p. Additionally, with the bone marrow (BM) microenvironment play-
ing a key role, disease progression is characterized by a parallel, altered immune response.
Among the most relevant cytokines in MM are interleukin 6 (IL-6) [8,9], B cell activating fac-
tor belonging to the TNF family (BAFF), transmembrane activator and calcium-modulator
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and cytophilin ligand interactor (TACI) [10], and insulin-like growth factor I (IGF-1) [11].
In advanced stages involving extramedullary disease, there appears to be an independent
IL-6 pathway that facilitates migration outside the BM [12,13]. Other cytokines involved
in MM include interleukin 8 (IL-8), interleukin (IL-10), vascular endothelial growth factor
(VEGF), and transforming growth factor-beta (TGF-§), all of which induce tumor growth
and inhibit T cell activity [14]. T cell exhaustion relies on the basis of T cell activity loss
and sustained expression of inhibitory receptors. Moreover, IL-10 can increase expres-
sion of immune checkpoints on T cells such as programmed cell-death-protein-1 (PD-1),
T cell immunoglobulin and ITIM domain (TIGIT), and cytotoxic T-lymphocyte antigen 4
(CTLA-4) and thereby reduce their effector activity [15-17]. Other immune interactions
include stimulation of T-helper 17 (Th-17) by TGF-§3 or IL-6 to produce bone disease [18].
In summary, multiple interactions from the BM microenvironment and MM cells lead
to immune escape and suppression of T cell effector capacity. Cyclical recruitment of
exhausted T cells helps maintain the pathological immune microenvironment.

Treatment strategies are based on the combination of proteasome inhibitors (PI) and
immunomodulatory drugs (IMiDs) [19,20]; however, in relapse and refractory (R/R) MM
scenarios, immunotherapy may play an even stronger role in inhibiting immune check-
points, targeting plasma cell surface antigens, and even developing cancer vaccines [21,22].
Given post-procedure immune restoration with better immune surveillance, another option
for patients with high-risk disease and good performance status is allogeneic transplanta-
tion [23]. However, toxicity related to this procedure may not be well tolerated in many
patients.

For this reason, designing chimeric antigen receptor (CAR) T cells is an innovative
therapeutic option, especially in individuals with R/R MM [24]. While improvements have
been made in treatment strategies, MM continues to be an almost incurable disease and
novel therapeutic strategies are necessary. In this review, we described the most important
clinical data on immunotherapeutic agents (Table 1 and Figure 1), delineated the limitations
that lie in immunotherapy, and provided potential insights to overcome such issues.

CAR T-cells Monoclonal antibodies
BCMA (D38

Vaccines
Bispecific
antibodies

; BCMA/CD3

Bispecific

WI-1
MAGE-3

Tumor and dendritic
cell infusion

1}
MAGE-3 o \ - T-cell engager
% ‘ 2 ) @smmcoa

Checkpoint inhibitors Antibody drug conjugates
PD-1,TIM3, TIGIT BCMA
PD-L1, LAG3

Figure 1. Different immunotherapeutic strategies to treat multiple myeloma. BCMA, B-cell matu-
ration antigen; CAR, chimeric antigen receptor; LAG3, lymphocyte activation gene-3; PD-1, pro-
grammed cell death protein 1; PD-L1, programmed death-ligand 1; SLAMF?7, signaling lymphocyte
activation molecule family 7; TCR, T cell receptor; TIGIT, T cell immunoglobulin and ITIM domain;
TIM3, T cell immunoglobulin and mucin domain-containing protein 3; WT-1, Wilms’ tumor 1 protein;
MAGE-3, melanoma-associated antigen 3.
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Table 1. Outcomes of the most important clinical trials using immunotherapy against multiple myeloma.

Agent Target Specification f::;; Response Prognosis Toxicity
First-in-human, phase o o
1\:32521;1221 D38 I/11. Monotherapy 23 22% ?11%1//0 gSF§04lnrlr?0 @ 7°;R§ 4fa/21e 3)
16 mg/kg [25,26] S . 28
Gef;\;i ngfiffézgﬁie ) ORR 81% PFS 72% IRR 56%
%o % 3% >
[27,28] sCR 25% OS 90% (6.3% > grade 3)
POLLUX phase Il CR43.1vs. 19.2% 1) 1 pES 83,2 vs. IRR 47.7%
(p <0.001) o (6.3% > grade 3);
DRd vs. Rd. 60.1% .
1 sCR 224 vs. 4.6% o 92% occurring
R refractory were 0S91.2vs. 76.4% . .
excluded [29] (p <0.001) (p < 0.001) during the first
(DRd vs. Rd) p< infusion
ORR 83.8 vs.
63.2% (p < 0.0001) 18 m PFS 48 vs.
CASTOR phase III CR or better 28.8 7.9% IRR 45.3%
DVd [30,31] 2 vs. 9.8% In high-risk (83% > grade 3)
o (p < 0.0001) cytogenetics PFS U=
sCR 8.8 vs. 2.6% 11.2 vs. 7.2%
(DVd vs. Vd)
No maximum o
SLAMF7/CS- E monotherapy. Phase tolerated dose IRR.5,2 ./0 t?efore
1, dose escalation >2 NA the initiation of
1 ORR 0% SD .
0.5-20 mg/kg [32] o prophylaxis
26.5%
Vd +/— E, randomized -1 C(I)QRAIRV6SS Z; (6]3\;21 PFS 9.7 vs. 6.9 mo IRR 7%
phase 11 [33] = e 0S 85 vs. 74% (0% > grade 3)
vs. Vd)
ELOQUENT-2 Rd +/— ORR79vs. 66% > Y TS By)26vs.
. 18% Comparable
E, randomized phase 1-3 (p = 0.0002) 3 -0 60 vs. 53% between groups
I [34] (ERd vs. Rd) (7 = 0.026)
Pd +/— E, randomized ORR 53 vs. 26% IRR 5%
>
phase IT [35] 22 (EPd vs. Pd) PES103vs. 47mo 40" orade 3)
Thrombocytopenia
35%
GSK-2857916 ORR 60°% Eye-related
ADC BCMA conjugated to MMAF; >3 CR 9% sCR06°/ PFS 12 mo events: Blurry
phase I[36,37] ° ° vision 52%, dry
eyes 37%,
photophobia 29%
Indatuximab
ravtansine linked to ORR 5.9% CR 0% Fatigue 47%
>
CD138 maytansinoid; phases =2 SD 42.9% PFS 3 mo Diarrhea 43%
1/11[38,39]
- ml“r‘z’;‘r’l‘:;‘:u“}‘ie . o,  ORR57%CR0%  PFS26.1weeksin Peripheral
[ 40]’ P - SD 42.9% evaluable neuropathy 5.3%
Milatuzumab Nr(;;;bol (relcst;:e
icin; > : =
CD74 doxorub;zllr]l, phase I >2 SD 5/19 (26%) for NA n =1 grade 3 IRR

3 mo
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Table 1. Cont.

Agent Target Specification f::;; Response Prognosis Toxicity
AMG 420:
First-in-human, phase CRS 38.1%
. i I, dose escalation: Dose 400 ug/day (grade > 37.1%)
ﬁ:ﬁiﬂ?‘; BCMA /CD3 maximum tolerated >2 ORR 70% sCR DosIe);LgOg ”Eé day Dose-limiting
400 pg/day. No 50% peripheral
extramedullary disease neuropathy n =2
[42,43]
CRS 56% (all
Teclistamab; phase I; ORR 78% in grade 1/2)
dose range: 0.3-270 6 patients receiving - Neurotoxicity 8%
ug/kg [44] highest dose (3% grade > 3)
IRR 9%
Immune monolj}?e]:;umabhase I ORR 4° Drug-related AEs
checkpoint PD-1 K . Py, p >1 o ° - 52% any grade,
o including several SD 63% o
inhibitors 19% > grade 3
neoplasms [45]
Serious AE 63 vs.
46%
PFS 5.6 vs. 8.4 (Pjnr‘,";rzl;z;rd‘;ab
KEYNOTE—15.53; phase ORR 34 vs. 40% (medlar.l time to TRM 71 = 4-
III, randomized Pd . progression 8.1 vs.
. >2 (Pembrolizumab unknown cause,
+/— Pembrolizumab + Pd vs. Pd) 8.7 mo) neutropenic
[46] : (Pembrolizumab + o gs
Pd vs. Pd) psis,
myocarditis,
Stevens—Johnson
syndrome
Serious AE 54 vs.
39%
. (Pembrolizumab
KEYNOTE-185; phase  Newly-  pp 4 vs. 629% +Rd vs. Rd)
III, randomized Rd diagnosed X .
. . (Pembrolizumab PFS not reached Terminated
+/— Pembrolizumab  ASCT in-
.. + Rd vs. Rd) because of the
[46] eligible
uneven number
of deaths
between groups
NCI ORR 81% (grafilzigé ?8"/ )
CART cell BCMA scFv mu[fll;l]e/CD28 9.5 (>CR 13%) mEFS 7.2 mo ICAI\TS NA
(grade > 3 19%)
CRS 88%
ii??nﬁfrﬁ%%ff 7 ORR 64% mPFS 4.2 mo (grade = 3 32%)
(48] (>CR 11%) ) ICANS 32
(grade > 3 12%)
CRS 89%
VHI;-ICI?;;ECE%BB 3 ORR 88% mPFS 20 mo18 m (grade > 3 7%)
[49,50] (>CR 74%) OS 68% ICANS 2
! (grade > 3 0%)
CRS 100%
LCAR-B38M 4 ORR 88% 1y PFS 53%1 y OS (grade > 3 41%)
VHH llama/4-1BB [51] (>CR 77%) 82% ICANS NA

(grade > 3 NA)
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Table 1. Cont.

Agent Target Specification LP:\Z: Response Prognosis Toxicity
Ciltacabtagene CRS 95%
Autolecuel (LCAR- 6 ORR 97% 1y PFS76.6% (grade > 3 4%)
B38M/JNJ68284528) (sCR 67%) 1y OS 88.5% ICANS 21%
CARTITUDE-1 [52] (grade > 3 10%)
CRS 76%
Idecabtagene Vicleucel
ORR 85% (grade > 3 6%)
ml(};li’jelﬁ_){;‘g[‘; " 78 (>CR 45%) mPFS 11.8 mo ICANS 42%
(grade > 3 3%)
Idecabtagene Vicleucel CRS 84%
(bb2121) /scFv 6 ORR 73% mPFS 8.8 mo (grade > 3 6%)
murine/4-1BB (>CR 33%) mOS 19.4 mo ICANS 18%
KarMMA [53] (grade > 3 3%)
ORR 92% (grade > 3 3%)
(JCARH125) /scFv 6 (>CR 36%) mPFS 9.3 mo ICANS 13%
human 4-1BB (grade > 3 3%)
EVOLVE [54] grade = 25%
Vaccine composed of
Dendritic autologous dendritic . .
. cells and Site reaction
Vaccines cells/tumor . . 4 SD: 11 -
fusi patient-derived (grade 1)
usions
myeloma cells; 16
patients included [55]
Chills 57%
hTERT/Survivin NCT00499577 [56] 1 IR 36% mEFS 20 mo Rash > 85%
(grades 1-2)
Two cohorts:
- 24 patients vaccinated . .
Dendritic post-ASCT ORR 78% . Site reaction
cells/tumor . . - o 2y PFS 57% (grade 1)
fusions 12 patients vaccinated (CR 47%) Myalgia (grade 1)
pre- and post- ASCT
[57]
o 2y OS 74% Site reaction
MAGE-A3 NCT01245673 [58] 1-5 IR 88% 2y EFS 56% ~90%
NCT01718899: SMM
XBP1 patients; two cohorts: . Site reaction
CD138 Monotherapy 1 IR 95% mT;"rIl’Tiz.tiga‘Zhe d 58-100% (grades
CS1 Combination with : 1-2)
IMiDs [59]
NCT01380145: mPES 27 mo Site reaction 54%
MAGE-A3 vaccinated post ASCT 1-2 IR 100% mOS not reached (grade 1)Myalgia
[60] 33% (grades 1-2)

ADC, anti-drug conjugate; AE, adverse events; ASCT, autologous stem cell transplantation; BCMA, B-cell maturation antigen; BiTEs:
bi-specific T cell engagers; CAR, chimeric antigen receptor; CR, complete response; CRS, cytokine-release syndrome; D, daratumumab;
d, dexamethasone; E, elotuzumab; EFS, event-free survival; ICANS, immune effector cell-associated neurotoxicity syndrome; IMiD,
immunomodulatory drug; IR, immune response; IRR, infusion-related reactions; m, median; MMAF, monomethyl auristatin F; mo, months;
NA, not available; NCI, National Cancer Institute; ORR, overall response rate; OS, overall survival; P, pomalidomide; PFS, progression-free
survival; R, lenalidomide, R/R, relapsed-refractory; SD, stable disease; scFv, single-chain variable fragment; sCR, stringent complete
response; TTP, time to progression; UPenn, University of Pennsylvania; V, bortezomib; w, weeks.
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2. Monoclonal Antibodies
2.1. Anti-CD38

CD38 was first discovered in 1980 when Reinherz and Schlossman were studying
the human lymphocyte surface using monoclonal antibodies (MoA) in search of the T cell
receptor. A glycoprotein highly expressed in MM cells, CD38 is also found at lower levels
in normal lymphoid and myeloid cells, including NK cells, B cells, and activated T cells,
and in non-hematological tissues in some cases [61]. The role of CD38 can be observed in
several functions. It acts as an adhesion molecule, interacting with the endothelial ligand
CD31. It also plays a role in extracellular NAD* and cytoplasmic NADP metabolism,
mobilizing cyclic adenosine diphosphate (ADP) ribose, ADP ribose (ADPR), and nicotinic
acid adenine dinucleotide phosphate [62,63].

The high expression of CD38 on MM cells led to the development of several anti-CD38
MoA in the 1990s, with daratumumab (fully human) and isatuximab (chimeric) being the
most studied ones. The antitumoral effect of these antibodies correlates with their capacity
to induce antibody-dependent cellular toxicity (ADCC), complement-dependent toxicity
(CDC), and antibody-dependent cellular phagocytosis (ADCP) of CD38"-opsonized cells.
Further, the inhibition of the ectoenzymatic function of CD38 and the induction of direct
apoptosis may contribute to the efficacy of these antibodies against MM [64]. Daratumumab
interacts with CD38 present in monocytes and can inhibit in vitro osteoclastogenesis and
bone resorption, which may improve bone-related alterations in these patients.

Developed in 2008 and approved as a single agent in 2015 and 2016 by the US Food
and Drug Administration (FDA) and European Medicines Agency (EMA), respectively,
daratumumab administered as monotherapy to heavily pretreated patients with MM
showed an overall response rate (ORR) of 31.1%, with 4.7% having a complete response
(CR). The median duration of the response was 4 months and median overall survival
(mOS) was 20.1 months. This study reported responses in all subgroups, including patients
with extramedullary disease and high-risk cytogenetics [25,26].

An ex vivo assay and in vivo xenograft mouse model demonstrated the efficacy of
daratumumab when combined with IMiDs such as lenalidomide, proving its capacity
to increase daratumumab-mediated lysis and thereby activate the effector function of
autologous immune cells. Such improvement in efficacy was also observed when dara-
tumumab was administered in combination with bortezomib and lenalidomide even in
bortezomib- and lenalidomide-resistant MM cells. Similarly, the use of lenalidomide in this
study proved capable of increasing daratumumab-mediated lysis through activation of NK
cells [65].

The number of regimens incorporating daratumumab together with other backbone
combinations is increasing. Daratumumab was further tested in a randomized phase II
study with lenalidomide and dexamethasone (1 = 152)(GEN503) [27,28], in which 88% of
patients achieved at least a partial response (PR) and the CR rate was 25%. In the POL-
LUX [29] phase III study, investigators compared lenalidomide plus dexamethasone (Rd)
against daratumumab plus both drugs (DRd). In both groups, patients with lenalidomide-
refractory MM were excluded. In the DRd group, 12-month progression-free survival (PFS)
and 12-month OS were 83.2% and 91.2%, respectively, whereas 12-month PFS and 12-month
OS were 60.1% and 76.4%, respectively, in the Rd group (p < 0.001). Patients treated with
the DRd scheme achieved a CR of 43.1%, of which 22.4% were negative minimal residual
disease (MRD); patients treated with the Rd scheme achieved a CR of 19.2%, with the strin-
gent complete response (sCR) being 4.2% (p < 0.001). In the CASTOR study, patients with
R/R MM receiving bortezomib and dexamethasone (Vd) with or without daratumumab
(DVd) were compared. Findings revealed 18-month PFS of 48% and 7.9% in the DVd
and Vd groups, respectively, [30] and a benefit conferred in high-risk cytogenetic patients,
with a median PFS of 11.2 and 7.2 months in the DVd and Vd groups, respectively [31].
More recently, daratumumab is approved for first-line treatment for patients with MM,
including candidates for autologous stem cell transplantation (ASCT) (with bortezomib,
thalidomide, and dexamethasone [66]) and non-candidates (with melphalan, bortezomib,
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and prednisone [67] or lenalidomide and dexamethasone [68]). More combinations in the
relapse setting are now in clinical trials, such as daratumumab plus pomalidomide [69] or
carfilzomib [70], and results are encouraging.

Isatuximab (chimeric) has shown strong pro-apoptotic activity, independent of cross-
linking agents and antitumor activity related to CDC, ADCC, and ADCP. Activity of
this antibody is enhanced by pomalidomide; a phase III trial comparing pomalidomide
and dexamethasone with or without isatuximab obtained a PFS of 11.5 vs. 6.5 months
(isatuximab vs. control, respectively) [71].

The main mechanisms of action of daratumumab include (Table 2):

e  Complement-dependent cytotoxicity (CDC): Binding between the Fc tail of the an-
tibody and Clq activates the complement cascade to end with the formation of the
membrane attack complex (MAC) [72];

e  Antibody-dependent cell-mediated cytotoxicity (ADCC): Binding between FC-gamma
receptors on effector cells (T and NK cells) and the Fc tail of daratumumab releases
cytotoxic molecules, leading to MM cell death [65];

e Antibody-dependent cellular phagocytosis (ADCP): Opsonization of the tumor cell
occurs when the Fc tail of the CD38 antibody binds to the Fc-gamma receptor of
phagocytic cells such as monocytes or macrophages [73];

e  Direct effects such as programmed cell death, induction of nanotube formation and
mitochondrial transfer, inhibition of ectoenzyme functions, or inhibition of adhesion
molecules occur after antibody-mediated cross-linking [74,75];

e Immunomodulatory effects related to the fact that CD38 is expressed in several im-
mune cells other than MM cells: Regulatory T cells, B cells, and myeloid-derived
suppressor cells (MDSC), along with their immunosuppressive functions, are elimi-
nated after treatment with daratumumab [76,77].

Thus, several mechanisms of resistance of daratumumab have been described:

e (CD38 expression: Tests performed on modified MM cell lines that express different
levels of CD38 have shown greater CDC and ADCC in cells expressing high levels
of CD38 compared to cells with low expression. In MM plasma cells, expression is
heterogenic and daratumumab activity is correlated with such expression levels [78].
Analysis performed on samples of patients who had been enrolled in daratumumab
clinical trials showed a quick and marked decrease in CD38 levels after treatment
in all patients; a decrease in CDC and ADCC was also observed in ex vivo tests.
Downregulation of CD38 of this type also occurs in cell subsets other than MM
cells and mechanisms are not fully understood. Some strategies to overcome such
resistance have been proposed and are based on combinations with other drugs
capable of increasing CD38 levels such as IMiDs, panobinostat, all-trans retinoic acid
(ATRA), and ricolinostat [79-81]. The ability of ATRA to resynthesize CD38 is being
analyzed in a clinical trial (NCT02751255);

e  Complement inhibitory proteins: Tumor cells are known to be capable of increasing
soluble and membrane-bound complement regulatory proteins such as C4-binding
protein, CD55, or CD59 to protect themselves from complement attacks, similar to the
way in which immune checkpoint inhibitor receptors function [82]. Ex vivo analysis
using MM cell lines with low expression of CD55 and CD59, and MM cell lines treated
with phospholipase-C to remove GPI-anchored proteins (CD55 and CD59) showed
increased daratumumab CDC. These observations were not confirmed with MM
cells obtained from daratumumab-naive patients. In addition, an increase in CD55
and CD59 expression was detected in MM cells obtained from patients who were
progressing under monotherapy treatment. In this case, ATRA combination may also
decrease upregulation of complement inhibitors [78]. Panobinostat, which has shown
to increase CD38 levels, also increases CD55 and CD59 levels, possibly explaining the
lack of benefit in terms of CDC, although ADCC improved [83];

e  CD47-SIRP« interaction: CD47 expressed in tumor cells of solid tumors and hema-
tological malignancies interacts with regulatory transmembrane protein SIRP« that
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is expressed on dendritic cells and macrophages, decreasing their phagocytic func-
tion [84]. Upregulation of CD47 has been observed in drug-resistant MM cells and
blocking the interaction between SIRP« and CD47 restores phagocytosis [85]. Anti-
CD47 therapies are under evaluation in other lymphoid malignancies and low-dose
cyclophosphamide may decrease CD47 expression to improve ADCP [86-88];
Polymorphisms on Fc-gamma receptors: Mechanism of action of daratumumab ADCC
and ADCP depend on the activation of Fc-gamma receptors on effector cells [89].
Affinity may differ based on allelic variants of these receptors. Fc-gamma receptors
were genotyped in samples of patients with MM included in daratumumab clinical
trials, demonstrating a positive correlation between polymorphisms 3A and 2B and
outcome in terms of PFS, albeit not OS [90];

The way in which the microenvironment plays a crucial role in MM has been well
studied. Bone marrow stromal cells (BMSC) protect MM cells from drugs and effector
cells such as cytotoxic T cells [91]. Interaction between BMSC and MM cells may
upregulate anti-apoptotic molecules like survivin, which could contribute to resistance
against daratumumab;

Soluble CD38 (sCD38) may have a draining effect on daratumumab function and
diminish efficacy; however, the presence of sCD38 has been observed in only a few
patients and in such cases, did not correlate with response. There are no published
data about other CD38 antibodies and the impact of sCD38 [82];

NK cells play a crucial role in ADCC. Some studies have shown a correlation between
daratumumab-induced ADCC and NK cell-to-MM cell ratio [78]. Due to their capacity
to activate NK cells, IMiDs could improve NK function and ADCC, even in patients
with IMiD-refractory MM [65,92]. An increase in ADCC was observed in ex vivo
experiments when interaction between NK inhibitory receptors KIR (KIR2DL-1, -2, -3)
and their respective ligands was blocked. Similarly, ADCC was reported to improve
synergistically with the addition of lenalidomide to the experiment. As NK cells
express CD38 on their surface, fratricide and a diminished effector function can arise.
When studied in patients, the reduction in NK levels was similar in responders and
non-responders to daratumumab and no correlation with outcome was observed.
Some measures have nonetheless been proposed to diminish this eventual effect,
including the administration of ex vivo-expanded autologous NK cells to increase
the count, and pretreatment of such cells with F(ab’)2 fragments of daratumumab to
avoid fratricide [93,94].

Table 2. Mechanisms of action and resistance to daratumumab.

Mechanisms of Action Mechanisms of Resistance

Complement-dependent cytotoxicity (CDC) e  CD38 expression

Antibody-dependent cell-mediated e  Complement inhibitory proteins
cytotoxicity (ADCC) e  CD47-SIRP« interaction
Antibody-dependent cellular phagocytosis e  Polymorphisms on Fc-gamma receptors
(ADCP) e  Bone marrow microenvironment
Direct effects e  Soluble CD38 (sCD38)
Immunomodulatory effects e  NKecells

2.2. Anti-SLAMF7

Signaling lymphocytic molecule F7 (SLAMF?) or cell-surface glycoprotein CD2 subset

1 (CS1) is a glycoprotein expressed on healthy plasma cells, MM cells, and NK-cells, and
absent in other tissue. Expression of such is found in more than 95% of MM plasma cells
independent of cytogenetics. This molecule belongs to the immunoglobulin superfamily
within the SLAM family subgroup [95]. For this reason, generating a MoA directed at this
target has been of great interest, with elotuzumab being the most relevant one. Elotuzumab
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is a humanized immunoglobulin G1 immunostimulatory MoA that works by activating
signals in NK cells via interaction with protein EAT-2, and is capable of directly activating
NK cells by ADCC via CD16 [96]. In MM plasma cells, this mechanism is compromised by
the lack of EAT-2 expression found in tumor cells. For this reason, elotuzumab does not
induce proliferation in MM cells.

In a phase I study (n = 35), the maximum tolerated dose of elotuzumab was not
reached and the drug was administered at 20 mg/kg iv once every 2 weeks for 8 weeks
total. None of the patients achieved a PR or better; 26.5% achieved stable disease; and the
rate of infusion-related reactions before prophylaxis initiation was 52% [32].

Elotuzumab is therefore not active in monotherapy. Yet, its potential activity in
combination with PI and IMiDs, such as lenalidomide and pomalidomide, was explored.
In a randomized phase II study with Vd with or without elotuzumab (1 = 152) [33], 63% of
patients achieved at least a PR with median PFS (mPFS) of 6.9 months and 1-year OS of
74%, while 65% of patients in the elotuzumab group achieved a PR or better with a PFS of
9.7% and 1-year OS of 85%. No mechanisms of resistance to elotuzumab were described.
Furthermore, in a randomized phase Il ELOQUENT-2 study testing the combination of
Rd +/— elotuzumab in patients with R/R MM, ORR were 79% vs. 66% in the elotuzumab
vs. control groups (p = 0.0002), with 1-year OS of 91% vs. 83%, 2-year OS of 73% vs.
69%, and 3-year OS of 60% vs. 53% (p = 0.026). Adverse events (AE) were comparable
between groups [34]. Additionally, 117 subjects were enrolled in a multicenter, randomized,
open-label phase II trial comparing pomalidomide and dexamethasone with or without
elotuzumab in lenalidomide- and bortezomib-refractory patients with R/R MM. With a
minimum follow-up of 9.1 months, mPFS were 10.3 and 4.7 months in the elotuzumab
and control groups, respectively, and ORR were 53% and 26% in the elotuzumab and
control groups, respectively. Infusion reactions were observed in 5% of patients (1 = 3)
and classified as grades 1 or 2 [35]. A phase Il study performed by the German-speaking
Myeloma Multicenter Group randomized patients to receive induction therapy based on
bortezomib, lenalidomide, and dexamethasone with or without elotuzumab (Elo-VRD
vs. VRD) obtaining an ORR of 82.4% vs. 85.6% (p = 0.35), respectively. AEs of grade 3 or
higher occurred in 65.4% patients (Elo-VRD) and 66.5% (VRD) mainly related to nervous
system disorders, infections, and blood disorders. There were 9 and 4 treatment-related
deaths in the Elo-VRD and VRD groups, respectively [97]. At the last American Society
of Clinical Oncology (ASCO) meeting, primary analysis of the phase II trial (SWOG-1211)
comparing Elo-VRD vs. VRD for ND, high-risk MM patients were presented. One hundred
and three patients were included, and after a median follow-up of 53 months, no difference
in mPFS (31 vs. 34 months, 68 vs. not reached, respectively; p = 0.45) nor in OS (68 months
vs. not reached; p = 0.48) was observed [98]. Recently, data from a phase III clinical trial
evaluating Elo-Rd in transplant-ineligible newly diagnosed multiple myeloma (NDMM)
patients (ELOQUENT-1) have not shown a benefit with the addition of elotuzumab as
front-line therapy [99]. Thus, elotuzumab has shown limited activity in the treatment of
MM in terms of response and survival in both first and further lines of therapy. In the
future, it will be necessary to determine the best combination for elotuzumab and the best
scenario for its use.

A main limitation of both anti-CD38 and anti-SLAMF7 MoAs are infusion-related re-
actions (IRR), which happen primarily during initial administration and consists of pyrexia,
chills, nausea, vomiting, flushing, cough, and dyspnea. Specifically, with elotuzumab,
such IRR were mainly observed prior to the administration of premedication based on
corticosteroids, acetaminophen, and antihistamines [32]. The rate of IRR due to elotuzumab
was 7-10% with proper prophylaxis. In the case of daratumumab, however, IRR were
reported in more than 50% of patients during the first infusion, even with prophylaxis,
decreasing to 7% in further infusions [27].

In conclusion, monoclonal antibodies, specially CD38 directed agents, have proved to
improve outcomes in MM and have reached a starring role in first line treatments.
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3. Antibody-Drug Conjugate

Antibody-drug conjugates (ADCs) are MoAs joined to a cytotoxic compound via a
chemical linker. These antibodies selectively target specific antigens located on the cell
surface of interest. By internalizing the compound, the cytotoxic part can induce cell death.
Several targets in MM and their respective antibodies are under study. The most relevant
ones are mentioned below:

BCMA (CD269)-targeted ADCs: B-cell maturation antigen is a transmembrane re-
ceptor expressed on malignant plasma cells. Belantamab mafodotin (GSK-2857916) is
a humanized anti-BCMA IgG1 MoA conjugated to monomethyl auristatin F (MMAF),
capable of inducing ADCC activity against myeloma cells. A multicenter, phase I trial with
patients with R/R MM (n = 35) showed an ORR of 60%, with 14% CR and mPFS of 12
months. The most frequent AE was thrombocytopenia (35%); similarly, several eye-related
events were observed, including blurry vision (52%), dry eyes (37%), and photophobia
(29%) [36,37]. Phase II clinical trial for RR MM patients (DREAMM-2) showed 30% and
34% of ORR in the 2.5 and 3.4 mg/kg cohorts, respectively. The most common grade >3
AE were keratopathy, thrombocytopenia, and anemia [100]. The keratopathy was further
studied in DREAMM-2 patients and microcyst-like epithelial changes were found in 72%
of cases. The management of eye-related AEs included dose delays (47%), dose reductions
(25%), and discontinuation in 1% of patients [101]. Further studies are being performed to
elucidate efficacy of this compound in combination with other MM therapies.

CD138 ADCs: CD138 or syndecan-1 is an extracellular protein receptor involved
in cell-to-cell adhesion [102]. It is present in malignant plasma cells and some epithelial
neoplasms. Indatuximab ravtansine is a MoA targeting CD138, linked with a disulfide
bond to maytansinoid cytotoxic compound. In a phase I/1I trial, ORR was 5.9% with no
CR; however, 61.8% of patients maintained stable disease, with a mPFS of 3 months [38].
The most frequent toxicities reported were fatigue (47%) and diarrhea (43%) [39].

CD56 ADCs: Neural cell adhesion molecule 1 (NCAM1), otherwise known as CD56, is
expressed in 75% of malignant plasma cells, yet in less than 15% of normal plasma cells [103].
Lorvotuzumab-mertansine is a MoA targeting CD56, conjugated to a microtubule inhibitor
(MD1) by a disulfide bond linker. In a phase I trial for patients with R/R MM, ORR was
reported at 5.7%, with no CR; however, 42.9% of patients maintained stable disease for
15.5 months. Peripheral neuropathy was an AE reported in 5.3% of patients [40].

CD74 ADCs: CD74 is a type II transmembrane glycoprotein of the major histocompat-
ibility complex (MHC) class II, with antigen presentation functions [104]. Milatuzumab
doxorubicin is an ADC with a MoA, targeting the CD74 linked via a hydrazine linker to
doxorubicin. In a phase I study, this drug showed no objective response; it did, however,
maintain 5 of 19 patients in stable disease for at least 3 months [41].

To sum up, ADCs have shown limited clinical results in monotherapy, so further
combination studies are required to elucidate their efficacy in MM. Keratopathy could
be a limiting factor for its widespread use. It will be necessary to establish adequate
preventive measures, make timely diagnoses, and administer effective treatments against
this complication.

4. Bispecific Monoclonal Antibodies

Bispecific monoclonal antibodies (Bs MoA) are antibodies that have two different
targets and an activating or neutralizing function. Diverse bispecific antibody platforms
(BiTE®, DuoBody®, and Dual-Affinity Re-Targeting®) are available, all distinguishable
by structural differences among constructs. However, the majority of clinical trial data
related to MM treatment are limited to the BiTE® platform [105]. BiTEs (bi-specific T cell
engagers) are constructs composed of two different single-chain variable fragments (scFv)
obtained from MoA and joined by a flexible peptide linker. One of the scFv acts as a
binding domain for tumor cells via recognition of surface antigens and can be modified
to specifically bind the malignant cell of interest and the other MoA bound to CD3, the
invariable site of the TCR [106]. The junction between tumor cell and T cell leads to
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proliferation and growth of effector cells. These cells release cytotoxic molecules such
as perforin, which creates transmembrane pores in tumor cells, and granzyme B, which
acts as an initiator of apoptosis with the consequent tumor cell lysis [107]. This therapy is
cytotoxic even without requiring the function of antigen-presenting cells, costimulatory
molecules, or MHC-1/peptide complex. In contrast to CAR T cell therapy, Bs MoA have
come to be considered as an “off-the-shelf” treatment: Processing and manufacturing time
are not necessary and patients can benefit immediately from therapeutic approach [108].
Blinatumomab—targeting CD19 and CD3 in acute lymphoblastic leukemia (ALL)—was
the first worldwide-approved Bs MoA (initial approval was conferred in 2014 by the FDA
and full approval in 2017) [109,110].

Currently, several target antigens have been studied to treat MM with Bs MoA, with
BCMA and CD38 being the most promising ones [107]. AMG-420, a BCMA/CD3 Bs MoA,
was tested in a first-in-human, phase I dose-escalation trial. Patients with R/R MM who
had received two or more lines of treatment were recruited to obtain a maximum tolerated
dose of 400 pg/daily. Of the 10 patients who received that dose, ORR was 70% and 5 (50%)
patients achieved MRD-negative CR. Grade 2-3 cytokine release syndrome (CRS) was ob-
served in three patients and non-treatment-related mortality was reported in two patients
(pulmonary aspergillosis and fulminant adenovirus hepatitis). One patient developed
a dose-limiting, grade 3 peripheral polyneuropathy at 400 pg/dose [42,43]. Due to the
miniscule size of Bs MoA (5kDa), its serum half-life is short and results in the continuous
need for intravenous administration. With a more extended half-life, BCMA /CD3 Bs MoA
(AMG-701) can be administered once per week, having demonstrated in vitro prolifera-
tion of central memory and effector memory cells and in vivo MM cytotoxicity [111,112].
A phase I/1I study for patients with MM who relapsed after three or more lines of therapy
is in progress to estimate the maximum tolerated dose (MTD) and establish safety and
tolerability (NCT03287908).

Similarly, teclistamab (JNJ-64007957) is an investigational bispecific antibody targeting
both the BCMA and CD3 receptors on T cells. In preclinical studies, the drug proved
capable of recruiting and activating T cells to direct their cytotoxicity against BCMA* MM
cells from an MM cell line (H929) and in BM samples obtained from patients with MM
as well [113]. Results obtained from these studies led to the development of a phase I
clinical trial in patients with R/R MM, enrolling those adult patients who had received a
median of 6 lines of treatment. Patients were treated with teclistamab at doses ranging
from 0.3-270 pg/kg. Of the 78 patients who were administered teclistamab, 21 responded
to treatment. Responses were found to be deep and persistent. Additionally, the treatment
achieved an ORR of 67% among the 12 patients who received the highest dosage; three of
the patients achieved a CR [44]. CRS was observed in 56% of patients (CRS events were
all grades 1-2 and during initial doses). Neurotoxicity was seen in 8% of cases and 3%
were grade 3 or higher. In addition, IRR were reported in 9% of patients. There were
2 dose-limiting toxicities: A case of grade 4 thrombocytopenia which resolved after one
day and a grade 4 delirium, which resolved after 16 days. A grade 5 AE was reported,
consisting of a respiratory failure in the context of pneumonia [44]. Recent results from the
last European Hematology Association (EHA) meeting highlight the efficacy of CC-93269,
an asymmetric 2 + 1 bispecific with bivalent BCMA binding and monovalent CD3 binding,
with a half-life extended domain. This phase I trial (NCT03486067) included 30 patients
(median of 5 prior lines of therapy). ORR was 43%, including 17% with a CR or sCR.
Among 9 patients receiving 10 mg, the ORR was 89% (>CR: 44%). The main AEs included
cytopenias and infections. CRS was observed in 77% of patients, but most were grade
1 [114]. This study continues including patients in the dose-escalation phase.

GBR-1342 is a CD38/CD3 Bs MoA in current evaluation in a first-in-human, phase /11
study in PI-, IMiD-, and daratumumab-refractory patients with MM; the question of interest
is whether subjects previously treated with daratumumab will respond to CD38-targeted
Bs MoA. This study is currently recruiting patients (NCT03309111) [115]. Then, there is
also the CD38/CD3 Bs MoA AMG-424, which has also shown potent activity against MM
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cell lines in spite of lower or higher CD38 expression in these cells. As inhibition of tumor
growth in a murine model and acceptable toxicities in monkeys have been demonstrated
(depletion of peripheral B-lymphocytes), a first-in-human, multi-center, phase I study for
patients with R/R MM was approved (NCT03445663) and has, in recent times, finished
(June 2020).

Recently, results on Cevostamab-BFCR4350A, a FcRH5-CD3 bispecific antibody have
been presented at the last American Society of Hematology (ASH) meeting. The phase
I, dose escalation study (NCT03275103), included 51 R/R MM patients (55% with high-
risk cytogenetics). The median number of prior lines of therapy was 6. The ORR was
51.7%, including 3 sCRs and 3 CRs. Responses were observed in patients with high-risk
cytogenetics, prior exposure to anti-CD38 MoA, ADC, and CAR T cell therapy. Regarding
toxicity, CRS was observed in 75% of patients (grade > 3: one patient). Other grade 3 or 4
AEs observed were lymphopenia (11.8%), anemia (5.9%), and thrombocytopenia (5.9%).
No fatal (grade 5) AEs have been reported [116].

In addition, the last updated data of talquetamab-JNJ-64407564, a GPRC5D-CD3 Bs
MoA, were presented at the last ASH meeting. One-hundred and thirty-seven patients have
been included in the phase I trial (NCT03399799). The median number of prior lines was 6,
and 15% of the patients had received prior BCMA-directed therapy. Respecting efficacy,
this product showed ORRs of 78% and 67% with the IV and the SC route, respectively. CRS
was observed in 47% of patients (mostly grades 1 or 2; grade 3 was seen only with the IV
route) and neurotoxicity in 5% of patients. IRR have been reported in 14-15% of patients,
all of them grades 1 or 2, and usually in the first cycle [117].

Impressive preclinical results are arousing interest in trispecific antibodies such as the
trispecific T cell engager targeting CD38, CD3, and CD28, which has shown high killing
capacity of MM tumor cell lines in in vitro tests and also suppressed MM growth in mice,
with proliferation of memory and effector T cells and downregulation of regulatory T cells
in primates [118]. Trispecific NK cell engagers are also under development, targeting the
NK antigen CD16A, and BCMA and CD200 in MM cells [119].

The primary results obtained with Bs MoA show that this strategy is a promising
approach in the treatment of patients with MMs, although drug-related toxicities, especially
CRS and neurotoxicity, days of hospitalization, and patient surveillance should be taken
into account.

5. Immune Checkpoint Inhibitors

The immune system plays a crucial role in cancer development and progression.
However, cytolytic activity of immune cells during the initial phase of carcinogenesis is the
predominant mechanism used to fight against malignant cells. A balance between cancer
progression and cancer eradication is then reached during the intermediate phase, mediated
by modulatory proteins denominated as checkpoint molecules. When the immune system
grows tolerant to the presence of cancer after this phase, tumor cells escape and can
progress and induce metastasis [120,121].

Immune checkpoint molecules are a family of proteins composed of receptors—
mostly located in T cells and other immune effector cells—and ligands located in antigen-
presenting cells (APCs), monocytes, and tumor cells as well. The function of checkpoint
receptors is to promote a balance between activating and inhibitory signals [122]. Several
examples of checkpoint receptors have been widely studied, such as PD-1, CTLA-4, LAG-
3 [123], TIM-3, and TIGIT. Interaction with their respective ligands triggers an inhibitory
signal capable of counteracting T cell-mediated immunity. In a physiological setting, check-
points have a modulatory function that maintains balance between immune response and
immune tolerance. This aspect is crucial, as it protects the organism from autoimmunity.
Despite that, tumor cells can take advantage of this mechanism, expressing checkpoint
ligands on their surface and inducing inhibitory signals, to promote tumor immune toler-
ance [124,125]. Blocking checkpoint inhibitors has shown impressive tumor response in
heavily treated patients with melanoma, lung cancer, or Hodgkin lymphoma [126].
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Several immune dysregulations have been described in MM. BM niche cells contribute
to tumor growth and immune escape by creating a permissive microenvironment pro-
moted by factors with immunosuppressive properties such as TGF-§3, prostaglandin E2,
IL-10, and IL-6 [127]. Additionally, an impaired maturation and differentiation pattern
has been described in dendritic cells (DCs) of patients with MM [128,129]. Increased
levels of PD-L1 have been found in MM plasma cells as well as an increased expression
of PD-1 in circulating effector cells like T and NK cells [130,131]. The immunosuppres-
sive role of other checkpoint receptors such as CD85j or TIGIT has also been shown in
MM. A study demonstrated lower expression of CD85j, an inhibitory immune checkpoint
for B-cell function, in patients with active MM and MGUS (a premalignant condition),
suggesting that such a lower expression in malignant PCs may eliminate the inhibitory
signal—causing an increase in PC resistance to NK cytotoxicity—and lead to immune
escape [132]. TIGIT, an inhibitory checkpoint receptor expressed on lymphocytes, and its
ligands poliovirus receptor (PVR) and Nectin-2, could also play a role in immune escape.
In vitro functional assays demonstrated inhibition of CD8* T cell signaling and prolifera-
tion, which could be restored by TIGIT blockade. TIGIT blockade also showed an increased
proliferation of IFN-y-secreting CD4" [17,133]. Although preclinical data suggest that
blockade of the PD-1/PD-L1 axis could be effective in the treatment of MM, clinical data
published to date do not support such statement. A phase I study with pembrolizumab
monotherapy, a PD-L1 blocker, from patients with R/R MM achieved stable disease as
the best response [134]. A separate phase I study exploring the use of nivolumab (PD-1
blocker), which comprised patients with different hematological neoplasms, included 27
patients with R/R MM. Of these patients, 63% achieved stable disease, while only one
patient achieved an objective response (4%) [45]. Despite the limited outcomes obtained
with PD-1/PD-L1 blockers in monotherapy, some studies reported better efficacy when
in combination with IMiDs like lenalidomide or pomalidomide, even in patients treated
previously with IMiDs. The reason for such efficacy was the enhancing effect conferred by
these agents on the PD-1/PD-L1 axis. In the KEYNOTE-183 study, a phase III randomized
trial comparing pomalidomide and dexamethasone with or without pembrolizumab, ORR
was 34% vs. 40% in the pembrolizumab-PD group and PD group, respectively. Immune-
mediated AE occurred in 18% of patients in the pembrolizumab group, with the most
frequent being pneumonitis, hyperthyroidism, and rash. Serious AE were reported in 63%
vs. 46% of patients in the pembrolizumab group and control group, respectively, with
treatment-related mortality occurring in four patients with the following etiologies: Un-
known cause, neutropenic sepsis, myocarditis, and Stevens—Johnson syndrome. The FDA
indicated that based on the data presented to the monitoring committee, risks associated
with the pembrolizumab combination outweighed the benefits and the study was to be
discontinued [46]. The phase III study KEYNOTE-185, which compared Rd administration
with or without pembrolizumab (200 mg every 3 weeks) in patients with NDMM who
were not eligible for ASCT, showed a high rate of immune-mediated AE and mortality,
with an interim unplanned analysis suggesting an unfavorable benefit-risk profile [135].

The efficacy of PD-1/PD-L1 blockers seems to be related to a higher immune cell
infiltration of the tumor [121]. Mutational burden and neo-antigen expression have also
proven to play a crucial role in PD-L1 expression on solid tumors. Results obtained with
checkpoint inhibitor blockers may be explained by the fact that MM is known to have a low
burden of mutations when compared to other solid, hematological diseases, as well as low
immune cell infiltrate [136]. Toxicities observed in KEYNOTE trials raised concerns in other
trials that combined an immune checkpoint inhibitor with IMiDs; most were therefore
suspended or terminated [137].

6. Chimeric Antigen Receptor T Cell Therapy

CARSs are synthetic fusion proteins designed in a modular fashion that redirect lym-
phocytes to recognize and eliminate cells that express a target antigen on their surfaces.
CARs are endowed with four fundamental components: Either the extracellular antigen-
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binding domain or scFv derived typically from the light and heavy chains of MoAs to
provide antigen-specificity in a non-HLA-restricted manner; either the spacer or hinge
based on CD8-, CD28-, IgG1-, or IgG4-derived domains; the transmembrane domain from
CD8«x or CD28 moieties; and intracellular or activation domains derived from the CD3(
moiety of the TCR (first generation) and the addition of one (second generation) or two
(third generation) costimulatory domains derived from CD28, 4-1BB moieties and others
that are necessary for optimal T cell function, proliferation, and persistence. Armored or
fourth-generation CARs include immune modulating capacities, suicide genes, control-
lable on—off protein switches, and molecules to reduce or overcome T cell dysfunction or
exhaustion (Figure 2) [138-140]. Synthetically engineered T cells expressing CARs against
the CD19 antigen have shown outstanding results in B-cell malignancies in clinical trials,
and the FDA and EMA have approved the use of tisagenlecleucel, axicabtagene ciloleucel
and brexucabtagene autoleucel [141-148]. Indeed, the results led to many more additional
clinical trials in diverse hematological and solid cancers, and several encouraging results
have been reported with the use of CAR T cell therapy-targeting BCMA in patients with
MM. Due to the therapy’s potential as a treatment strategy in patients with R/R MM, the
first anti-BCMA CAR is expected to be approved within the coming months. However,
an in-depth review of all the clinical trials that are being carried out using CAR T cell
therapy in patients with myeloma goes beyond the scope of this manuscript. Exhaustive
reviews have been published elsewhere [149-153]. The two most important BCMA CAR T
cell products that are currently being evaluated in registration phase clinical trials include
idecabtagene vicleucel and ciltacabtagene autoleucel (Table 1). Idecabtagene vicleucel
is a second-generation CAR that includes a 4-1BB costimulatory domain and a murine
scFv. The latest results from the phase II trial (KarMMa; NCT03361748) were presented
at the last ASCO meeting. The trial enrolled 149 patients and the doses of 150 to 450 x
10° CAR T cells were analyzed. The ORR was 73% (CR rate 33%), with a mPFS and OS of
8.8 and 19.4 months, respectively. Patients treated at the highest dose level had an ORR
of 82% and a mPFS of 12.1 months. Regarding safety profile, CRS and immune effector
cell-associated neurotoxicity syndrome (ICANS) were observed in 84% and 18% of all
patients, respectively [53]. Ciltacabtagene autoleucel is also a second-generation CAR that
includes a 4-1BB costimulatory domain and two llama-derived variable-heavy chain only
fragments against two different BCMA epitopes. The latest results from the phase Ib/II
trial (CARTITUDE-1; NCT03548207) were presented at the last ASH meeting. The trial
included 97 patients and a single infusion of the product at a target dose of 0.75 x 10° CAR
T cell/kg was administered. The ORR was 96.9% (sCR rate 67%), with a one-year PFS and
OS of 76.6% and 88.5%, respectively. In terms of toxicity, CRS was observed in 94.8% of
all patients (grade > 3 in 4.1%) and ICANS occurred in 20.6% of patients (grade > 3 in
10.3%). Ten deaths occurred during the study due to adverse events (eight patients) and
progressive disease (two patients) [52].
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Figure 2. (A) Structure of a CAR and different generations of chimeric antigen receptors. (B) Schematic representations
of different strategies targeting two target antigens simultaneously. TRUCKSs, T cells redirected for antigen-unrestricted
cytokine-initiated killing; scFv, single-chain variable fragment.

BCMA is by far the most predominant antigen used for targeted CAR T cell therapy in
MM. Reasons for targeting BCMA include the antigen’s high surface expression in malignant
plasma cells, its exclusive expression in some mature B-cell subsets, and its non-expression
in normal tissue and hematopoietic stem cells [154-156]. BCMA regulates B cell differentia-
tion, survival, and maturation. However, in the malignant plasma cell, BCMA is associated
with the cell’s survival and proliferation, and contributes to the immunosuppressive BM
microenvironment [157,158]. BCMA expression is higher in patients with MM when com-
pared with non-malignant plasma cells; nevertheless, the levels vary [159,160]. In general,
CART cells targeting BCMA have shown impressive results in heavily pretreated patients
with MM, including achieving deep responses (ORR 60-97% (>CR in 10-86%)), manageable
toxicity (CRS 60-100% (grade > 3 in 0—41%), and ICANS 2-42% (grade > 3 in 0-19%)),
and a mPFS of 2-20 months [24,47-49,51-54,161-166]. These results are non-homogenous
but can be explained by differences in patient inclusion protocols, CAR constructs, con-
ditioning regimens, CAR T cell doses, and toxicity grading scales. Furthermore, despite
these impressive remission rates, it should be noted that many patients are resistant and
will relapse after CAR T cell therapy. No plateau is observed in PFS curves after CAR T
cell infusion, as has been reported in other diseases such as diffuse large B-cell lymphoma
or B-cell ALL. The following sections therefore provide a comprehensive analysis of the
possible mechanisms of relapse as well as present potential strategies to overcome failure in
this type of immunotherapy (Table 3). Table 4 details a summary of differences between
BiTEs and CAR T cells. Finally, these sections briefly describe other difficulties, such as
toxicity, manufacturing challenges, and economic burden, which could limit the widespread
use of CAR T cell therapy.
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Table 3. Obstacles of CAR T cell therapy and possible strategies to overcome them.

Limitation Rationale

Approach

Antigen-positive

Impaired T cell persistence
escape

Optimize CAR design (human scFv, hinge, costimulatory domains) to
avoid antigen-independent tonic signaling and reduce antigenicity
Younger T cell donors, transduction to stem cell memory T cell and
central memory T cells, block T cell differentiation signaling, or use of
non-viral transduction systems

Genomic knock-in of the CAR sequence to the TRAC locus

Impaired T cell potency

Fine-tuning CAR design (human scFv, hinge, costimulatory domains)
Avoid antigen-independent tonic signaling

Genomic knock-in of the CAR sequence to the TRAC locus

Avoid T cell exhaustion (combine with immune check-point
inhibitors or disrupt the checkpoint pathway)

Reduce the amount of soluble target antigen

Optimize lymphodepletion protocol

Tumor
microenvironment-induced
immunosuppression

Boost T cell trafficking and migration

Overcome inhibitory signals by blocking immune check-point
pathways or switching inhibitory signals present in the TME into
pro-inflammatory signals

Targeting immunosuppressive immune cells (regulatory T cells,
tumor-associated macrophages, myeloid-derived suppressor cells)
Armored CAR T cells or TRUCKs

Immune selection pressure
Gene mutations
Lineage switching
Trogocytosis
Antigen masking

Antigen-negative
escape

Identification and selection of the most suitable tumor antigen
Fine-tuning antigen binding affinity

Targeting multiple tumor antigens (sequential or co-administration of
single-target CAR products, dual CARs, or tandem CARs)
Upregulate surface density of the target antigen

Targeting myeloma stem cells

Toxicities CRS and ICANS

Optimizing reduction in the number of CAR T cells infused or
dividing doses on different days

Prompt recognition with the use of predictive biomarkers

Use of tocilizumab or corticosteroids in early stages of the disease
Tailored modifications of the construct, optimizing the costimulatory
domain

CART cells with suicide genes or “OFF-switches”

On-target, off-tumor

Affinity tuning of the scFv
Advanced CAR engineering: “AND” logic-gate, “ON-switch”,
“SPLIT”, or inhibitory CARs

Amount and quality of T cells
Vein-to-vein time
Production failure

Manufacturing

Allogeneic CAR T cells (major concerns: GvHD and CAR T cell
rejection)

Infrastructure, workflows,
processes, regulatory
requirements, and economic
burden

Access and economic

Cooperation among multiple stakeholders

Use of non-viral gene delivery with transposon/transposase systems
Creation of community CAR T cell therapy centers

Promote the outpatient setting

Shift from centralized to decentralized manufacturing, namely
“bedside manufacturing”

Cost-effectiveness, cost-benefit, and quality-adjusted life-year
analyses

Outcome-based reimbursement or staged payment models
Legitimate value of immunotherapy as shown by real-world
evidence and longer follow-ups

CRS, cytokine-release syndrome; GvHD, graft-versus-host disease; ICANS, immune effector cell-associated neurotoxicity syndrome; scFv,
single-chain variable fragment; TME, tumor microenvironment; TRAC, T cell receptor alpha constant; TRUCK, T cells redirected for

antigen-unrestricted cytokine-initiated killing.
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Table 4. Some differences between bispecific antibodies and CAR T cell.

Bispecific Antibodies CART Cell

Individual manufacturing for each patient, starting

Off-the-shelf”: No need for with autologous lymphapheresis

Production ;T;ZE;ZT;% tﬁ?&f{tﬂio’cyéngatfizlt Approach: Allogeneic CAR T cells under
P development
Continuous intravenous infusion . . . .
Administration Approach: extended half-life bispecific Pur}ctua% infusion of the product (dose is sometimes
antibodies split up into several days to reduce AEs)
T cell phenotype and Binding of endogenous CD8" and CD4*  The product is mostly composed of naive CD8" and
R ffeftor fu:cI;ion T cells, which have a superior cytotoxic CD4" T cells; these cells have higher self-renewal,
function than naive T cells survival, and penetration in lymphoid tissues

AE: Adverse events; CAR: Chimeric antigen receptor.

6.1. Mechanisms or Relapse

Understanding the underlying mechanisms that determine or predict relapses is
crucial in order to improve therapeutic approaches. Despite the high CR rates achieved
with CD19-targeted CAR T cells (81-90% in B-cell ALL and 50% in B-cell non-Hodgkin
lymphoma (NHL)), 10-20% of patients with B-cell ALL and 20-50% of patients with B-
cell NHL will be refractory, while 30-60% of those with B-cell ALL who achieve CR and
20-30% of those with B-cell NHL who achieve CR will relapse [141,143,144,167,168]. With
respect to BCMA-targeted CAR T cells in patients with MM, 3-40% of such patients will be
refractory, while 15-50% of those patients who achieve CR will relapse during the first year
of follow-up. Although the data are still very immature, there is evidence that a greater
proportion of patients will relapse with longer follow-ups [24,47,48,50-54].

To date, two relapse patterns—antigen-positive and antigen-negative escapes—have
been elucidated due to the high number and extensive follow-up period of patients who
received CD19-targeted CAR T cells. Knowledge of such patterns may contribute to
enhancing BCMA-targeted CAR T cell therapy in patients with MM.

6.1.1. Antigen-Positive Escape

Relapse of this nature most frequently occurs in CAR T cell immunotherapy. It is char-
acterized by the maintenance of antigen expression on the tumor cell surface. Mechanisms
found in such relapse underlie poor persistence and the low potency of CAR T cells, as well
as mutations in survival or apoptosis pathways in tumor cells and the immunosuppressive
tumor microenvironment (TME).

The use of non-human-derived scFv might contribute to CAR T cell inactivation due to
the HLA-restricted T cell-mediated immune response and the presence of anti-CAR T cell
antibodies [169]. Investigators Xu et al. found anti-CAR T cell antibodies in 6 patients with MM
before or after relapse using a llama-derived bi-epitope-targeting BCMA CAR (LCAR-B38M).
The presence of these antibodies was also associated with a notable reduction in the number
of residual CAR T cells [51]. Different groups are therefore using fully human scFv to reduce
antigenicity that would then increase persistence and improve efficacy [48,54,163-165,170-172].
This strategy may hold potential to re-challenge the targeted antigen and reinfuse the same or
different CAR [171].

Intracellular signaling domains also play an important role in the persistence and
efficacy of the product. Costimulatory CD28-based CARs enhance activation, prolifera-
tion, and cytotoxicity of T cells by promoting effector memory T cell differentiation and
increasing aerobic glycolysis, albeit with reduced persistence. Meanwhile, 4-1BB-based
CARs promote oxidative metabolism, bolster central memory T cell differentiation and
improve T cell persistence [173-176]. Although the optimal costimulatory molecule to use
in myeloma has yet to be elucidated, most products targeting BCMA are based on the 4-1BB
moiety. Efforts are currently being undertaken to improve stimulatory signaling. Some

19



Hemato 2021, 2

examples include incorporating both CD28 and 4-1BB moieties into the CAR to maintain
rapid activation kinetics and improved persistence, respectively [177,178]; mutating the
activation motif in CD28 or encoding a single CD3( ITAM so as to hinder exhaustion and
improve the persistence of T cells [179-181]; and, either incorporating new costimulatory
domains (CD27 or ICOS) to enhance survival or differentiating CD4" T cells towards a
Th1/Th17 phenotype [173,182,183].

T cell fitness and subset composition have been recognized as markers of expansion
and response [48,139,184,185]. CAR T cells manufactured from older donor T cells had
worst transduction efficiency and impaired effector functions when compared with younger
donor T cells, reflected by gene expression, secretory pattern, and transcription factor bal-
ance [186]. Quality of harvested T cells might also be compromised due to the disease itself
and the type, number, and intensity of prior treatments [187-190]. Therefore, harvesting
T cells during the first line of treatment and not in subsequent relapses may have clinical
potential [191], as well as administering CAR T cell therapy as an earlier intervention in pa-
tients with MM. There are, in fact, clinical trials underway, evaluating BCMA-targeted CAR
T cells in first-line treatment in high-risk patients with MM (KarMMa-4, NCT04196491)
and in second-line treatment with high-risk factors (KarMMa-2, NCT03601078). With
respect to T cell subpopulations, random compositions of T cell subsets were used in
initial BCMA clinical trials; however, growing evidence supports the belief that tailored
composition of T cell subsets could increase efficiency and persistency [192]. A higher
CD4*/CD8" T cell ratio in the leukapheresis product was associated with better expansion
and response, and less differentiated or more naive stem cell memory and central mem-
ory T cells were predictive biomarkers of expansion and clinical response [48,184]. That
stated, orvacabtagene autoleucel JCARH125, NCT03430011) [154,155] and FCARH143
product (NCT03338972) [164] are manufactured using a 1:1 ratio (CD4*/CD8") before
and after gene transfer, respectively, to homogenize the amount of T cells infused among
patients and enhance crosstalk between CD4" and CD8" T cells [192]. Another strategy
to enrich memory-like T cells includes blocking T cell differentiation signaling derived
from constitutive CD3( and the phosphoinositide 3-kinase (PI3K), AKT and mTOR activa-
tion pathway [193]. bb21217 (NCT03274219) is a next-generation product of idecabtagene
vicleucel that adds PI3K inhibitor bb007 during ex vivo culture with the expectation to
enhance persistence and potency [161]. The addition of IL-7 and IL-15 to CAR T cell
cultures enhances cytolytic and proliferative capacities and enriches naive central memory
T cells [194]. Novel CAR T cell product P-BCMA-101 (NCT03288493), conceived using the
non-viral piggyBac® DNA modification system, favors enrichment of T memory stem cells,
providing a higher therapeutic index [163].

Ligand-independent chronic activation or tonic signaling leads to detrimental effects
on CAR functionality. It is characterized by different growth and phenotype patterns of
CART cells, and is associated with accelerated differentiation, exhaustion, and impaired
anti-tumor effects [195,196]. Adjustments can be made in the configuration of the CAR
to avoid it, though. For example, centyrinTM are small monomeric, thermostable, and
less immunogenic proteins based on a tenascin fibronectin type III sequence that have
binding affinities similar to scFv and no signs of tonic signaling thus far [197]. A clinical
trial with such technology is currently underway (P-BCMA-101, NCT03288493) [163].
Additionally, the hinge/spacer is crucial in preventing tonic signaling. Appropriate length
of IgG-derived spacers and the replacement of the N-glycosylation site by FcyR-binding
might recover CAR T cell functionality [198,199]. However, most CAR myeloma trials use
CD8«x-derived spacers to reduce the presence of tonic signaling [47,48,200]. Another useful
option in third-generation CARs is to place the 4-1BB costimulatory domain distal to the cell
membrane [173]. Advancements in genome editing tools using CRISPR/Cas9 have allowed
for the targeted genomic knock-in of the CAR sequence to the T cell receptor o constant
(TRAC) locus, resulting in a homogeneous expression of the CAR, the prevention of tonic
signaling, a delay in effector T cell differentiation and exhaustion, and the enhancement of
T cell potency [201].
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T cell dysfunction is associated with tumor progression and relapse. T cell exhaustion
refers to effector T cells with a reduced capacity to secrete cytokines and is characterized
by an increased expression of inhibitory receptors (PD1, TIM3, LAG3, CTLA4, and TIGIT),
reduced proliferative capacity, an altered transcriptional factor program (NFAT, IRF4,
NR4A, and TOX), and a unique epigenetic landscape. T cell senescence is defined as the
terminal differentiation state due to excessive cell replication, and is associated with cell
cycle arrest and telomere shortening [202-204]. Brudno et al. observed a higher fraction
of CAR T cells expressing senescence (KLRG1 and CD57) and exhaustion (PD-1) markers
after CAR T cell infusion with CD28-based BCMA CAR in patients with MM [47]. CAR
T cell anti-tumor activity may be boosted by the disruption of the immune checkpoint
signaling pathway [205], by either combining the cell product with an immune checkpoint
inhibitor antibody [205-207] or genetic modulations. Several examples of such include
deleting PD-1 in CAR T cells with gene silencing techniques such as CRISPR/Cas9 or short
hairpins RNAs [208,209]; engineering CARs that secrete PD-L1-targeted IgG antibodies
or PD-1-targeted scFv [210,211]; transducing a CAR with a truncated PD-1 receptor that
lacks intracellular domains [208]; and transducing a PD-1 switch receptor fused with an
intracellular CD28 domain and thus modifying a dominant-negative inhibitory signal via
an activating costimulatory signal [212,213]. However, data are conflicting with respect to
impairment of anti-tumor function and proliferation activity of CAR T cells due to PD-1
silencing [214,215]. Further investigation is therefore warranted to elucidate the specific
role that each immune checkpoint receptor plays and the optimal time for its inhibition in
MM [216].

The presence of a soluble target antigen in the bloodstream could be an obstacle in CAR
T cell therapy. A reduction in the density of the selected antigen on the tumor cell surface
would not make it possible to reach the threshold that triggers the effector functions of
CART cells and would hamper the scFv domain of the CAR [217]. For example, the soluble
fragment of BCMA protein (sBCMA) can be shed into the bloodstream due to cleavage
performed by the gamma-secretase (GS) [218]. With respect to MM, sSBCMA may have a
role in the disease pathophysiology, with increased levels of SBCMA being associated with
a worse prognosis [219-221]. Preclinical data suggest that high concentrations of sSBCMA
may interfere with cytokine production and cytolytic capacity of BCMA-targeted CAR
T cells [222]. Conversely, though, preclinical [154,160] and clinical [24,47,48,54] evidence
highlight that BCMA-targeted CAR T cell activity is not compromised and sBCMA could
be an adjunctive biomarker to assess response and progression [47,48]. These differences
could be explained by the different epitopes to which the CARs are redirected, as some
epitopes could be cryptic or not accessible in the soluble conformation of BCMA [217].
A possible, recently elucidated strategy to reduce the amount of sSBCMA is the addition
of a GS inhibitor (GSI), which efficiently blocks BCMA shedding [222]. The next section
will provide further details about the possible utility of inhibiting the GS in anti-BCMA
immunotherapy.

Malignant plasma cells and dysregulated BM TME interactions contribute to the
pathogenesis, progression, and therapy resistance in myeloma [223]. However, knowledge
concerning the role of immunosuppressive TME in relapse after the use of CAR T cells in
patients with myeloma is minimal. Evidence obtained from patients with solid tumors indi-
cates that objective response to CAR T cell therapy is infrequent and ephemeral due to cell
stroma and immunosuppressive modulators, aberrant vascularization, hypoxia, and lack
of nutrients [224]. In response, a wide set of approaches are being conceived to overcome
these challenges. Some examples are as follows: (1) Increasing expression of chemokine
receptors (CCR4, CSF-1R, and CCR2b) in CAR T cells to improve migration and anti-tumor
activity to boosting T cell trafficking to tumors [225-227]; (2) targeting protease activa-
tion protein (FAP)-expressing stromal cells or secreting extracellular matrix-modifying
enzymes (anti-GD2 CAR) to degrade heparan sulfate proteoglycans to infiltrate physical
barriers. However, targeting fibroblast could develop considerable on-target, off-tumor
toxicities [228-230]; (3) either blocking immune checkpoint pathways as aforementioned;
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(4) switching inhibitory signals (IL-4) present in the TME to pro-inflammatory signals (IL-2,
IL-7 or IL-15) [231-233] to overcome T cell inhibitory signals, or disrupting the proapoptotic
FAS signal pathway to impair the function as dominant-negative receptors [234]; (5) target-
ing immunosuppressive immune cells (regulatory T cells, tumor-associated macrophages,
MDSC) with CAR T cells [224,235,236]; and (6) engineering bionic CAR T cells (armored
CAR T cells or TRUCKS) to secrete stimulatory cytokines (IL-12, IL-15, IL-18) [237-240]
that foster the effector activity of CAR T cells (third stimulatory signal) and propagate
the anti-tumor immune response via recruitment of endogenous immune cells [241-243].
While the preclinical potential of such advanced engineering is great, clinical utility remains
to be defined.

Conditioning regimens or lymphodepletion protocols based on chemotherapy prior
to CAR T cell therapy aim to reduce tumor burden, eliminate immunosuppressive cells
(Tregs and MDSC), remove homeostatic cytokine sinks (IL-2, IL-7, and IL-15), activate APC,
downregulate indoleamine 2,3-dioxygenase in tumor cells, and enhance function, expansion,
and persistence of CAR T cells [244-247]. Beneficial effects such as better clinical response
and prognosis have been observed in B-cell malignancies and MM [48,248-251]. Although
no current standard regimen has been established in MM clinical trials, the mainstream
combination used is fludarabine plus cyclophosphamide. Further knowledge is needed to
determine the most suitable regimen, dosing, and timing of drug administration.

6.1.2. Antigen-Negative Escape

This type of escape is characterized by the loss of or downregulation in the targeted
antigen expression. It has been described with different targeted immunotherapies includ-
ing CAR T cells [252]. Complete antigen loss may not be absolutely necessary to escape
CART cells; however, decrease in the target antigen expression may suffice. Some evidence
suggests that a minimum and individual threshold of antigen expression is needed for
CART cell activation [252,253]. Apparently, within the MM setting, the antigen-negative
or downregulation of the antigen is not the primary mechanism of escape, although some
clinical trials using BCMA-targeted CAR T cells have reported it [47,48,164,254]. Investiga-
tors Brudno et al. described the case of one patient who lost BCMA expression at the time
of progression. BM analysis showed the presence of a mixed cell population, with some
maintaining BCMA expression and others losing it [47]. Likewise, Green et al. reported
the case of one patient whose tumor biopsy at relapse revealed both a BCMA"*® myeloma
cell population and 70% reduction in intensity of BCMA expression in remaining myeloma
cells [164]. A separate study by Cohen et al. also showed similar findings, reporting a
decrease in intensity of BCMA expression in 4 of 9 patients who did not achieve an objective
response to the BCMA-targeted CAR [48]. Notably, after CAR T cell infusion, intensity of
BCMA expression was minimal in residual myeloma cells; however, in most patients at
progression, expression returned to baseline levels [48]. Martin et al. presented three cases
of BCMA antigen loss after idecabtagene vicleucel; a biallelic deletion of chromosome 16p
encompassing the BCMA locus was confirmed in one case [254,255].

Evidence obtained on CAR T cells targeting the CD19 antigen has elucidated some of
the plausible mechanisms related to this subtype of relapse. These mechanisms include:
(1) Immune selection pressure: Pre-existing target antigen-negative subclones prior to
CART cell therapy may transform to dominant clones after selective stress generated by
immune-targeted therapy [256,257]. This type of escape is highly probable in myeloma
due to intratumor heterogeneity and clonal evolution [258]; (2) gene mutations: Frameshift
and missense mutations have been described with the subsequent loss of expression of
the targeted antigen. Furthermore, alterations have been identified in the splicing factor
that could cause protein isoforms contributing to CAR T cell escape [259-261]; (3) lineage
switching: Immunotherapy could induce conversion or reprogramming to a different
leukemic cell lineage [262,263]; (4) trogocytosis and cooperative killing: Described only in
in vitro and xenograft models, this mechanism of escape is characterized by the transfer of
the target antigen to CAR T cells during the immune synapse. Such transfer subsequently
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decreases density of the antigen expressed on the tumor cell surface and triggers fratricide
among CAR T cells, resulting in ensuing exhaustion [264,265]; and (5) antigen masking:
This mechanism occurs when the CAR gene is unintentionally transduced into a leukemic
B-cell during product manufacturing. CAR-transduced blasts will bind to the target antigen
expressed on their own cell surface and result in the masking of and resistance to CAR
T cells [266]. Overall, though, there may be some strategies to overcome this subtype of
escape mechanism.

One of the most relevant and complex factors in determining CAR T cell therapy
success is the identification and selection of the most suitable tumor antigens. Although
no mainstream definition exists, the ideal tumor antigen should fulfill the following re-
quirements: Have high, homogeneous expression on tumor cell surface; be involved in
disease pathophysiology and maintain expression at different stages of the disease; be
resistant to therapeutic pressure exerted by immunotherapy to avoid the downregulation
or complete loss of the antigen; have no expression in normal tissue to avoid on-target,
off-tumor toxicities; and if released into the bloodstream, should be minimal [267-270].
Potential molecules are currently being evaluated in clinical (e.g.,, BCMA, SLAMF7, CD19,
CD38, CD44v6, GPRC5D) and preclinical (e.g., CD229, integrin 37) settings, and some have
shown encouraging outcomes. Providing further details of these evaluations goes beyond
the scope of this manuscript; however, comprehensive reviews that address this topic are
available [152,153,271]. In all, finding the ideal antigen in myeloma is challenging and
grand endeavors are being undertaken to find the balance between safety and effectiveness.

Targeting multiple tumor antigens may counteract antigen escape. Thus far, different
approaches have been implemented including sequential treatment or co-administration of
different single-target CAR T cell products; co-expression of two different CAR molecules
on T cell surfaces using a single bicistronic vector (dual CARs); and expression of two scFvs
in extracellular domains in “single-stalk” intracellular module (tandem CARs) (Figure
2) [272,273]. In the preclinical setting, different combinations have been shown to be
useful (CD19/BCMA, BCMA /SLAME7, and BCMA /GPRC5D [215,274-276]), while in the
clinical setting, preliminary and encouraging results targeting BCMA /CD38, CD19/BCMA,
and BCMA /TACI have been presented [277-280]. However, due to the selection of two
antigens, special attention should be given to a potential increase in toxicity. Similarly, at the
manufacturing level, bicistronic CARs require codon optimization if DNA recombination is
not to occur, and engineering design of tandem CARs must be optimal if adequate antigen
recognition and T cell activation are to be achieved [272].

Another plausible method to maintain or upregulate surface density of the target
antigen is via in combination with different drugs. CD38 expression can be modulated
with ATRA [78] and histone deacetylase inhibitors panobinostat and ricolinostat [80,81] to
improve immunotherapy efficacy. BCMA expression could be enhanced with ATRA as an
epigenetic modulator and improve CAR T cell efficacy [281]. As mentioned prior, the use
of GSI in the preclinical setting reduces the shedding of sSBCMA, leading to an increase in
BCMA surface expression and improvement in BCMA-targeted CAR T cell therapy [222].
Currently, these findings are being verified in a clinical setting with crenigacestat as the
inhibitor of GS. Outcomes of this clinical trial may prove promising, as initial results have
been encouraging, especially in patients who relapsed after BCMA-targeted therapies [282].

Myeloma stem cells contribute to the high rates of refractoriness and relapse of this
disease. These cells are able to remain in a quiescent state, undergo self-renewal and
hold differentiation potential, be resistant to cell death mechanisms, and escape from
immunosurveillance. Indeed, due to these characteristics, myeloma stem cells could be
a target for CAR T cell therapy [283]. It has been suggested that these less differentiated,
myeloma subclones do not express CD138, but they do express other antigens like CD19 and
CD229 [284-287]. Designing CARs targeting these molecules may confer benefits [288,289],
even though positive cell fraction is extremely scarce [290]. Nonetheless, while this type of
treatment is interesting in theory, further, more comprehensive studies are warranted.
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6.2. CAR T Cell-Related Toxicities

This novel therapy revealed new and potentially life-threatening toxicities that could
limit its widespread use. The most prominent toxicities are CRS, ICANS and on-target,
off-tumor toxicity [291,292]. CRS is characterized by the release of inflammatory cytokines
associated with a wide range of symptoms such as fever, hypoxia, hypotension, and organ
dysfunction. Treatment may include symptom support, corticosteroids, and IL-6 recep-
tor antagonist tocilizumab [292-295]. ICANS is associated with the impairment of the
blood-brain barrier and a subsequent elevation of cytokines in cerebrospinal fluid. Symp-
tomatology varies from aphasia and confusion to seizures and cerebral edema. Clinical
management may include appropriate supportive treatment and corticosteroids; the use of
tocilizumab is justified only when CRS is co-existing [292,294-297]. Great efforts have been
made to establish appropriate grading methods and treatment guidelines to improve the
diagnosis and management of these complications [298-300]. With respect to on-target, off-
tumor toxicity, this occurs due to recognition by CAR T cells of a targeted antigen expressed
in non-tumor cells. A classic example of such toxicity is the development of B-cell aplasia
and hypogammaglobulinemia during the use of CD19-targeted CAR T cells. However,
other examples with potentially devastating outcomes have been reported [294-303].

In an MM setting using BCMA-targeted CAR T cells, CRS and ICANS rates are 60—
100% and 2-42%, respectively, with the majority being grade < 2 (59-100% and 81-100%,
respectively). Tocilizumab and corticosteroids were required in 28-79% and 15-52% of
patients, respectively [24,47,48,53,54,304]. Such data could translate into less severity when
compared to CD-19 CARs.

As an in-depth review of different strategies mitigating toxicities has been published
elsewhere [272,273,295], only some of the most prominent alternatives will be mentioned.
The risk of CRS and ICANS is related to CAR T cell activation kinetics, the dose of CAR
T cells infused, and baseline factors or comorbidities. Activation of CAR T cells are
modulated by tumor burden, antigen expression, and the construct itself (affinity of scFv
and costimulatory domains) [273]. The risk of toxicity may be attenuated by either reducing
the number of CAR T cells infused or dividing the doses on different days. Prompt
recognition of severe CRS and ICANS with the use of predictive biomarkers may also
help. With respect to the construct, tailored modifications can be designed, including (1)
optimizing the costimulatory domain (CD28 or 4-1BB), which depends on surface density
of target antigen and the degree of expansion or persistence of CAR T cells [294,305]; and
(2) engineering CARs with “suicide genes” using an apoptosis-triggering fusion protein
comprising caspase 9 (iCasp9) [306] or “OFF-switches” like truncated epidermal growth
factor receptor (EGFRt), which can be targeted with cetuximab [307] to dismiss CAR T cells.
Dasatinib may also work as an on/off switch for CAR T cells by ablating the lymphocyte-
specific protein tyrosine kinase (LCK)-signaling pathway [308]. Strategies designed to limit
on-target, off-tumor toxicities include the following: Affinity tuning of the scFv to discern
between normal and tumor cells per antigen density level [309-311]; “AND” logic-gate
CARs that require simultaneous presence of two-cell surface antigens to activate the T
cell [312]; “ON-switch” CARs, which need a small, heterodimerizing molecule to bind
the dissociated antigen binding domain with the signaling domain for activation [313];
“SPLIT-CARs”, the co-expression of two different CARs that recognize different antigens, in
which one encloses the activation domain (CD3() and the other the co-stimulation domain.
Both antigens must be present for full T cell activation [314-316]; and inhibitory CARs
(iCARs) bear an inhibitory signaling domain of immune-checkpoint proteins (CTLA-4
or PD-1) to inhibit T cell activation after recognition of the target antigen expressed in
non-tumoral cells [317]. It remains to be determined which of all of these pre-clinical
strategies may be useful in the clinical setting. Furthermore, the therapeutic/toxic window
of each CAR construct is different; appropriate interventions may therefore differ and
should be established for every CAR T cell [252,273].
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6.3. Product Manufacturing, Access and Economic Challenges

Manufacturing CAR T cells from autologous T cells has certain limitations, as ad-
ministration of CAR T cells may not be feasible in some patients. Some primary reasons
for these limitations include difficulty in harvesting enough T cells from lymphopenic
patients due to the disease itself and previous treatments; disease progression during man-
ufacturing time; and failure in CAR T cell production due to T cell dysfunction [273,318].
To circumvent these hurdles, engineering CAR T cells from healthy allogeneic or “third-
party” T cell donors has been proposed. This “off-the-shelf” strategy has many potential
advantages, including cryopreserved batches to avoid treatment delays, less T cell qual-
ity issues, the possibility to redose and combine different target CAR T cells, possible
decrease in manufacturing costs, and a greater number of patients possibly benefiting
from such therapy [273,318]. Nevertheless, this approach is associated with two major
concerns: (1) Graft versus host disease (GvHD) development and (2) rejection and removal
of allogeneic T cells by the host immune system. To reduce the risk of GVHD, different
therapeutical approaches are being used such as allogeneic donor-derived T cells in stem
cell transplant recipients [319,320], non-of T cells (NK cells or umbilical cord blood NK
cells) [321,322], and gene-editing tools (zinc-finger, TALEN, and CRISPR/Cas9 technolo-
gies) to disrupt the endogenous TCR of CAR T cells [201,323,324]. To avoid allogeneic T
cell rejection, it has been suggested to do the following: (1) Creating a T cell bank that
matches the majority of HLA-subtypes [325]; (2) elongating the duration of lymphopenia
by disrupting TRAC and CD52 locus of CAR T cells to result in alemtuzumab-resistant
CAR T cells [324]; (3) and disrupting HLA-A or B2-microglobulin genes on allogeneic CAR T
cells [326]. Different promising BCMA (ALLO-715, ALLO-647, and P-BCMA-ALLOL1) and
SLAMF7 (UCARTCS1)-directed products are being evaluated in clinical trials [327-329].
Early data presented in the last ASH meeting showed that ALLO-715 and ALLO-647 have
a manageable safety profile and clinical activity [330]. However, more robust data and
longer follow-up are needed to determine the true potential and the target population of
this strategy.

These “living drugs” are different from other oncological drugs, as various infras-
tructures, workflows, processes, and regulatory requirements are required to guarantee
product quality and manufacturing time (“vein-to-vein time”) [331]. The management of
these patients require cooperation among multiple stakeholders and specialized teams
with appropriate skill sets, standard operating procedures, and laborious site setup pro-
cesses (extensive preparation and certifications) [332]. Another critical point in large-scale
application is therapy costs. The Institute for Clinical and Economic Research (ICER)
performed a cost-effectiveness analysis of previously authorized CAR T cells which are
below the threshold to be considered cost effective ($150,000 per quality-adjusted life-year
(QALY) gained) [333]. However, this analysis is not yet available for patients with myeloma.
Long-term effectiveness will be a key outcome to possibly improve the cost-effectiveness
ratio [334]. Other strategies that could reduce costs include non-viral gene delivery with
“Sleeping Beauty” or “PiggyBac” transposon/transposase systems—which are more af-
fordable than the use of viral vectors [335,336]—and the creation of community CAR T cell
therapy centers and promotion of the outpatient setting to increase the number of patients
who benefit from these treatments and improve hospital finances. A shift from centralized
to decentralized manufacturing, namely “bedside manufacturing” could increase capacity,
reduce costs, and lessen vein-to-vein time [332].

CARTT cell therapy has demonstrated excellent efficacy in clinical trials and some
products are expected to be approved during this year. However, this strategy still has only
a modest PFS. Therefore, in the near future, new strategies will be necessary to optimize
these products.

7. Vaccines

Given the contribution of the immunological profile of MM pathogenesis, a vaccine
may be able to stimulate a clinical response achieved with standard therapy. There are
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many mechanisms involved and clinical trials ongoing. However, this review will only
present vaccines with published results. For example, patients treated with vaccines
based on dendritic/patient-derived myeloma cells exhibited expansion of CD4* and CD8*
lymphocytes; 11 of 16 patients achieved stable disease [55]. Furthermore, the same group
reported that vaccination after ASCT resulted in expansion of myeloma-specific T cells and
deeper minimal residual disease [57]. Other vaccines based on antigens overexpressed in
myeloma, such as survivin and human telomerase reverse transcriptase (nTERT), which
were transferred after ASCT, have led to higher cellular and humoral reconstitution as
well as increased antitumor immunity and improved event-free survival [56]. MAGE-A3
(melanoma-associated antigen 3) is a protein detected in 50% of myeloma cells, becoming
more frequent in the advanced stage of the disease. Two studies have therefore used
MAGE-AS3 as a peptide to conceive a vaccine. Both studies reported high specific T cell
immunity after ASCT [58,60]. For smoldering MM, a vaccine targeting three myeloma
peptides (XBP1, CD138, and CS1) was safe and well tolerated, achieving acceptable immune
response alone and in combination with lenalidomide [59]. In summary, vaccines appear
as a safe alternative to stimulate T cell response, possibly increasing or deepening such
response after a transplant. A combination of vaccines with other strategies such as anti-
PD1 antibodies may improve immune response [337]. The lack of longer follow-up trials to
evaluate its real clinical impact and a high number of patients involved makes vaccines an
ongoing field of interest, with still so many questions to answer within the coming years.

8. Personal Perspective

Immunotherapy is revolutionizing cancer treatment, uncovering new pathways to
harness anti-tumor immune functions. Although novel immunotherapy approaches have
proven effective in patients with myeloma, there are still concerns and hurdles that preclude
their use. A major challenge is its unpredictable efficacy, namely whether such therapy
will prove useful in only a minority of patients [338,339]. Such unpredictability could be
due to interpersonal variability, tumor heterogeneity, and clonal evolution [216,258,340].
The reductionist approach that targets single molecular pathways or mutations might be
upgraded with the use of combinatorial strategies targeting different pathways and possible
synergistic effects [341]. Another way to improve the response would be to implement
immunotherapy during the early stages of the disease, as restoration of robust anti-tumor
activity would be easier than in advanced or heavily pretreated stages [339]. Additionally,
the identification of potential biomarkers remains an unmet need in immunotherapy.
Prognostic biomarkers are useful in predicting the likelihood of relapse and survival,
irrespective of therapy, while predictive biomarkers foretell outcomes with a specific
drug [342]. Molecular profiling technologies have allowed such identification. However,
none of these biomarkers have been robustly validated in MM immunotherapy. It may
be that, in the future, receptors and ligands of immune checkpoints, SBCMA levels, or
the preinfused T cell subset will foresee accurate outcomes. Current medicine is evolving
towards precision medicine, mainly in oncology, to personalize and refine health care in
all its aspects. This includes medical decisions, diagnostic testing, and treatment selection,
as well as elucidating prognosis in a subgroup of patients based on the molecular and
cellular features of a tumor, overall environment, and individual lifestyle [343,344]. Several
studies have already demonstrated the feasibility of adopting innovative approaches in
precision oncology [345-347]. However, the percentage of patients who are eligible and
will benefit for targeted-driven therapy remains a minority [348]. Different challenges will
therefore have to be addressed. For example, as delayed responses could be observed with
immunotherapy, traditional endpoints will need to be optimized for chemotherapy-based
treatments [349]. Additionally, as progress is being made with biomarkers in precision
oncology, next-generation clinical trials or master protocols (basket and umbrella trials) will
be needed in order to evaluate specific molecular lesions in small cohorts of patients [350].
Finally, economic sustainability in immunotherapy has become a prominent concern.
Immunotherapy agents are expensive, placing a great financial strain on the health system
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and, in some countries, the patient. Proper cost-effectiveness, cost-benefit, and QALY
analyses will be required to resolve this matter of importance [339]. To make it more
affordable, outcome-based reimbursement or staged payment models have been developed
for gene therapies; however, if immunotherapy is to prove its legitimate value in terms
of benefits and grow in accessibility, further real-world evidence and longer follow-ups
with more patients will be necessary to leverage the therapeutic approach powerfully [351].
In the following years, close cooperation and coordination among different stakeholders
will be necessary to preserve patient access and health care system sustainability.

Immunotherapy has generated a paradigm shift in the treatment of MM. MoA have
shown minimal toxicity and outstanding efficacy, so it is expected that anti-CD38 MoA
will be used in all standard front-line therapy for younger patients with NDMM and in
non-transplant eligible patients. This will generate the need to seek specific therapeutic
strategies in R/R patients, since the outcomes of patients with MM R/R to CD38-targeted
MoA therapy are poor [352]. There is eagerness that novel immunotherapeutic strategies
will provide clinical benefit in this challenging population. However, many BCMA-specific
products and approaches are currently being explored in the R/R setting. ADC, Bs MoA,
and CAR T cells will be a turning point in the therapeutic arsenal against MM. It will be
necessary to analyze the advantages and disadvantages of each product and determine
the best scenario to use them. Furthermore, there are currently no direct comparisons to
determine which one is superior. Both ADC and Bs MoA are easy to use and available
immediately; they do not require specialized centers for their administration, nor apheresis.
ADC does not need a predefined number of T cells for their production. CAR T cell requires
a few weeks to manufacture and specialized medical centers for administration, narrowing
the number of patients who can receive it. Elderly and heavily pre-treated patients with
lymphopenia could be a challenge in the manufacture of CAR T cells. T cell fitness could
be of great importance for both Bs MoA and CAR T cell function. Regarding toxicities, both
Bs MoA and CAR T cell products can develop CRS and ICANS, while ADC can develop
keratopathy in the majority of patients. Respecting affordability, ADC and Bs MoA are
less expensive when compared to CAR T cell products. So far, it remains unproven which
BCMA-targeted strategy provides a better therapeutic index. Real-world data and longer
follow-ups will provide new insights to clarify the proper way to integrate these therapies
into current treatment algorithms.

9. Conclusions

In recent years, immunotherapy has positioned itself as a cutting-edge therapeutic
strategy. It has become a game changer for patients with cancer. In patients with multiple
myeloma, immunotherapy remains in a nascent stage; however, its therapeutic potential
has already begun to be elucidated. Different products are expected to be approved in
the short term. Nonetheless, this type of therapy faces different challenges, from efficacy
and safety to manufacturing and economic affordability. To surmount these hurdles, more
comprehensive knowledge is necessary to fully understand the mechanisms involved in
relapse, boost “bench-to-bedside” research, enhance cooperation among various stakehold-
ers, optimize manufacturing and scalability, and foster sustainability. It is our hope that this
novel treatment approach could be used in early stages of the disease and become widely
available. Restoring immune balance may just lead to long-lasting remissions long awaited.
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Abstract: Current data on CAR-T cell-based therapy is really promising in multiple myeloma,
especially in terms of response. In heavily pretreated patients, who have already received proteasome
inhibitors, immunomodulatory drugs and monoclonal antibodies, current trials report an overall
response rate ranging from 81 to 97% and 45 to 67% of complete remission rates. Data are less
encouraging in terms of duration of response, although most recent trials have shown significant
improvements in terms of event-free survival, with medians ranging from 8 to 14 months and up
to 77% progression-free survival at 12 months with an acceptable toxicity profile. These data will
be consolidated in future years and will provide new evidence on the best timing for CAR-T cell
therapy. Moreover, new CAR-T designs are underway and will challenge the current results.

Keywords: myeloma; CAR T-cells; target antigen

1. Introduction

The introduction of proteasome inhibitors (PI) and immunomodulatory drugs (IMIDs)
in the early 2000 has improved survival in patients with multiple myeloma (MM).

Currently, the standard treatment of MM is based on a combination of drugs with dif-
ferent mechanisms of action and synergistic effects, including proteasome inhibitors (borte-
zomib, carfilzomib, ixazomib), immunomodulatory drugs (thalidomide, lenalidomide,
pomalidomide), alkylating agents (melphalan, cyclophosphamide, bendamustine), steroids
and, recently, anti-CD38 monoclonal antibodies (daratumumab, isatuximab) and anti-
SLAMEF7 monoclonal antibody (elotuzumab). Furthermore, the addition of immunother-
apy with conjugated antibodies (belantamab mafadotin) represents a therapeutic approach
for refractory patients, improving survival expectations among this patient population.

Although all these drugs have improved the outcome of MM, most patients still die
due to disease progression [1]. Patients who are refractory to PI, IMIDs and alkylating
agents have a median overall survival of less than a year [2,3].

Therapy with genetically modified T-cells expressing a chimeric antigen receptor
(CAR) represents a cutting-edge approach. Results reported in acute lymphoblastic
leukaemia (ALL) [4] and non-Hodgkin lymphoma (NHL) [5-7] with CD19 CAR-T cells has
led to the search for other targets and to expand this treatment to other diseases, such as
MM. Therefore, the identification of new antigens in plasma cells which can be used as a
potential target has become a priority in the development of new therapeutic approaches
based on immunotherapy. Thus, extensive efforts are being put into the development of
new CAR therapies to treat MM as well as novel bispecific T cell engagers/antibodies
(teclistamab, talquetamab). Unlike CAR-T cell products, bispecific antibodies do not require
long production times or adequate lymphocyte counts. By contrast, CAR-T cells require
only one dose instead of continuous therapy with bispecific antibodies [8].

Selection of an adequate antigen is a key factor for the development of an optimal
CAR-T cell product. As antigen recognition does not depend on the human leukocyte
antigen (HLA) system, a tumour target should be present on the cellular surface.
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Ore of these antigens is B-cell maturation antigen (BCMA), which is highly expressed
on the surface of malignant plasma cells but not on normal tissues, except for a low
expression on mature B-cells [9].

Different antigens are currently being evaluated as possible targets for CAR therapy,
including CD138, CD19, kappa light chain and BCMA. Some trials using these antigens
have shown promising results, mainly in terms of response rate. However, no plateau
has been observed in overall survival and disease-free survival curves, which translates
the lack of durable remissions. Therefore, it will be necessary to overcome potential
limitations hindering the efficacy of CAR-T cells in MM, such as lack of effectiveness,
off-tumour toxicities, loss of antigen or interference with soluble protein present in patients’
plasma [10].

2. Results

Clinical trials of CAR-T cell therapy against MM have demonstrated promising clinical
activity, providing unprecedented response rates in these heavily pretreated patients, the
most commonly explored target being BCMA. There are more than 50 clinical trials ongoing
using BCMA as a target. As mentioned previously, BCMA is a very specific antigen of
plasma cells and mature B-cells, avoiding off-tumour toxicities following infusion [11,12].

The first clinical trial with BCMA-specific CAR was published in 2018 by Brudno
et al. [13]. Sixteen patients received 9 x 10° CAR-BCMA T cells/ kg. The patients had a
median of 9.5 prior lines of therapy. The overall response rate was 81%, with 63% very
good partial response or complete response. The median event-free survival was 31 weeks.
Twelve patients (82%) developed CRS, including 6 (38%) with grade > 3 CRS. Neurotoxicity
was reported in 3 (19%) patients.

Idecabtagene vicleucel (ide-cel), initially known as bb2121, was developed by Blue-
birdbio by transducing autologous T lymphocytes with a lentiviral vector to incorporate a
second-generation CAR composed of an anti-BCMA single-variable chain domain, 41BB
costimulatory domain and CD3-zeta as a signalling domain [14,15]. Lymphodepletion
chemotherapy consisted of fludarabine and cyclophosphamide. In the dose escalating
phase, the following doses were analysed: 50 x 10 150 x 10°, 450 x 10° and 800 x 10°
CAR-positive (CAR+) T cells, with a 20% variation allowed. The expansion phase was
achieved with 150 x 10° to 450 x 10° CAR+ T cells. A phase 1 trial using ide-cel included
33 patients who received multiple lines of treatment. The overall response rate was 85%
with 45% of complete remission. Cytokine release syndrome (CRS) incidence was 76%,
although only 2 patients developed CRS grade > 3. Results of the phase 2 trial (KarMMa)
have been published by Munshi et al. [16,17]. Of 140 patients enrolled, 128 received ide-cel.
Patients had a median of 6 prior lines of therapy, 84% were refractory to at least one PI, one
IMID and one anti-CD38. Eighty-eight percent received bridging therapy during the man-
ufacturing process, but only 4% had some degree of response. With a median follow-up
of 13.3 months, 94 of 128 (73%) patients had a response, and 42 of 128 (33%) achieved a
complete remission (CR) or better. Thirty-three of 128 (26%) had CR with minimal residual
disease (MRD)-negative status. Median progression-free survival (PFS) was 8.8 months
and median overall survival was 19.4 months. The most common side effects among the
128 infused patients included neutropenia in 117 (91%) patients, anaemia in 89 (70%) and
thrombocytopenia in 81 (63%). One hundred and seven (84%) developed CRS, including
7 (5%) with grade > 3 CRS. Neurotoxicity was reported in 23 (18%) patients and were of
grade 3 in 4 (3%) patients. Persistence of CAR+ T cells was documented in 59% of patients
at 6 months and in 36% at 12 months following the infusion.

In addition to ide-cel, Wang B.-Y. et al. have developed a bispecific CAR with two
BCMA binding sites (ciltacabtagene autoleucel or cilta-cel) [18,19]. A phase 1 study enrolled
57 patients, and lymphodepletion chemotherapy was based on single-agent cyclophos-
phamide. Fifty-one of 57 (90%) patients developed CRS, although only 7% had grade >
3 CRS. Only one patient suffered from neurotoxicity. The overall response rate (ORR) was
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88% with 47% of CR. Median PFS was 20 months. CAR+ T cells were not detectable in
peripheral blood in 71% of patients at 4 months following infusion.

Similar results were reported in a phase 1b/2 study (CARTITUDE-1) performed in
the United States [20]. Ninety-seven patients were enrolled; all of them had previously
been exposed to PI, IMIDs and anti-CD38, and median lines of prior treatment was 6.
Lymphodepletion included fludarabine and cyclophosphamide. The last update was
presented at the European Hematology Association (EHA) congress in June 2021 [21].
The overall response rate was 97%, and 67% achieved CR. The median time to complete
remission or better was 2 months (range, 1-15 months). Among 57 evaluable patients for
MRD, 93% achieved MRD-negative status at 10~>. At 12 months, PFS was 77%, and overall
survival (OS) was 89%. Median PFS has not been reached yet. The most common grade
3/4 toxicities were neutropenia in 95% of patients, anaemia in 68% and thrombocytopenia
in 60%. Cytokine release syndrome was reported in 95% of the patients, 4% were grade 3/4,
median time to onset was 7 days and median duration was 4 days. One patient died due to
grade 5 CRS and hemophagocytic lymphohistiocytosis (HLH). Neurotoxicity occurred in
21% of the patients, and 10% were grade 3/4.

Cohen et al. [22] conducted a phase I study (NCT02546167) to evaluate autologous T
cells lentivirally-transduced with a fully-human, BCMA-specific CAR containing CD3¢ and
4-1BB signalling domains (CART-BCMA). Twenty-five subjects were treated in 3 cohorts:
(1) 1-5 x 108 CART-BCMA cells alone; (2) cyclophosphamide 1.5 g/m? + 1-5 x 107 CART-
BCMA cells; and (3) cyclophosphamide 1.5 g/m? + 1-5 x 108 CART-BCMA cells. Toxicities
included CRS 22/25 patients (88%) (32% g3-4) and neurotoxicity 8/25 patients (32%) (12%
G3-4). The following responses were seen: 44% in cohort 1, 20% in cohort 2 and 64% in
cohort 3 (including 5PR, 5 VGPR and 2CR)

Finally, the Memorial Sloan Kettering Cancer Centre group has developed a fully hu-
man anti-BCMA CAR-T cell (JCARH125, orvacabtagene-autoleucel, orva-cel) [23]. Infusion
ratio CD4:CD8 is 1:1 to enhance memory T cell expansion [24]. Phase 1/2 trial (EVOLVE
study) [25] still has a follow-up of only 6 months, but ORR of patients who received doses
between 300 and 600 x 10® CAR+ T cells was 92% and 35% were CR. Ninety-four percent
of patients were refractory to one PI, one IMID and one anti-CD38, and median number of
prior regimens was 6. Incidence of CRS was 89%, only 3% developed grade > 3. Neurotox-
icity occurred in 13%, 3% were grade > 3. There were no data on PFS in this study at the
time of writing this manuscript.

These encouraging results need to be confirmed in phase 3 studies. There are two
ongoing phase 3 trials (KarMMa-3 and CARTITUDE-4) comparing the efficacy and safety
of BCMA CAR-T cell versus other anti-MM therapies treatments, both given in early stages
of the disease.

All these studies are summarized in Table 1.
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An important issue which will lead to discussion will be to define the place of new
alternative approaches, such as conjugated antibodies or bispecific antibodies in the MM
treatment algorithm, and whether, due to their safety profile, there will be a patient profile
who will benefit more from these approaches than from CAR-T cell treatment.

Unfortunately, although most anti-BCMA CAR-T cell studies have described remark-
able efficacy in terms of responses, event-free survival curves did not show a plateau, and
most patients eventually relapse. Mechanisms related to CAR-T cell failure or resistance are
multifactorial, including patient’s characteristics and disease biological features [26]. Loss
of antigen at the time of relapse is one of the main mechanisms of resistance. In this regard,
a selection of a clone with homozygous deletion of BCMA has been recently reported as
the underlying mechanism of immune escape after anti-BCMA CAR-T cell therapy [27].

There are three ways to overcome this obstacle, namely CAR-T cells directed towards
other antigens, dual CAR-T cells and antigen overexpression strategies [28,29].

Regarding the development of dual CAR-T cells, one potential approach is the elabo-
ration through a bicistronic vector of two different CARs on the same T cell [30,31], another
approach is the administration of two CAR-T cells produced independently and infused
together or sequentially. Fernandez de Larrea et al. [30] demonstrated that expressing two
CARs on a single cell enhanced the strength of CAR-T cell/target cell interactions. Also,
developing a single product significantly reduces cost resources and time.

There are different ongoing clinical trials evaluating the efficacy and safety of anti-CD38
CAR-T cells alone or in combination with other CARs. The phase 1 study NCT03464916
evaluates an anti-CD38 CAR-T cell in relapse/refractory (R/R) MM patients. No results have
been published yet. A phase 1/2 study, NCT03767751, is testing a dual anti-CD38 and BCMA
CAR-T cells [32], and the phase 1/2 study NCT03125577 is assessing the combination of an
anti-CD19 CAR-T cell plus an anti-CD38 CAR-T cell.

Regarding antigen overexpression strategies, the administration of an oral gamma
secretase inhibitor to increase BCMA expression on the plasma cell surface has been
assessed in a clinical trial (NCT03502577), and preliminary results in 6 patients showed
an ORR of 100% [33-35]. In this sense, various approaches are being evaluated at the
pre-clinical level, such as the case of trans retinoic acid (ATRA) (Garcia-Guerrero et al.) [36].
It has recently been reported that BCMA expression in myeloma cells can be increased by
epigenetic modulation with ATRA. After ATRA treatment, MM cells have an increased
susceptibility to anti-BCMA CAR-T cell treatment in vitro and in vivo preclinical models,
which can be further increased by combined treatment of ATRA and g-secretase inhibitors.
Some other relevant pre-clinical data has been recently published. In this sense, GPRC5D
has been reported as a novel target antigen for the immunotherapy of MM. GPRC5D is a
human orphan family C G protein-coupled receptor recently described to be expressed on
98% of CD138-positive cells [37,38]. The restricted expression pattern of GPRC5D makes it
an ideal target for immunotherapy. Consequently, GPRC5D CAR-T cells were generated
by Smith et al. [38], showing anti-tumour efficacy against myeloma cells both in vitro and
in vivo. Of note, GPRC5D CAR-T cells were also effective in eradication of myeloma cells
after BCMA CAR-T cell treatment in a mouse model, which might be an option to overcome
BCMA antigen escape.

Preclinical studies have also shown that CD138 is an effective target for the treatment
of MM [39]. There is only one published study with an anti-CD138 CAR-T cells for R/R
MM patients treated with chemotherapy and autologous stem cell transplant (ASCT). The
CAR gene was detectable in peripheral blood of all patients and persisted for at least
4 weeks after the infusion. Four patients responded, but none of them achieved a CR;
response lasted from 3 to 7 months. The remaining patients progressed despite having
detectable CAR in marrow samples until day +90.

Although CD19 expression is uncommon on plasma cells, there is a small population
of CD19+ myeloma cells which could constitute a reservoir of myeloma-initiating stem
cells. The presence of CD19+ myeloma cells has been associated with a higher relapse
rate and poor overall survival [40]. Therefore, targeting CD19 represents an interesting
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strategy to eliminate this subset of CD19+ cells. In the NCT02135406 study, ten patients
with refractory MM received anti-CD19 CAR-T cells following an ASCT [41]. All patients
received a previous ASCT, which resulted in a poor response with a PFS of less than one
year. CD19 expression on myeloma cells was assessed by flow cytometry. As expected,
the predominant myeloma population was CD19- in all patients. However, 7 out of 9
evaluable patients had subpopulations of CD19+ cells, ranging from 0.04% to 1.6%. In 10 of
11 subjects, the maximum planned dose of CTL019, 5 x 107 cells, was manufactured. In one
subject, manufacturing was unsuccessful due to failure of autologous T cells to proliferate
in culture. The median transduction efficiency was 10.1% (range 1.2-23.2), and the median
total T cell dose was 4.4 x 108 (range 1.1 x 108 to 6.0 x 10%). An ORR was achieved in 8
patients at 100 days after ASCT (including 1sCR, 4 VGPR, and 2 PR). This might be due to
the fact that a significant fraction of myeloma cells expresses CD19 at molecular density,
which is detectable by direct stochastic optical reconstruction microscopy (dSTORM) but
not by flow cytometry [42]. Interestingly, less than 100 CD19 molecules are required for
myeloma cell detection by CD19 CAR-T cells. In addition, evidence of a less differentiated
MM subclone (CD19+ CD138—) with drug-resistance and disease propagating properties
has emerged [40]. These results highlight antigen recognition by CAR even when it is
present in very low density or not detectable by flow cytometry. Despite these encouraging
findings, the use of CD19 CAR-T cells as a potential treatment for MM needs to be further
explored. To determine whether CTL019 infusion improved PFS after ASCT, the authors
compared each subject’s PFS after ASCT versus ASCT followed by CTL019. Two patients
had significantly increased PFS after CTLO019 (479 versus 181 days, 249 versus 127 days).

Yan L et al., a cooperative group from China, have published a phase 1 trial with
10 patients treated with sequential infusions of an anti-CD19 CAR-T cell followed by an
anti-BCMA CAR-T cell [43,44]. Patients received lymphodepletion chemotherapy with
fludarabine and cyclophosphamide on days -5, -4 and -3. Patients were infused on day 0
with a fixed dose of 1 x 107/ kg antiCD19 CAR-T, on day 1 with 40% of anti-BCMA-CART
and on day 2 with the remaining dose. Three dose levels were assessed for anti-BCMA
CAR-T (3 x 107/ kg, 5 x 107/ kg and 6.5 x 107/ kg). Median follow-up was 20 months.
Ninety percent of patients developed CRS grade 1-2. Overall response rate was 90% with
40% of strict CR. Three out of 4 patients in strict RC maintained PFS at 2 years of follow-up.

A host immune response against a murine CAR is another potential limitation to
CART cell persistence. Thus, developing a fully human CAR construct is an area of active
research for several groups.

Jie ] et al. developed the first fully human anti-BCMA CAR-T cell called CT053 [45].
Twenty-four patients with a median age of 60.1 years were included in the phase 1 trial.
The subjects had a median of 4.5 prior regimens of therapy. They enrolled a high-risk
population with extramedullary involvement (45.8%), ECOG score 2-3 (33.3%) and ISS
grade 3 (37.5%). Overall response rate was 87.5% with 79.2% of CR. Among 20 subjects
who underwent the evaluation of minimal residual disease (MRD) status, 17 achieved
MRD-negative status. Median duration of response was 21.8 months. They demonstrated
a good safety profile. The most common grade 3 or higher toxicities were neutropenia
(66.7%), decreased lymphocyte count (79.2%) and thrombocytopenia (25%). In view of these
results, a phase 1b/2 study (LUMMICAR-2) with CT053 is ongoing [46]. Patients received
fludarabine and cyclophosphamide on days -5, -4 and -3. CT053 dose was 1.5-3.0 x 108,
and it was administered in a single infusion. Median age was 59 years, and median number
of prior lines of treatment was 6. Sixty-four percent of patients were refractory to 5 lines of
treatment, and all received bridging therapy. Results published so far included 10 evaluable
patients with a median follow-up of 4.5 months. Overall response rate was 100%, and 40%
achieved at least a CR. Responses have been independent of BCMA expression in bone
marrow. Peak CAR-T cell expansion was observed between 7 and 14 days after infusion.
No grade 3 or higher CRS or neurotoxicity was observed.

Also, at the American Society of Hematology (ASH) meeting in 2020, the Kochenderfer
group reported the results of a phase 1 trial with a fully human CAR-T cell which has a
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BCMA heavy chain single binding domain (FHVH-CD8BBZ) [47]. The FHVH33 binding
domain lacks the light chain, artificial linker sequence and 2 associated junctions of a scFv,
which can be immunogenic leading to CAR rejection. FHVH33-CD8BBZ was encoded
by a y-retroviral vector and incorporated FHVH33, CD8«x hinge and transmembrane
domains, a 4-1BB costimulatory domain and a CD3( domain. Twenty-one patients were
enrolled, median number of prior lines of treatment was 6 and median age was 64 years.
Lymphodepletion consisted of fludarabine and cyclophosphamide on days -5, -4 and -3.
The maximum tolerated dose was 6 x 10 [6] CAR+ T cells /kg. The overall response rate
was 90%. At the last cut-off, 10 patients maintained the response with a range of 0-80 weeks
of follow-up. Ten patients discontinued the study, 9 due to disease progression and 1 due
to death because of virus influenzae infection. Cytokine release syndrome occurred in
95% of patients, 20% were grade 3 and there were no grade 4 CRS. Thirty-eight percent
developed neurotoxicity, but only 9% were grade 3.

Tumour microenvironment plays a crucial role in CAR-T cell resistance through im-
munological escape [48-51]. Some studies have shown that a high number of immunosup-
pressant cells, regulatory T cells, helper-2 T cells, cancer associated fibroblasts or osteoclasts
contribute to decrease effector T cell activation and impair their function [51]. So, develop-
ing CAR-T cells against programmed death 1 and programmed death-ligand 1 (PD1/PDL1)
might decrease the relapse risk related to the effect of microenvironment [52,53], but off-
target toxicities might also increase.

Finally, and probably the most promising long-term strategy to overcome current
limitations is the development of allogeneic CAR-T cells. There are already several phase
1 clinical trials assessing allogeneic CAR-T cells in R/R MM patients (UNIVERSAL trial,
NCT04093596; MELANI-01 trial, NCT04142619; ALLO-605-201, NCT05000450; BCMA-
UCART, NCT03752541; CTX120, NCT04244656, CYAD-211, NCT04613557). The reduction
in time to infusion may be critical for life expectancy in a MM patient with refractory
disease. Products from patients with fewer prior lines of treatment have a higher proportion
of memory T cells and better ratio of CD4 T cell/CD8 T cells, which might improve
the duration and depth of response 53. This statement must be confirmed in further
studies since Yan et al. [44] describe 3 patients infused with alloCAR products who had
early relapses. In this sense, Shah et al. designed a clinical trial with a next-generation
CAR-T cell (bb21217) [54]. bb21217 is an anti-BCMA CAR-T cell therapy that uses the
same CAR molecule as idecabtagene vicleucel (bb2121) but adds the PI3K inhibitor bb007
during ex vivo culture to enrich the cell product for memory-like T cells, thereby reducing
the proportion of highly differentiated or senescent T cells. In the update presented at
the American Society of Hematology Annual Meeting 2020, response was assessed per
investigator for 44 patients with >2 months of follow up or PD/death within 2 months.
Twenty-four (55%) patients had confirmed response per IMWG criteria, including 8 (18%)
with >CR and 13 (30%) with VGPR. CRS occurred in 67% of patients and neurotoxicity
in 22% [55]. In the context of allogeneic CAR-T cells, to decrease the risk of graft-versus-
host disease (GvHD) several bioengineering methods have been planned to regulate the
expression of T cell receptor (TCR) and major histocompatibility complex (MHC) [56,57].

Another field under development is the use of CARs in natural killer cells (NK) as NK
cells reduce the risk of GVHD and CRS [58,59]. There is an ongoing phase 1/2 study with
anti-BCMA CAR NK cells (NCT03940833).

3. Conclusions

Exciting times are ahead of us, with this wide variety of options for improvement.
Soon, the CARs we will be administering will differ greatly from the ones we have available
now, including those not approved yet in Europe for commercial use. Furthermore, defining
the profile of patients who will benefit from these treatments in an early stage of the disease
remains an unsolved challenge.
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Abstract: Donor lymphocyte infusion (DLI) has the potential to significantly deepen the response
after allogeneic stem cell transplantation (ASCT) in multiple myeloma (MM). Subsequently, DLI offers
the opportunity for long-term progression-free and, most importantly, overall survival for patients
with MM. DLI application is a complex procedure, whereby many factors need to be considered (e.g.,
patient-oriented factors prior to application, disease-specific factors, as well as possible combinations
with further therapies during and after DLI). There are two settings in which DLI can be given,
they are as follows: as a salvage option in progressive disease or in the prophylactic setting for MM
patients with resolved disease to further deepen the response. While the first studies used DLI in
the salvage setting, results for prophylactic DLI appear to be associated with better and prolonged
outcomes. Furthermore, DLI (both prophylactic and salvage) given earlier after ASCT (3—-6 months)
appear to be associated with better outcomes. The incorporation of novel agents showed similar
responses and survival after DLI. However, updated and larger evaluations are urgently needed to
determine the specific role of multiple variables in such a complex treatment environment of ASCT
in an ever-evolving field of MM. This review underlines the rationale for DLI after ASCT, results in
the salvage and prophylactic settings, patterns of disease progression after DLI, as well as avenues to
further enhance the graft-versus-myeloma effect exerted by DLIL

Keywords: graft-versus-myeloma; donor lymphocyte infusion; myeloma; allogeneic stem cell trans-
plantation; prophylaxis; salvage; relapse

1. Introduction

Multiple myeloma (MM) is a yet incurable hematologic malignancy that has benefited
from the advent of novel agents over the last decade. Despite major advances in treating
MM throughout the disease course, allogeneic stem cell transplantation (alloSCT) remains
a potentially curative treatment option [1,2]. However, the application of alloSCT is
increasingly challenged by new therapies and its inherent association with treatment-
associated morbidity and mortality [3,4]. Therefore, the proper incorporation of alloSCT
within a whole (immune-) therapeutic environment, which improves outcome of specific
subgroups of patients, needs yet to be identified, especially in the advent of ever-improving
outcomes using novel agents [5-7].

Alloreactive immune effector cells originating from an MM-free graft may exert
graft-versus-myeloma (GVM) effects, which can lead to the long-term control of dis-
ease [8]. One immunotherapeutic approach post-alloSCT is donor lymphocyte infusion
(DLI), which is believed to augment these GVM effects supporting MM control, by deepen-
ing responses [9,10]. On the other hand, DLI may cause graft-versus-host disease (GVHD),
which could become life threatening if it is acute, whereas even chronic GVHD may be
important for the exertion of GVM effects [11]. Here, we present a comprehensive review
of the role and the potential benefits and risks of DLI in post-alloSCT therapy for MM.
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2. Prophylactic Setting

Although DLI was mostly given in the context of refractory or progressive disease
posttransplant (see above), this modality of immunotherapy has also been adopted for
and incorporated into the prophylactic post-alloSCT setting for patients with resolved
disease. These prophylactic applications of DLI using a prespecified schedule or planned
escalated incremental doses during T-cell reconstitution may enhance donor-derived T-cell
reconstitution and further support the GVM effect.

One early single-center analysis of 24 patients undergoing CD6 T-cell-depleted alloSCT
from HLA-identical sibling donors between 1996 and 1999 evaluated prophylactic CD4+
DLI 6 to 9 months after alloSCT [12]. All patients, including patients with complete
remission after alloSCT, were eligible to receive DLI if there was no evidence of GVHD
and if they were not receiving medication for GVHD. The first 11 patients received a single
infusion of 3 x 107 cells/kg, and 3 patients received a single infusion of 1 x 107 cells/kg.
After DLI no other immune-modulating therapy nor prophylaxis for GVHD was given.
Fourteen patients received DLI, 3 in complete response and 11 with persistent disease
after BMT. Significant GVM responses were noted, resulting in 6 complete responses and
4 partial responses in patients with previous persistent disease. After DLI, 50% of the
patients developed higher-grade acute GVHD (grades > 2). Survival at 2 years for all
patients was 55%, and progression-free survival was 42%. The 14 patients receiving DLI
showed a better 2-year progression-free survival of 65% when compared with a historical
cohort of MM patients. This study also highlights the importance of patient selection and
management, since only 58% of the included patients could actually receive DLI.

A long-term follow-up and single-center study of prophylactic DLI [13] recently
underlined these findings, but also highlighted the complexity of the alloSCT treatment
platform [14]. This study had a long-term follow-up of >5 years. A total of 61 patients
with MM, who did not relapse nor develop disease progression after alloSCT, were treated
with prophylactic escalating DLI, including a total of 132 DLI procedures. The overall
response rate was high (77%). Thirty-three patients (54%) upgraded their remission status,
with a quarter of patients even achieving molecular remission. The cumulative incidence
of acute GVHD was moderate (33%), and no treatment-related mortality was observed.
After a median follow-up of 69 months from the first DLI, 8-year progression-free and
overall survival were 43% and 67%, respectively, with rates of 62% and 83% for patients
in molecular remission. In multivariable analysis, molecular remission was the only
independent prognostic factor for progression-free survival, while for overall survival, only
cytogenetics were significantly associated with survival (i.e., worse outcome for high-risk
cytogenetics). In that study, no impact of novel agents was observed. However, the use of
novel agents was associated with more DLI procedures [13,15,16]. Furthermore, patients
who received unstimulated DLI had a higher risk of acute GVHD, which was not associated
with higher response rates in comparison with those who received G-CSF-stimulated T
cells that were obtained from the original alloSCT product. These findings are in line with a
recent comparison of stimulated and unstimulated DLI, showing no significant differences
regarding response, survival, and safety [17]. The main results of the studies in both the
prophylactic and salvage setting are listed in Tables 1 and 2.
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Table 1. Results of prophylactic donor lymphocyte infusion (DLI).

Dose (Range),

Study (Year) N Graft Type *106 Cells/kg Response, % Acute GVHD, n Survival
Alyea [12] . G5O
(2001) 14 MRD 10-30 86 7 PFS: 65% 2y
Badros [18] . 690
(2001) 14 MRD 120-220 86 10 OS: 69% 1y
Peggs [19] _ PFS: 30% 2y OS:
(2003) 20 MRD/MUD 1-100 50 3 71% 2y
Krger [10] 32 MRD/MUD 0.5-200 78 13 PFS: 54% 5y
(2009)
Groger [13] . PFS: 43% 8y OS:
2018) 61 MRD/MUD 0.3-100 77 7 67% 8y

Abbreviations: MRD, matched related donor; MUD, matched unrelated donor; GVHD, graft-versus-host disease; y, years; m, months; N,
number; DLI, donor lymphocyte infusion; PFS, progression-free survival; OS, overall survival.

Table 2. Results of salvage DLI.

Study (Year) N Graft Type ]31032 g:;; %lf; Response, % Acute GVHD, n Survival
Lokhorst [9] (1997) 13 MRD 1-330 62 9 54% 1y
Salama [20] (2000) 25 MRD/MUD 2-224 36 13 48% ly

Lokhorst [21] PFS: 19m

(2004) 54 MRD 1-500 52 31 0S: 23m
El-Cheikh [22] PFS: 50% 2y OS:
(2012) 9 MRD/MUD 10-100 75 1 69% 2y
Montefusco [23] PFS: 31% 3y OS:
(2013) 19 MRD/MUD 0.5-100 68 2 73% 3y

Abbreviations: MRD, matched related donor; MUD, matched unrelated donor; GVHD, graft-versus-host disease; y, years; m, months; N,
number; DLI, donor lymphocyte infusion; PFS, progression-free survival; OS, overall survival.

3. Salvage Setting

Donor lymphocyte infusions have long been an important strategy for patients with
hematologic malignancies who have experienced relapse after alloSCT [24]. Early on, the
most impressive results have been obtained in patients with post-alloSCT relapsed chronic
myelogenous leukemia, especially when initiated in patients with cytogenetic relapse
or in those who have relapsed into the chronic phase [25,26]. In the late 1990s, the first
reports suggested antitumor effects in MM patients. In 1996, Tricot et al. [8] reported the
achievement of complete remission with a single dose of CD3+ cells in an MM patient
who had progressed after alloSCT, providing the first proof-of-concept for utilizing DLI to
induce a GVM effect.

Soon after that, one retrospective study evaluated the impact of DLI in 13 patients with
relapsed MM after alloSCT [9]. The patients received a total of 29 DLIs with T-cell doses
ranging from 1 x 10°/kg to 33 x 107 /kg. Doses, sometimes with escalated levels, were
repeated if no response or another relapse was observed after DLI. Eight patients responded,
with 4 even achieving complete remission, while the others achieved partial remission.
Median time from dli to response was 6 weeks. Major toxicities were secondary to GVHD,
which was observed in >50% of patients and in >80% of the responders. Fatal aplasia was
seen in 2 patients who responded. The only prognostic factors for response were single
T-cell doses >1 x 10%/kg and the occurrence of acute GVHD. This first experience identified
the importance of individual dosing schemes and acute GVHD, suggesting escalating doses
until the maximum response has been achieved.

A follow-up and extension included 27 patients who received 52 DLI courses for a
median of 30 months after alloSCT [21]. Fourteen patients (52%) responded to DLI, with
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6 patients achieving complete remission (22%). Five patients remained in remission for
more than 30 months after DLI. Acute GVHD was present in 55% of the patients. Two
patients died due to aplasia. The median overall survival was 18 months. Comparing
responders and DLI-resistant patients, the median survival was not reached compared
with 11 months. In two patients, sustained molecular remission was observed. Again, one
key factor that was associated with response was a cell dose >1 x 108 /kg.

Subsequently, a study from 4 Dutch transplant centers was reported [27], analyzing
54 patients (with a median age of 52 years), of whom 50 showed relapse following myeloab-
lative partially T-cell-depleted alloSCT, and 4 following non-T-cell-depleted myeloablative
alloSCT. Most patients received high-dose cyclophosphamide and total body irradiation
(12 Gy) conditioning. A total of 95 DLI procedures (range, 1-7) for a median of 20 months
were given. The T-cell doses of DLI varied between 1 x 10° and 5 x 108 cells/kg. Most
patients received a starting dose of 1 x 107 cells/kg. Dose escalation was done in the
absence of response and acute GVHD until 3 months after the first DLL. Forty patients
received reinduction therapy before DLI with vincristine/adriamycin/dexamethasone,
dexamethasone alone, or melphalan alone. Response rates were comparable with previous
findings, and progression-free and overall survival were 19 and 23 months, respectively.
Acute GVHD after DLI was the strongest predictor of response. In patients with deletion of
chromosome 13, as determined by double-color fluorescence in situ hybridization (FISH),
no difference in outcome was seen.

Another study on dose-escalating salvage DLI was undergone in patients receiving
reduced-intensity conditioning [28]. Grade 3-4 acute GVHD was found in 14% of patients
and 1 patient died because of grade 4 acute GVHD. Despite the lower median cell dose
for unrelated DLI (1 x 10° compared with 4.7 x 10° CD3+ cells/kg for related DLI), only
the unrelated DLI recipients showed acute GVHD. With respect to responses, 19% showed
complete response and partial remission, respectively. Stable disease was seen in 29%,
while 33% of patients showed progressive disease. Median time from dli and response was
2 months. One-third of patients showed response after the first DLI. The median follow-up
from DLI was 7 months, and 71% of the patients were alive, with three patients still in
complete remission at the last follow-up at 8-14 months.

To assess the impact of combination approaches, a prospective phase 2 study evalu-
ated the efficacy and safety of the combination of bortezomib/dexamethasone followed by
DLI [23]. Patients received 3 cycles of bortezomib /dexamethasone followed by escalated
doses of DLIs in the cases of response or at least stable disease. Fourteen days after the
third course, and in the absence of acute GVHD, DLI was administered every 6 weeks at
escalating cell doses, for up to 4 infusions. For the transplants from HLA-identical siblings,
the infusions were done at the following cell doses: 5 x 10® CD3+/kg, 1 x 107 CD3+/kg,
5 x 107 CD3+/kg, and 1 x 10% CD3+/kg. For transplants from HLA-mismatched sib-
lings or matched unrelated donors, the infusion scheme consisted of 5 x 105 CD3+/ kg,
1 x 10° CD3+/ kg, 5 x 100 CD3+/ kg, and 1 x 107 CD3+/ kg. In the case of complete remis-
sion before the first DLI, the patients received only the first 2 DLI doses. The study included
19 patients with a median age of 57 years. Fourteen patients received HLA-identical sibling
alloSCT and 5 received matched unrelated donor alloSCT. Before DLI, the response rate was
62%, including 1 complete remission. After DLI, the response rate was 68%, observing a
significant deepening of responses, showing 3 stringent complete responses and 2 complete
responses. At a median follow-up of 40 months, 3-year progression-free survival and
overall survival rates were 31% and 73%, respectively. Notably, no severe GVHD was seen.

4. Prognostic Factors in Salvage Setting

Importantly, it needs to be stressed that most analyses included only a small number
of patients and may not depict accurate relations because of the lack of control settings. In
a retrospective study of 48 relapsed MM patients and 15 patients with persistent disease
after non-myeloablative alloSCT, prognostic factors for efficacy of DLI were analyzed [29].
The conditioning consisted of TBI (Total body irradiation) only, TBI and fludarabine,
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melphalan only, or thiotepa and cyclophosphamide. The overall survival after DLI was
24 months (1-51 months). The median overall survival was not reached for responders
while non-responders showed a median survival of 24 months. Progression-free survival
was remarkably higher in patients with complete response (28 months), compared with
those achieving only partial remission (7 months). The only significant prognostic factor
for response to DLI was the occurrence of acute GVHD, and patients who received their
DLI earlier after alloSCT appeared to benefit more than patients who received their DLI
one year after alloSCT.

5. DLI and Patterns of Disease Progression

To date, the clinical kinetics of alloreactive T cells in controlling MM progression or
even inducing regression are not fully understood. An efficient GVM response requires
accurate targeting of malignant cells by antigen-specific T cells in all sites of MM infiltration.
While homing of T cells to the bone marrow was found to happen constitutively, other
tissues may need ligand specificity of T cells, or inflammatory environments [30,31]. As a
result, the strength of the immune response may differ and result in differential progression
patterns of MM after cellular therapy such as alloSCT and DLI [32].

One study hypothesized that alloSCT and DLI modulate patterns of MM progression.
To test this, marrow and focal progression were assessed as separate events in a cohort of
43 patients who underwent alloSCT with planned DLI in comparison with outcomes of a
cohort of 12 patients who did not receive alloSCT [33]. After DLI, complete disappearance
of MM cells in the bone marrow occurred in 86% of evaluable patients. The probabilities of
so-called bone marrow progression-free survival at 2 years after DLI was 62%. In contrast,
the probability of focal progression-free survival was 28%. In sum, donor-derived T-cell
responses effectively reduce bone marrow infiltration, while focal progression did not seem
to be successfully influenced.

In contrast, one study from Minnema et al. [32] showed that the treatment of ex-
tramedullary relapse after alloSCT, using DLI in combination with bortezomib or thalido-
mide, showed complete responses and did not differ in comparison with those who did
not have extramedullary relapse. Notably, patients with only skin involvement showed
complete response after DLI, while patients with multiple involvements of the kidney, skin,
and lymph nodes showed no response. Whether antitumor effects are not only site-specific
when comparing marrow and extramedullary sites, but also organ-specific, needs to be
addressed in future studies.

6. Improving DLI Effects
6.1. Enhance the Immune Response

Despite the impressive results of recent long-term outcome data of prophylactic
DLI [13], and due to the consistent refinement of novel agent treatment schedules com-
bining steroids, immunomodulation, and monoclonal antibodies, alloSCT is nowadays no
longer considered part of the standard upfront or sometimes even second-line therapy for
MM. Therefore, strategies to alter the balance between GVM and GVHD, and diminish
toxicity, need to be explored.

Based on findings from animal models, the presence of host-dendritic cells (host-DC)
in mixed chimeric recipients is considered crucial for the development of an adequate
antitumor effect. Host-DCs are more able to prime donor T cells against the host antigens
expressed on malignant cells [34-36]. However, after alloSCT, MM patients rapidly convert
to complete donor chimerism in the DC compartment, often before the establishment of an
effective anti-MM response [37]. Therefore, combining DLI with the infusion of host-DC
was hypothesized to maximize GVM. However, the host-DCs may be infused as such to
induce a GVM effect, as they already express the mismatched minor histocompatibility
antigens. On the other hand and in addition, host-DCs may be loaded with the host
hematopoietic minor histocompatibility antigens to guide the immune response towards
MM cells [38]. One clinical phase 1/2 study tested this hypothesis [39]. Myeloma patients
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with persistent measurable disease after alloSCT and a first DLI were included. From
15 patients, 11 received a second equivalent dose of DLI combined with the repeated
administration of a host-DC vaccine. The first 7 patients were treated with unloaded host-
DCs, whereas the last four patients received a minor histocompatibility antigen-loaded
host-DC vaccine. A portion of the vaccine included a control antigen. No new GVHD
occurred and toxicity was mild. All evaluable patients developed objective T-cell responses
against the control, 60% demonstrated anti-host T-cell responses, and 25% of patients
with minor histocompatibility antigen-loaded host-DC vaccine induced an objective T-cell
response against the relevant minor histocompatibility antigen peptide. However, only one
patient showed stringent complete response. Despite its safety, this approach may need
refinement, by developing more immunogenic products or by combining this vaccine with
other immune boosting strategies [39,40].

6.2. Tumor-Specific T Cells

Another option could be the tumor-specific T cells. Previously, emerging tumor-
specific T cells targeting the Wilms’ tumor 1 (WT1) protein were associated with increased
relapse-free survival in patients with hematologic malignancies after alloSCT [41,42]. In
MM, one study examined responses after WT1-specific cytotoxic T lymphocytes (CTL) in
relapsed MM and high-risk cytogenetics who were undergoing T-cell-depleted alloSCT
followed by DLI [43]. Of 24 patients, all showed WT1-CTL responses before alloSCT, which
were associated with pre-alloSCT tumor burden. All patients subsequently developed
increased WT1-CTL frequencies, in the absence of graft-versus-host disease. Immunohisto-
chemical analyses of WT1 and CD138 in bone marrow specimens demonstrated consistent
coexpression within MM cells. Furthermore, WT1 expression in the bone marrow correlated
with disease outcome. These first evaluations suggested an association of emerging WT1-
CTL and GVM, supporting the idea of combined adoptive immunotherapies. However,
translations into the clinical reality for MM patients are lacking.

Since GVM responses involve T-cell recognition of tumor-specific peptides presented
by major histocompatibility complex molecules, it may be possible to identify and select
donor T cells that provide beneficial antitumor responses but minimal GVHD risk. In
this regard, immune transcriptome analyses of T-cell receptor (TCR) V3 CDR3-size and
-sequence is being used to characterize alloreactive versus tumor-specific T-cell responses.
Previous studies showed that the V3 families were involved in the GVM and GVH response
in an MM alloSCT model, and found that the VB 2, 3 and 8.3 families of T cells were
specifically involved in the GVM response [44]. The implication of these results would be
that MM-specific T-cell subfamilies might be positively selected from the donor and could
therefore be infused into MM patients after alloSCT [45]. As a result, no prior definition of
target antigens would be needed. To test this rationale, one recent study used an allogeneic
B10.D2—Balb/c alloSCT model with MOPC315.BM MM cells, first demonstrating that
MM-bearing Balb/c mice initially respond to irradiation and auto-alloSCT but eventually
relapse, similar to MM patients in the real world. After infusing mice with B10.D2 T cells
from only the TCR V3 2, 3 and 8.3 repertoire, which was pre-activated in vitro, consistent
GVM without GVHD or disease relapse was observed. These data highlight the possibility
that tumor-specific allogeneic T-cell therapy may lead to long-term disease-free survival
without GVHD in patients with MM.

6.3. Cancer/Testis Antigens

The specific expression of cancer/testis antigen patterns has been associated with
disease stage and poor clinical prognostic indictors in MM [46]. Due to the immunosuppres-
sive characteristics of MM, cancer/testis antigens have been studied in several treatment
strategies. Responses specifically to New York esophageal squamous cell carcinoma 1
(NY-ESO-1) and melanoma-associated antigen (MAGE) have been the most reported, by
simultaneously detecting serum antibodies as well as antigen-specific CD8+ T cells [47,48].
Importantly, strong antibody responses against cancer/testis antigens were preferentially
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found in patients undergoing alloSCT, which could therefore be targets for future post-
alloSCT immunotherapy [49]. Moreover, primary autoantibodies against intracellular
MM-specific tumor antigens such as NY-ESO-1 were rare but functional. Theoretically, they
may have the ability to affect cellular anti-tumor immunity by developing monovalent
and polyvalent immune complexes [50]. To further increase anti-MM responses, vaccines
against these antigen targets may also provide treatment opportunities, using NY-ESO-1
pre-exposed dendritic cells or recombinant MAGE peptide plasmids [51]. However, no
robust clinical trial data are currently existing, and more research is needed to find avenues
identifying and realizing the full potential of cancer/testis antigens in MM and alloSCT.

6.4. Novel Agents

One study aimed to combine reduced-intensity alloSCT and escalating DLI with novel
agents (thalidomide, bortezomib, and lenalidomide) to target complete remission [10].
Thirty-two patients achieving only partial remission after alloSCT were included. Complete
remission was achieved >50%. After a median follow-up of 56 months, progression-free
survival for patients who achieved complete remission was 58% in comparison with 35%
for those who did not, while overall survival was 90% compared with 62%, respectively.
Patients with molecular complete remission had significantly better progression-free and
overall survival than patients without, showing 84% compared with 38% and 100% com-
pared with 71%, respectively. Incidence of acute GVHD grades >2 was 33% and severe
grade 3 GVHD was 7%. None of the patients developed grade 4 GVHD. These findings
highlighted the utility of combination therapy post-alloSCT to deepen responses and,
subsequently, improve outcomes with signals for cure in some patients.

7. Conclusions

Donor lymphocyte infusion, especially in the prophylactic setting, has the poten-
tial to significantly deepen the response after alloSCT, thereby offering the opportunity
for long-term progression-free and, most importantly, overall survival for patients with
MM. However, the dissection of the subgroup of patients who may benefit from alloSCT
from those who may benefit from less toxic novel agent approaches remains crucial [52].
Limited evidence points to subgroups with high-risk MM patients, young and motivated
patients [53-55]. Moreover, DLI application is a complex procedure, whereby many factors
need to be considered (e.g., patient-oriented factors prior to application, disease-specific
factors, as well as possible combinations with further therapies during and after DLI). The
incorporation of novel agents showed similar responses and survival after DLI. To date,
no specific information is available on the efficacy and safety of DLI after different trans-
plant settings or maintenance approaches. Moreover, other cellular therapy approaches
such as chimeric antigen receptor T-cell therapy, which was most recently approved for
relapsed/refractory MM [56], and other immunotherapeutic approaches such as bispecific
antibodies, will surely challenge alloSCT and DLI even further [57]. With promising re-
sponses across immunotherapeutic approaches, the myeloma community may be confident
that immunotherapy will manifest itself for personalized myeloma therapy, although a
cure does not seem achievable yet using these new treatment options.

Considering alloSCT, updated and larger evaluations are urgently needed to determine
the specific role of multiple variables in such a complex treatment environment of alloSCT
in an ever-evolving field of MM.
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Abstract: Myeloma tumor cells are particularly dependent on their microenvironment and sensitive
to cellular antitumor immune response, including natural killer (NK) cells. These later are essential
innate lymphocytes implicated in the control of viral infections and cancers. Their cytotoxic activity
is regulated by a balance between activating and inhibitory signals resulting from the complex
interaction of surface receptors and their respective ligands. Myeloma disease evolution is associated
with a progressive alteration of NK cell number, phenotype and cytotoxic functions. We review
here the different therapeutic approaches that could restore or enhance NK cell functions in mul-
tiple myeloma. First, conventional treatments (immunomodulatory drugs-IMids and proteasome
inhibitors) can enhance NK killing of tumor cells by modulating the expression of NK receptors
and their corresponding ligands on NK and myeloma cells, respectively. Because of their ability
to kill by antibody-dependent cell cytotoxicity, NK cells are important effectors involved in the
efficacy of anti-myeloma monoclonal antibodies targeting the tumor antigens CD38, CS1 or BCMA.
These complementary mechanisms support the more recent therapeutic combination of IMids or
proteasome inhibitors to monoclonal antibodies. We finally discuss the ongoing development of
new NK cell-based immunotherapies, such as ex vivo expanded killer cell immunoglobulin-like
receptors (KIR)-mismatched NK cells, chimeric antigen receptors (CAR)-NK cells, check point and
KIR inhibitors.

Keywords: myeloma; NK cells; immunomodulation; cell therapy; immunotherapy

1. Introduction

Multiple myeloma (MM) is a mature B-cell hematologic neoplasia characterized by the
clonal proliferation of plasma cells in the bone marrow [1]. It evolves in a multistep way
from the pre-malignant monoclonal gammopathy of undetermined significance (MGUS)
through a phase of asymptomatic smoldering myeloma until the symptomatic phase of
MM, often presenting with bone lesions, hypercalcemia, renal failure and anemia [2].
Cytogenetic and epigenetic events both contribute to the progression towards a more
active disease and the failure of immune surveillance with a progressive impairment of
both innate and adaptive antitumor immune responses [3]. Natural killer (NK) cells are
innate lymphoid cells that have been shown to play a major role in the anti-myeloma
immune response [4]. Despite the development of multiple treatment strategies, including
chemotherapy, proteasome inhibitors, immunomodulatory drugs, monoclonal antibodies
and hematopoietic stem cell transplantation, MM remains incurable. Many patients evolve
to a relapse and refractory (R/R) MM. One goal of the new treatment strategies in MM
is to restore an effective immune response against myeloma cells. This review provides
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an overview of NK cells’ role in the development and treatment of MM and discusses
potentially new NK-based immunotherapies that may improve clinical outcomes.

2. Biology of NK Cells

NK cells are innate lymphoid cells representing the first effectors against malignant or
virus-infected cells. By contrast with T cells, NK cells can kill without prior sensitization or
recognition of presented antigens [5]. Human NK cells are defined as CD3"¢8 CD56" and
represent 5 to 15% of peripheral blood lymphocytes among which, two subtypes have been
phenotypically and functionally described: the CD564™ and CD56°18M cells. CD564™ cells
are characterized by cytotoxic activities, while CD56°"8" cells mainly produce cytokines,
such as IFN-y and TNF-« and are implicated in immune regulation [6]. They also can
express CD16 (FCyRlIlla), which binds human IgG through their Fc fragment, allowing
antibody-dependent cellular cytotoxicity (ADCC) to occur [5]. While the majority of
circulating NK cells in the peripheral blood are CD16P18" /CD564™ with high cytotoxic
capacities and low proliferative response to IL-2, NK cells localized in secondary lymphoid
tissues or inflammation sites is CD164™m/n¢g /CD56P"ight, highly express IL2-R« and have
high proliferative capacities, but lower cytotoxicity [5]. NK cell kills their target cells by
releasing the content of their lytic granules (perforin, granzyme), by expressing death
molecules (Fas-L, TRAIL) at their surface and by secreting INF-y and TNF-«; all of them
induce apoptosis through caspase-dependent and independent pathways [7].

NK cell function depends on integrating signals from the interaction between activat-
ing and inhibiting surface receptors and their respective ligands. The initial description of
the “missing-self” mechanism of cell death (i.e., lack of expression of HLA class I molecules
on target cells spotted by NK inhibitory receptors) has been since revisited. Regulation
of NK function is recognized to be more complex and dependent on the relative balance
between inhibitory and activating signals induced by the engagement of inhibitory versus
activating receptors according to the presence or absence of cognate ligands on target
cells [5].

Inhibitory receptors include killer cell immunoglobulin-like receptors (KIR) and non-
KIR inhibitory receptors. Among the inhibitory KIRs, three are critical for NK cell function:
KIR2DL1, KIR2DL2/3 and KIR3DL1, specific for HLA class I molecules (HLA-Cw antigens
belonging to the HLA C2 and HLA C1 families, and HLA-Bw#4 antigens, respectively). Iden-
tified non-KIR inhibitory receptors so far are the C-type lectin-like receptors CD94/NKG2A
heterodimer (CD159a), specific for HLA-E; ILT2 (LILRB1, CD85) recognizing various class
I antigens; NKR-P1A (CD161) recognizing the lectin-like transcript 1 (LLT1); and the car-
cinoembryonic antigen-related cell adhesion molecule 1 (CEACAM-1, CDé66a) specific
for CD66 ligand [8]. In addition, NK cells can express the checkpoint inhibitors, such as
programmed cell death protein-1 (PD-1), T-cell immunoglobulin and mucin containing
protein-3 (TIM-3) and T cell immunoreceptor with Ig and ITIM domains (TIGIT). They
can be inhibited by interaction with the corresponding ligands often expressed on tumor
cells: PD-L1 or PD-L2 for PD-1; HMGB1 (high mobility group B1 protein), CEACAM-1,
phosphatidylserine or Galectin-9 for TIM-3; PVR (poliovirus receptor, CD155) and nectin-2
(CD112) for TIGIT [9] (Figure 1).
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Figure 1. Natural killer (NK) cell inhibitory and activating receptors and ligands.

NK cells also express activating receptors. In addition to CD16 (FcyRIlla), they can
express natural cytotoxicity receptors NCRs: NKP46 (NCR1, CD335); NKp44 (NCR2,
CD336) and NKp30 (NCR3, CD337), which ligands are partially characterized. The main
ligands are derived from infectious agents (mainly viral hemagglutinins), cell-membrane,
or extracellular matrix-derived proteins, such as heparan sulfate (HS) glycosaminoglycans
(GAGs) or molecules expressed on tumor cells [10]. In the context of cancers, NKp46 can
bind HS-GAGs, NKp44 can be activated by HS-proteoglycans (HSPGs), platelet-derived
growth factor-DD (PDGF-DD), nidogen-1 (NID-1), an isoform of mixed-lineage leukemia
protein-5 (21spe-MLL5) and Galectin 3 (Gla-3), while NKp30 recognizes HLA-B asso-
ciated transcript 3/Bcl-2 associated pathogens 6 (BAT3/BAG6) and B7-H6 [10]. Other
activating receptors include C-type lectin-like receptors, such as NKG2D (CD314) and the
heterodimer CD94/NKG2C (CD159c¢) recognizing stress-induced cell surface ligands, such
as the MHC-related ligands A and B (MICA, MICB) and the UL16-binding proteins 1-6
(ULBP1-6) for the first one and HLA-E for the later. Activating receptors include SLAM-
related 2B4 (CD244), which engages CD48 and the DNAX accessory molecule-1 (DNAM1,
CD226). recognizing PVR (polio virus receptor or CD155) and nectin-2 (CD112). Some
KIRs recognizing classical and non-classical class I HLA molecules can be activating [8]
(Figure 1).

NK cells express receptors for several cytokines (IFN-y, IL-2, IL-15, IL-18, IL-21) in-
volved in their survival, differentiation, activation and proliferation (Figure 1). IL-2 induces
NK proliferation and increases NKG2D and NKp44 expression, while IL-15 drives NK
cell differentiation and proliferation. The combination of IL-2 and IL-15 improves NK cell
viability in vitro. IL-18 stimulates IFN-y production and provides costimulatory activation,
while IL-21 enhances NK cells” maturation [11]. Upon activation and Fc binding, NK cells
express CD137 (4-1BB), and anti-CD157 mAbs enhance their cytotoxic properties [12].

3. NK Cells as Immunotherapeutic Effectors: Lessons from Allogeneic HSCT

In an autologous setting and the absence of stress, NK cells fail to kill autologous
tumor cells as they are inhibited by the interaction between NK-inhibitory surface receptors
(mainly KIR and CD94/NKG2A) and self HLA-class I ligands.
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The proof of concept that NK cells may have an immunotherapeutic action against
malignant cells first came from allogeneic hematopoietic stem cell (HSC) transplantation
performed with haplo-HLA-mismatched donors (haplo-HSCT). The Perugia’s group de-
veloped a platform of haplo-HSCT combining the use of a myeloablative conditioning
regimen and the administration of a T-cell depleted megadose of CD34* selected HSCs
allowing the engraftment of haplo-mismatched HSC with the absence of acute or chronic
graft-versus-host disease (GVHD) [13]. This ex vivo T cell-depleted haplo-HSCT platform
represented an ideal in vivo model to investigate the role of NK cells in the absence of
confounding factors, such as alloreactive T cells or immunosuppressive drugs. In such
an environment, donor KIR-mismatched NK cell clones expand after transplantation and
have the capacity to kill recipient HSC, antigen-presenting cells (APC) and leukemic cells,
thus facilitating engraftment and the graft-versus-leukemia effect without GVHD [14,15].
Other studies from the same group demonstrated that NK alloreactivity could be predicted
by the “KIR-ligand mismatch” model based on the principle that when the donor carry at
least one KIR ligand (i.e., HLA CLASS I Bw4, C1 or C2) absent in the transplant recipient,
donor NK cells, supposed to express the corresponding inhibitory KIRs, will kill recipient
cells missing the HLA Class I allele [16]. The role of alloreactive KIR-mismatched NK cells
in the anti-leukemic effect has been confirmed by other models of in vitro T-cell depleted
haplo-HSCT [17-19].

Because KIR and HLA genes are localized in distinct chromosomes (chromosome
19q13.4 and 6p21, respectively) and thus segregate independently, an HLA matched donor-
recipient pair can be KIR-mismatched. More recent studies exploring NK alloreactivity
on transplant outcomes have then been performed in T-cell repleted haploidentical, mis-
matched unrelated, cord-blood, but also in matched unrelated HSCT (MUD). In allo-HSCT
performed with MUD and mismatched MUD, the group of Kroger showed a reduction of
relapse in MM patients transplanted with a KIR-ligand-mismatched donor [20]. However,
in these settings, the role of the KIR-ligand mismatches has been a matter of debate, with
some studies showing no advantage or even a negative impact [21-25].

The development of KIR genotyping, considering both inhibitory and activating KIRs,
has provided better predictive tools. Cooley et al. demonstrated that the assigned pres-
ence of a donor KIR genotype enriched in activating KIRs (Bx haplotype) was associated
with better disease-free survival in AML transplanted with unrelated donors [26,27]. The
combination of both donor KIR genotyping and donor/recipient HLA typing seems to
represent the best approach to predict the potential impact of NK cells on post-transplant
outcomes [28]. Impaired immune NK cell reconstitution after haplo-HSCT may also con-
tribute to the contradictory clinical impact of NK cell alloreactivity reported so far [24,29].

Despite some controversial reports due to the use of distinct predictive models and to
an imperfect understanding of NK cell interactions and regulation, it is acknowledged that
NK cells play a role in the control of hematological malignancies.

4. NK Cells in MM

Several studies have pointed to the crucial role of NK cells in the control of MM.
First, human plasma cells have been shown to be sensitive to NK cell killing from healthy
donors [30]. Indeed, in MGUS and early-stage MM, plasma cells can be recognized and
killed by NK cells through their expression of ligands for NK-activating receptors, such as
the NKG2D ligands MICA and MICB, NKp30 ligand B7-H6, and DNAM-1 ligands nectin-2
and PVR, in combination with the reduced engagement of inhibitory KIR due to low HLA
class I expression on myeloma cells [31,32].

However, both quantitative and qualitative alterations of NK cells have been reported
in the progression from MGUS to MM. Compared to healthy individuals, a number of pe-
ripheral blood (PB) NK cells seem to decrease from the higher or normal value at the stage
of MGUS or early-stage untreated MM to reduced numbers in advanced-stage untreated
patients [33]. Functional studies have shown that NK remains cytotoxic in MGUS patients,
while they may lose their cytotoxic capacities in advanced MM [34,35]. Decreased cyto-
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toxicity is associated with reduced expression of activating receptors like CD16, NKG2D,
NCRs, 2B4 and DNAM-1 in PB and/or BM NK cells of MM patients [32,36,37] and increase
expression of the inhibitory receptors KIR2DL1 and PD1 [38,39]. After autologous HSCT,
a higher expression of the activating receptor KIR2DS4 and decreased expression of the
inhibitory CD94/NKG2A has been observed in patients with detectable minimal residual
disease (MRD), analyzed by flow cytometry, compared with those with negative MRD [40].

Alterations of NK cell phenotype and functions are explained by the transformation
of myeloma tumor cells and their microenvironment during disease evolution [41]. Many
cellular and soluble factors have been involved in the alteration of NK cell phenotype and
functions during the progression of the disease. Among those, TGF-f produced in MM
by plasma cells [42], regulatory T cells (Tregs) [43] or potentially by myeloid-derived sup-
pressive cells (MDSCs) [44] has been described to downregulate NK-activating receptors
and to impair NK functions [45,46]. Increased levels of IL-6 and IL-10 are also observed in
MM [47,48]. These cytokines act as growth factors for plasma cells and promote the develop-
ment of NK-resistant tumor phenotype by inhibiting NK cell activity [49,50]. Prostaglandin
E2 (PGE2), produced in cultures of BM from MM patients [51], may inhibit activating
signals transduced by NCRs, NKG2D and CD16 [52]. Indoleamine 2,3-deoxygenase (IDO)
produced by stromal dendritic cells when they interact with CD28 expressed on plasma cells
can impair NK-mediated lysis by inhibiting the expression of NKp46 and NKG2D [53,54].

In parallel, myeloma plasma cells progressively develop different strategies to es-
cape NK cell killing. High levels of expression of HLA class I and of HLA-E (ligands
for inhibitory KIRs and CD94/NKG2A, respectively) are observed in tumor cells from
advanced MM patients, which was associated with reduced degranulation of NK cells
in vitro [55]. Another way for MM to escape NK cell lysis is to cleave the surface expres-
sion of the NKG2D-ligands MICA and MICB [56]. Indeed, soluble MIC ligands induce
the internalization of NKG2D and NCRs and promote the accumulation of MDSCs and
immunosuppressive macrophages [57,58]. Plasma cells can escape immune lymphocytes
by expressing PDL-1 [38]. Finally, myeloma cells can alter the chemokine microenviron-
ment to promote the migration of NK cells (expressing CXCR3 or CXCR4) outside the BM,
consequently to the upregulation of serum levels of the CXCR3-ligand CXCL10 and the
downregulated expression of the CXCR4-ligand CXCL12 in the BM [59].

5. Therapeutic Modulation of NK Cells in MM

Most of the therapeutic agents used in the treatment of MM either modulate or require
NK cell functions (Figure 2).
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Figure 2. Restauration and enhancement of NK cell functions in multiple myeloma (MM). (A). Decreased inhibition of
NK cells: the inhibitory signaling can be overrided by several ways: infusion of haploidentical NK cells (haplo) with a
killer cell immunoglobulin-like receptors (KIR)-ligand mismatch, the use of anti-KIR, anti-NKG2A or anti-PD1 monoclonal
antibodies (mAbs), or by reducing tumor cell surface expression of HLA-I by proteasome inhibitors (PI) or that of PDL-1 by
immunomodulatory drugs (IMIDs) (B). Increased activation of NK cells: PIs and IMIDs can increase the tumor expression
of ligands of activating receptors (polio virus receptor-PVR, MHC-related ligands (MICA), UL16-binding protein (ULBP))
and the corresponding receptors DNAX accessory molecule (DNAM-1) and NKG2D on NK cells. IMIDs or IL-15 can
favor the activation and proliferation of NK cells (C). Targeting tumor cells via antibody-dependent cellular cytotoxicity
(ADCC). CD16 (Fc-receptor) expressed on NK cells can bind to anti-CD38 (daratumumab), anti-CS1/SLAM? (elotuzumab)
or anti-BCMA mAbs and induce tumor killing by ADCC. (D). Targeting tumor cells via ex vivo expanded or chimeric
antigen receptors (CAR) NK cells: Ex vivo expanded and activated NK cells expressing NK-activating receptors can kill
tumor cells. CAR-NK cells can be engineered against various myeloma targets (see 2C). CD16 expressed on CAR NK cells
can also mediate a synergistic effect in combination with antigen-specific mAbs.

5.1. Modulation of NK Cells by Immunomodulatory Drugs and Monoclonal Abs

Immunomodulatory drugs thalidomide, lenalidomide and pomalidomide stimulate
the production of IL-2 and IFN-y by T cells, which, in turn, increases the proliferation
of NK cells and their cytotoxicity against myeloma cells [60-62]. They increase the ex-
pression of NK-cell-activating ligands MICA, ULBP1 and PVR on myeloma cells and
that of NK-activating receptors (NKG2D, NKp30, NKp46) on NK cells [62,63]. In addi-
tion, lenalidomide has been shown to enhance the expression of Fas-L and TRAIL on
NK cells [61] while reducing PDL1 [38] on myeloma cells (Figure 2A,B). Importantly, the
effects of IMids on NK cells are maintained when they are combined with a low dose of
dexamethasone [64,65].

Proteasome inhibitors bortezomib and carfilzomib also enhance NK-cell-mediated
myeloma cell killing. Both downregulate the expression of HLA class I molecules on
myeloma cells [66,67], thus sensitizing them to NK cytotoxicity. In addition, bortezomib
upregulates the expression of the ligands for NKG2D (MICA /MICB) and for DNAM-1
(PVR and nectin-2) on tumor cells [68,69], and carfilzomib increases the expression of the
CD107a thus the degranulation of NK cells [67] (Figure 2A,B).
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Through their expression of CD16 (FCyRlIlIa), NK cells are recruited by monoclonal
antibodies (mAbs) targeting tumor antigens and participate in tumor killing by antibody-
dependent cellular cytotoxicity (ADCC) [70] (Figure 2C). Daratumumab, a fully human
IgGl, targets CD38, a transmembrane glycoprotein highly expressed on myeloma cells,
but also on other hematopoietic cells, including NK cells [71]. Despite the associated
killing of CD38*/ Pright NK cells, daratumumab mediates its anti-MM effect via ADCC
through remaining CD38"°8/1°" NK cells, which have higher expansion and cytotoxicity
capacities [71]. Elotuzumab is a humanized IgG1 directed against CS1/SLAM-7, a trans-
membrane glycoprotein highly expressed on myeloma cells and at lower levels on NK
and CD8 T, NKT cells and activated monocytes [72]. Elotuzumab enhances NK-mediated
myeloma cell killing by ADCC, but also by direct recognition of CS1 on NK cells. This
latter induces the activation of NK cells through the signaling intermediate EAT2, which is
not expressed on myeloma cells, inducing tumor cell lysis in complement to ADCC [73].

The combination of IMids or proteasome inhibitors to mAbs have shown synergistic
effects on NK cell activation and ADCC induction in preclinical models as well as in
clinical trials (lenalidomide or pomalidomide + elotuzumab, bortezomib or lenalidomide +
daratumumab) [74-79].

5.2. Expanded NK Cells for Cellular Immunotherapy in MM

The anti-leukemic effects of NK cells in haplo-HSCT led to the development of NK cell
therapies in several hematologic malignancies. Miller et al. reported that administration
of activated HLA-haploidentical NK cells combined with in vivo subcutaneous injections
of IL-2 after a lymphodepleting conditioning regimen (high-dose cyclophosphamide and
fludarabine) resulted in an in vivo expansion of donor NK cells and the induction of
anti-leukemic responses without GVHD in 5 out of 19 patients with poor-prognosis acute
myeloid leukemia (AML), with higher responses in case of a KIR ligand-mismatched
donor [80]. The same group demonstrated enhanced NK cell activity by concomitant
depletion of Tregs by administration of IL-2-diphtheria fusion protein (IL-2DT) [81]. The
potential curative or preventive effect of KIR ligand mismatched NK cell therapies in AML
has been since reported by others [82,83].

Because of the role of NK cells in the development of MM, the administration of
activated NK cells represents an attractive therapeutic approach in this disease. Expansion
of NK cells from PBMC of MM patients can be achieved in co-culture with feeder K562
cells transfected with CD137-L and IL-15, which activate and enhance the proliferation
of highly cytotoxic NK cells expressing NKG2D and DNAM-1 [84] (Figure 2D). Such ex
vivo expanded NK cells from myeloma patients have been infused in heavily pretreated
patients with no serious adverse events, and responses lasting at least six months were
observed in two out of seven patients [85]. In vitro expansion of PBMC-derived NK cells
can also be performed in co-culture with polyvalent immunoglobulins, platelet lysate and
lenalidomide, allowing an 80-fold expansion rated and the generation of highly cytotoxic
and polyfunctional NK cells [86].

Administration of allogeneic KIR ligand-mismatched NK cells from haploidentical
family donors was performed after conditioning regimen with melphalan and fludarabine
in patients with advanced MM followed by delayed rescue with autologous stem cells. This
approach led to short survival and in vivo expansion of donor NK cells but uncourageous
response rates with 50% of near-complete remission [87]. A phase I study evaluated the
safety and efficacy of sequential infusions of autologous ex vivo expanded NK cells in
combination with lenalidomide or bortezomib-based treatments in 5 relapsed or refractory
MM patients to 2 to 7 lines of treatment. After four cycles of treatment with 2 NK cell
infusions per cycle, four patients had stable disease, 2 showed a reduction in bone marrow
plasma cell infiltration of 50%, and one had a response lasting for more than a year [88].
Umbilical cord blood-derived NK cells have also been used in combination with autologous
HSCT in 12 heavily pretreated and high cytogenetic risk MM [89]. An in vivo expansion
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of activated NKG2D*/NKP30" NK cells was observed in 6 patients, and most patients
achieved prolonged near CR (1 = 8) or very good partial response (1 = 2).

IL-15 has the advantage over IL-2 to not support the maintenance of Tregs and to
protect effector memory T cells as well. In a MM mouse model, the administration of
the IL-15 superagonist ALT-803 increased T and NK-mediated-cell lysis of myeloma cells
compared to conventional IL-15 [90,91]. In vitro-primed CD56P"8"t NK cells by IL-15 have
become more cytotoxic against myeloma cell lines, and a phase I study of administration
of ALT-803 in MM patients showed a transient expansion of CD56"8h NK cells in vivo
with cytotoxic activity against U266 myeloma cell line [92]. A phase I study combining
ALT-803 and expanded non-HLA matched allogeneic NK cells in hematologic malignancies,
including MM, is ongoing (NCT02890758).

Overall, these studies suggest the therapeutic activity of NK cells for the treatment of
MM when those are activated ex vivo and express activating KIRs or NCR to be able to
overcome the high expression of HLA class I molecules on myeloma cells.

5.3. CAR-NK in MM

Genetic modifications of T cells with chimeric antigen receptors (CAR), first developed
against CD19 for the treatment of lymphoid malignancies, have been explored in MM
with different antigen targets (BCMA, CD38, CD138, SLMAF7, NKG2D, CD56) (reviewed
in [93,94]). Among those, the most advanced are CAR-T cells recently targeting BCMA
approved for the treatment of R/R MM patients [95]. With a median progression-free
survival of 9 months, results of CAR-T cells in MM could be improved.

Compared to CAR-T cells, CAR-NK cells have several potential advantages [96] (i)
they do not induce GVHD and can be safely used in an allogeneic setting, (ii) their shorter
in vivo persistence in the allogeneic context and their mixed cytokine profile (both anti-
and proinflammatory and proapoptotic) may reduce cytokine release syndrome and other
side effects, (iii) their expression of activating receptors may enhance their efficacy by
nonCAR-dependent tumor lysis and (iv) their expression of CD16 could allow a synergistic
effect in combination with monoclonal therapeutic antibodies. In addition, several sources
of CAR-NK cells can be considered: primary NK cells, NK cell lines (NK-92), umbilical
cord blood or induced pluripotent stem cells (iPSCs) [97]. CAR-NK cells are, therefore,
under investigation in several hematologic malignancies. The most impressive results have
been reported with cord blood-derived NK cells transduced with an anti-CD19 and IL-
15-containing CAR construct tested in 11 patients with refractory lymphoid malignancies
in a phase I study [98]. Despite HLA mismatches between CAR-NK cells and patients,
none of them developed CRS, neurotoxicity or GVHD. Eight patients (73%) responded
within the first month, including 7 CR (64%), and NK-CAR cells were detectable for up to
one year after administration independently of the administrated dose, possibly because
of the persistent production of IL-15 included in the CAR construct [98,99]. The clinical
efficacy of CAR-NK is difficult to assess as most patients received a consolidation therapy
(lenalidomide, allogeneic HSCT, etc.), but those preliminary results are very encouraging.

In MM, CAR-NK cells targeting CD138, BCMA, NKG2D or CS1/SLAME7 have been
explored in preclinical studies [100-102] (Figure 2D). Jiang et al. demonstrated that NK-92
cells transduced with an anti-CD138 CAR kill myeloma cell lines and primary tumor
plasma cells in vitro and that administration of irradiated CAR-NK-92 cells has strong
antitumor activity towards CD138-positive MM cells in the xenograft NOD-SCID mouse
model [100]. Chu et al. reported similar results with NK-92 cells expressing an anti-
CS1/SLAME7 CAR [101]. Another group observed similar efficacy between anti-NKG2D
and anti-BCMA NK cells in eradicating myeloma cells [102]. A phase I trial with anti-
BCMA CAR NK-92 cells for R/R myeloma patients is ongoing in China (NCT03940833). A
combination of anti-CD38 monoclonal antibody daratumumab and anti-CS1 CAR CD38"¢6
NK cells has been described to treat relapsed MM with the hypothesis of a synergistic effect
of Daratumumab and CAR-CD38"*6 NK cells [103] (Figure 2D).
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5.4. KIR and Check Point Inhibitors in MM

Blocking NK cell inhibitory molecules by monoclonal antibodies represents another
way to increase the efficacy of NK cells against tumor cells (Figure 2A).

The interest of targeting the PD1/PDL1 axis in MM was first described by Benson
et al., who showed that the anti-PD1 antibody CT-011 could enhance NK cell function
against primary myeloma cells expressing PDL-1, with a synergistic effect when com-
bined with lenalidomide, which reduces PDL1 expression on myeloma cells [38]. In a
preclinical model, the combination of anti-PD1 mAb and lenalidomide enhanced the effect
of DC-based immunotherapy by inhibition of suppressive cells (MDSCs, Tregs and M2
macrophages) and activation of T and NK cytotoxic effector cells [104]. In humans, inhibi-
tion of the PD1/PDL1 axis with mAbs in monotherapy failed to demonstrate efficacy [105].
In combination with IMids, despite a good safety profile and some interesting responses
observed in the first phase I-II studies evaluating the combination of pembrolizumab (anti-
PD-1) to lenalidomide or pomalidomide and dexamethasone [106-108], the unpredictable
occurrence of immune-related adverse events reported in R/R MM receiving a combination
of anti-PD1 and IMids, conducted the FDA to discontinue all the trials exploring such
combination of drugs [9]. Inhibition of the PD1/PDLI1 axis is currently explored in R/R
MM patients receiving anti-BCMA CAR T cells with a CAR also expressing a PD1-Fc fusion
protein capable of inhibiting PD1/PDL1 (NCT04162119).

The KIR inhibitor mAb 1-7F9 was developed to inhibit different inhibitory KIRs
(KIR2DL-1, -2 and -3) and enhance NK antitumor effect. This anti-KIR inhibitor mAb in-
creases NK-cell-mediated killing of HLA-C expressing tumor cells in vitro and in vivo [109].
The combination of lenalidomide and IPH2101 (formerly 1-7F9) was shown to enhance NK
cell-mediated anti-myeloma responses in a preclinical model [110]. IPH2101 was, therefore,
tested in phase I and II trials in MM. The first phase I included 32 patients with R/R MM,
who received up to four cycles of 28-day intravenous administration of IPH2101 at different
doses demonstrated that the drug was well-tolerated, and the treatment was associated
with the full saturation of inhibitory KIRs and anti-myeloma cell NK-mediated killing [111].
Another phase I study explored the combination of lenalidomide and IPH2101 in 15 MM
patients and showed a response in 5 patients, but severe adverse events were observed in 5
patients [112]. However, in smoldering MM patients, IPH2101 failed to reach a 50% decline
of the M-protein [113]. Lirilumab, a recombinant version of IPH2101 that also recognizes
the activating KIRs KIR2DS1 and -2, has been tested in combination with the anti-PD1
nivolumab in a phase I study in R/R lymphoid malignancies, but no objective response
was observed in MM patients [114]. Actually, because of its inhibition of both inhibitory
and activating KIRs, the effect of lirilumab will depend on MHC class I expression and KIR
receptor repertoire. In addition, it has been reported that KIR2D molecules are removed
from NK cells by monocyte trogocytosis under the pressure of IPH2101, a phenomenon
associated with a reduction of NK cell cytotoxicity in vivo [115]. Altogether, these results
suggest using anti-inhibitory KIRs in association with other immunomodulatory drugs
rather than as a single-agent. Results of a phase analyzing the combination of elotuzumab
with lirilumab or urelumab (anti-4-1BB mAb) in MM are pending (NCT02252263).

Monalizumab, a humanized mAb, was developed to block the heterodimer CD94/
NKG2A and reverse the inhibitory signaling induced by NKG2A on NK cells and HLA-E
on tumor cells [116]. An ongoing phase I trial is investigating the safety of monalizumab in
hematologic malignancies, including MM relapsing after allo-HSTC (NCT02921685).

6. Conclusions

Multiple myeloma is a multiple-step evoluting disease. During disease evolution,
tumor cells escape to immune surveillance, particularly to NK cell control. Restoring NK
cell cytotoxicity against myeloma tumor plasma cells is a major goal of MM treatment
strategies. Conventional treatments (IMids, proteasome inhibitors and monoclonal anti-
bodies) can modulate and enhance NK cell recognition and killing of myeloma plasma
cells. NK cell-based therapies, such as expanded and activated KIR mismatched and partic-
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ularly CAR NK cells, are promising, as well as blocking NK cell inhibitory checkpoint and
receptors. The actions of all these treatment approaches are complementary and synergistic.
Future studies will help to define the best combination strategies and the respective place
of conventional versus cellular and/or inhibitor blockers in the therapeutic care of multiple
myeloma.
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Abstract: In the 2010s, immunotherapy revolutionized the treatment landscape of multiple myeloma.
CD38-targeting antibodies were initially applied as monotherapy in end-stage patients, but are now
also approved by EMA /FDA in combination with standards-of-care in newly diagnosed disease or
in patients with early relapse. The approved SLAMF7-targeting antibody can also be successfully
combined with lenalidomide or pomalidomide in relapsed/refractory myeloma. Although this has
resulted in improved clinical outcomes, there remains a high unmet need in patients who become
refractory to immunomodulatory drugs, proteasome inhibitors and CD38-targeting antibodies.
Several new antibody formats, such as antibody—-drug conjugates (e.g., belantamab mafodotin, which
was approved in 2020 and targets BCMA) and T cell redirecting bispecific antibodies (e.g., teclistamab,
talquetamab, cevostamab, AMG-420, and CC-93269) are active in these triple-class refractory patients.
Based on their promising efficacy, it is expected that these new antibody formats will also be combined
with other agents in earlier disease settings.

Keywords: multiple myeloma; immunotherapy; antibodies; monoclonal; bispecific; immunoconju-
gates; antibody-drug conjugates

1. Introduction

The survival of multiple myeloma (MM) patients has substantially improved over
the last three decades because of the introduction of autologous stem cell transplantation
and novel agents, such as immunomodulatory drugs (IMiDs; e.g., thalidomide, lenalido-
mide, and pomalidomide) and proteasome inhibitors (PIs; e.g., bortezomib, ixazomib, and
carfilzomib). More recently, the incorporation of CD38- and SLAMF7-specific antibodies
in treatment regimens for patients with newly diagnosed or relapsed/refractory disease,
has further improved the clinical outcomes of MM patients. Based on the activity and
favorable toxicity profile of these naked antibodies, several new antibody formats are now
evaluated in clinical trials in extensively pretreated patients. In this review, we will discuss
the efficacy and safety profile of naked antibodies as well as novel antibody formats such
as bispecific antibodies and immunoconjugates.

2. Naked Antibodies
2.1. CD38-Targeting Antibodies

Naked CD38-targeting antibodies (approved: daratumumab and isatuximab; in clin-
ical development: MOR202, SAR442085, and TAK-079) induce MM cell death via direct
on-tumor effects such as the direct induction of apoptosis, complement-mediated cytotoxi-
city (CDC), antibody-dependent cellular cytotoxicity (ADCC), and antibody-dependent
cellular phagocytosis (ADCP) (Figure 1) [1-3]. Although there is overlap in the mode of
action of these antibodies, there are also some differences [3]. Daratumumab is most potent
in terms of the induction of CDC, while isatuximab is more effective in the direct induction
of cell death [3]. In addition, CD38-targeting antibodies have T cell stimulatory properties
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Figure 1. Inmunotherapy with antibodies in multiple myeloma. Mode of action of naked antibodies (A), bispecific antibod-

ies (B), and immunoconjugates (C). Abbreviations: MM, multiple myeloma; CDC, complement-mediated cytotoxicity; ADCC,
antibody-dependent cellular cytotoxicity; ADCP, antibody-dependent cellular phagocytosis; MAC, membrane attack complex.

CD38-targeting antibodies were first explored as monotherapy in patients with disease
exposed to IMiDs and PlIs. At that time, these double-refractory patients had a very poor
outcome with a median overall survival of only nine months [8]. The overall response
rate with CD38-targeting antibodies as a single agent was approximately 30% [9-12].
Importantly, long-term follow-up of the GEN501 and Sirius studies, which evaluated
daratumumab monotherapy in patients with advanced MM, showed a remarkably long
overall survival (median overall survival: 20.5 months, with a three-year overall survival
rate of 36.5%) [13]. This survival is much longer than what was observed in a similar
patient population, who did not receive CD38-targeted therapy [8]. Equally important
is the favorable toxicity profile of CD38-targeting antibodies. The most frequent side
effect observed with CD38-targeting antibodies as monotherapy is the development of
infusion-related reactions, most often observed during the first infusion. Premedication
with acetaminophen, antihistamine and a steroid is important to prevent infusion reac-
tions, which are characterized by fever, chills, coughing, and sometimes dyspnea. The
leukotriene receptor antagonist montelukast is also helpful to prevent infusion-related
reactions. Another issue of CD38-targeting antibodies is that these therapeutic antibodies
can be detected in laboratory assays such as serum protein electrophoresis (SPEP) and
immune fixation electrophoresis (IFE) assays. When the therapeutic antibodies co-migrate
with the M-protein of the patient, and are of the same isotype, laboratory personnel may
be unable to differentiate between a very good partial response and a complete response.
The daratumumab interference reflex assay (DIRA) is able to shift the migration pattern of
daratumumab, which enables the correct quantification of the patient’s M-protein [14-17].
Blood banks also need to be informed when a patient is treated with a CD38-targeting
antibody. Red blood cells express low levels of CD38; thus, CD38-targeting antibodies
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interfere with the indirect Coombs test, which is used by blood transfusion laboratories to
assess the presence of anti-red blood cell antibodies [18]. Several mitigation strategies are
now available to solve this issue, including the phenotyping (before start of CD38-targeting
antibody treatment) or genotyping of clinically relevant red blood cell antigens [16]. Fur-
thermore, the use of dithiothreitol (DTT) to remove CD38 on the surface of red blood cells
can be used to safely provide blood to CD38-targeting antibody-treated patients. Because
DTT denatures Kell antigens, K-negative units are provided to these patients [18].

2.2. Combination Therapy with CD38-Targeting Antibodies

Based on the excellent balance between safety and activity, CD38-targeting anti-
bodies are attractive partners for combination strategies in both newly diagnosed and
relapsed /refractory patients.

2.2.1. IMiD-Based Combinations

The MAIA study [19], which enrolled newly diagnosed, transplant ineligible MM
patients, and the POLLUX [20] study, which included patients with at least one prior line of
therapy, showed that adding daratumumab to the standard-of-care regimen lenalidomide—
dexamethasone (Rd) improved response rates, including the proportion of patients with
minimal-residual disease negative complete remissions (Table 1). The superior response
rate translated into a longer progression-free survival of the daratumumab-based triplet,
compared to Rd alone. Although cross-trial comparisons should be performed with caution,
given the heterogeneity in patient populations, in the relapse setting daratumumab plus Rd
has the longest progression-free survival (median 44.5 vs. 17.5 months) with the best hazard
ratio (HR: 0.44), compared to other lenalidomide-based triplets such as Rd plus elotuzumab
(median progression-free survival, 19.4 versus 14.9 months, HR 0.71), ixazomib (median
progression-free survival, 20.6 months versus 14.7 months, HR: 0.74) or carfilzomib (median
progression-free survival, 26.1 versus 16.6 months, HR: 0.66) [21-26]. Daratumumab
and isatuximab can also effectively be combined with pomalidomide—-dexamethasone in
patients with prior lenalidomide exposure [27-29]. In the phase 3 APOLLO (median of two
prior lines of therapy) and IKARIA (median of three prior lines of therapy) studies, there
was roughly a doubling in response rate (>PR: 46 versus 69% in APOLLO, and 35 versus
60% in IKARIA) and doubling in progression-free survival (APOLLO: median progression-
free survival 6.9 versus 12.4 months, HR 0.63; IKARIA: median progression-free survival
6.5 versus 11.5 months, HR 0.60) when either daratumumab or isatuximab was added to
the standard-of-care regimen pomalidomide-dexamethasone [28,29].

Table 1. Selected phase 3 studies evaluating IMiD-based antibody combinations.

Study Regimens Patient Population
MAIA Lenalidomide_dexamethasone +/— DARA Newly diagnosed myeloma patients not eligible for immediate
autologous stem cell transplant
POLLUX Lenalidomide-dexamethasone +/— DARA At least one prior line of therapy
>1 prior line of therapy including lenalidomide and a
APOLLO Pomalidomide-dexamethasone +/— DARA  proteasome inhibitor; patients with only 1 prior line of therapy
were required to be refractory to lenalidomide.
ICARIA Pomalidomide_dexamethasone +/— ISA >2 previous lines of treatment, mclg(:l.ing lenalidomide and a
proteasome inhibitor
ELOQUENT-2 Lenalidomide-dexamethasone +/— ELO 1-3 prior lines of therapy
>2 prior lines of therapy, including at least two consecutive
ELOQUENT-3 Pomalidomide-dexamethasone +/— ELO cycles of lenalidomide and a proteasome inhibitor alone or

in combination.

Abbreviations: DARA, daratumumab; ISA, isatuximab; ELO, elotuzumab.

2.2.2. PI-Based Combinations

The proteasome inhibitors bortezomib and carfilzomib are effective partner drugs
with CD38-targeting antibodies in patients with relapsed /refractory MM (Table 2). The
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CASTOR study randomized patients with at least one prior line of therapy between
bortezomib—dexamethasone and daratumumab plus bortezomib—dexamethasone [30]. The
triplet regimen resulted in a higher response rate and superior progression-free survival
across most subgroups [30]. The combination of carfilzomib—dexamethasone plus a CD38-
targeting antibody was evaluated in two phase 3 trials in patients with 1-3 prior lines of
therapy: isatuximab in the IKEMA and daratumumab in the CANDOR study [31,32]. In
both studies, the triplet with a CD38-targeting antibody significantly improved response
and progression-free survival with a favorable benefit-risk profile. In the IKEMA study,
the overall response was 86% versus 83% with a median progression-free survival of not
reached versus 19.2 months (HR: 0.53) in the treatment arm with isatuximab and without
isatuximab, respectively. In the CANDOR study, the overall response rate was 84% versus
75%, and median progression-free survival was not reached versus 15.8 months (HR: 0.63)
in the daratumumab arm and control arm, respectively. Adding a CD38 antibody to
the carfilzomib-dexamethasone backbone also improved the proportion of patients who
achieved minimal residual disease-negativity. Both triplets are excellent treatment options
for patients with a first lenalidomide-refractory relapse [33].

Table 2. Selected phase 3 studies evaluating proteasome inhibitor-based antibody combinations.

Study Regimens Patient Population
ALCYONE  Bortezomib-melphalan—prednisone (VMP) +/— DARA N?WIY d{agnosed myeloma patients not ehglbI'e for
immediate autologous stem cell transplantation
CASTOR Bortezomib-dexamethasone +/— DARA At least one prior line of therapy
CANDOR Carfilzomib-dexamethasone +/— DARA 1-3 prior lines of therapy
IKEMA Carfilzomib-dexamethasone +/— ISA 1-3 prior lines of therapy

Abbreviations: DARA, daratumumab; ISA, isatuximab.

2.2.3. CD38-Targeting Antibody Based Quadruplets

Younger transplant-eligible patients with newly diagnosed disease are frequently
treated with high-dose melphalan and autologous stem cell transplantation. Prior to
high-dose therapy, these patients receive induction therapy, typically a bortezomib-based
triplet such as bortezomib-lenalidomide-dexamethasone (VRD), bortezomib-thalidomide—
dexamethasone (VID), or bortezomib—cyclophosphamide-dexamethasone (VCD) [34].
Because of the favorable activity and safety profile of CD38-targeting antibodies, several
studies have evaluated or are currently evaluating the value of adding a CD38-targeting
antibody to these triplets (Table 3). The CASSIOPEIA study showed the superiority of
daratumumab plus VTD versus VTD alone before and as consolidation after transplanta-
tion [35]. The complete response (CR) rate was 39% in the daratumumab group and 26%
in the control group, and 64% versus 44% a achieved minimal residual disease-negativity
(107° sensitivity threshold, assessed by multiparametric flow cytometry. The improved
response rate resulted in a significantly improved progression-free survival (hazard ra-
tio 0.47) [35]. The randomized phase 2 GRIFFIN study also showed a higher quality of
response when daratumumab was added to VRD, compared to VRD alone [36]. In this
study, there is not yet a progression-free survival advantage observed in the daratumumab-
treated patients. The phase 3 PERSEUS study, which is ongoing, also compares VRD plus
or minus daratumumab in a larger number of transplant-eligible patients. The combination
of carfilzomib-lenalidomide-dexamethasone (KRd) plus a CD38-targeting antibody is also
evaluated in transplant-eligible patients with newly diagnosed disease (e.g., in the ISKIA
study). In addition, phase 3 trials (e.g., PERSEUS, CASSIOPEIA, and AURIGA) are also
investigating CD38-targeting antibodies alone or in combination with lenalidomide as
maintenance treatment post-transplant [35,36].

86



Hemato 2021, 2

Table 3. Selected phase 3 studies evaluating IMiD + proteasome inhibitor-based antibody combinations.

Study Regimens Patient Population

CASSIOPEIA  Bortezomib-thalidomide-dexamethasone +/— DARA Newly diagnosed myeloma patients eligible for
autologous stem cell transplant and aged <65

PERSEUS Bortezomib-lenalidomide—-dexamethasone +/— DARA Newly diagnosed myeloma patients eligible for
autologous stem cell transplant and aged <70

CEPHEUS Bortezomib-lenalidomide-dexamethasone +/— DARA Newly dlagn.osed r.nyeloma patients for whom

transplant is not intended as initial therapy
IMROZ Bortezomib-lenalidomide-dexamethasone +/ — ISA Newly diagnosed myeloma patients not eligible for

autologous stem cell transplantation

Abbreviations: DARA, daratumumab; ISA, isatuximab.

Elderly, non-transplant eligible patients can be treated with several approved regi-
mens such as the doublet lenalidomide-dexamethasone and the triplets daratumumab—
lenalidomide-dexamethasone or bortezomib-melphalan—prednisone (VMP). In addition,
based on results from the ALCYONE study, there is now one quadruplet regimen ap-
proved for these patients. In the ALCYONE study, non-transplant eligible MM patients
received either nine cycles of bortezomib-melphalan—prednisone (VMP) alone or with
daratumumab until progression [37,38]. The daratumumab group experienced superior
clinical outcomes including an improved overall survival. Part of the improved outcomes
with daratumumab-VMP may be related to the design of the study, with patients treated
with VMP alone not receiving any maintenance after nine cycles of VMP, while daratu-
mumab was continued until progression in the experimental arm. In addition, only a
small proportion of patients who developed disease progression in the VMP only arm
were treated with a CD38-targeting antibody at the time of relapse, which may explain
part of the overall survival benefit in the daratumumab arm [37]. The combination of
CD38-targeting antibody plus VRD is also evaluated in two phase 3 randomized trials with
transplant-ineligible patients: CEPHEUS with daratumumab, and IMROZ with isatuximab.
Importantly, a meta-analysis in newly diagnosed patients showed that daratumumab also
improved progression-free survival in patients with high-risk cytogenetics such as del(17p),
t(4;14), and t(14;16) [39].

2.2.4. Toxicity in Combination Regimens

When CD38-targeting antibodies are added to standard-of-care regimens, this is typi-
cally accompanied by a higher rate of infections. Particularly, the frequency of respiratory
infections is increased. This may be caused by the reduction in already-suppressed poly-
clonal immunoglobulins [40] or NK cell depletion [41]. Furthermore, the higher rate of
neutropenia, especially when a CD38-targeting antibody is combined with an IMiD, may
contribute to the development of infections. Patients at high risk for infections (such as
elderly patients, or those with elevated lactate dehydrogenase (LDH) low albumin, or
elevated alanine aminotransferase (ALAT) may benefit from antibacterial prophylaxis [42].

2.2.5. Subcutaneous Administration

Daratumumab can also be administered via a 5 min subcutaneous injection [43]. The
COLUMNA study demonstrated the non-inferiority of subcutaneous daratumumab versus
intravenous daratumumab in terms of efficacy and pharmacokinetics [44]. Subcutaneous
daratumumab also had an improved safety profile in patients with relapsed or refractory MM
with a lower rate of infusion reactions [44]. Subcutaneous administration of daratumumab
reduces the time spent in the outpatient infusion center, and thereby quality of life.

2.3. SLAMF7-Targeting Antibodies

Elotuzumab is the first-in-class naked SLAMF7-targeting antibody, which induces
MM cell death via ADCC and ADCP [45]. Binding of elotuzumab to SLAMEF7 present on
the cell surface of NK cells results in NK cell activation and improved immune-mediated
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attack of MM cells [46,47]. Elotuzumab has no single agent activity in heavily pretreated
MM patients, but it significantly enhances the anti-MM effects of IMiDs and PIs in patients
with relapsed /refractory MM [21,48-50].

There are currently two elotuzumab-based triplets approved for the treatment of
relapsed/refractory MM patients: elotuzumab-lenalidomide-dexamethasone [21] and
elotuzumab-pomalidomide-dexamethasone [48]. The ELOQUENT-2 study demonstrated
a superior response rate, as well as longer progression-free and overall survival with elo-
tuzumab added to lenalidomide-dexamethasone compared to lenalidomide-dexamethasone
alone in patients with 1-3 prior lines of therapy [21,25,42,51]. Similarly, a higher response
rate (53 versus 26%) and longer progression-free survival (median progression-free sur-
vival: 10.3 versus 4.7 months) was reported in the ELOQUENT-3 study for elotuzumab
plus pomalidomide-dexamethasone, compared to pomalidomide—dexamethasone alone in
patients with at least two prior lines of therapy including an IMiD and PI [48]. The toxicity
profile of elotuzumab is mild, with a low rate of infusion reactions.

Surprisingly, until now, the incorporation of elotuzumab has not been successful in
the setting of newly diagnosed disease. Adding elotuzumab to VRD in high-risk, newly
diagnosed MM patients did not improve clinical outcomes [52]. In addition, the phase 3
ELOQUENT-1 study showed that elotuzumab plus lenalidomide-dexamethasone was not
superior to lenalidomide—-dexamethasone alone in newly diagnosed transplant ineligible
patients. Finally, elotuzumab plus VRD as induction therapy prior to transplantation did
not improve response rate or response quality in the large German GMMG-HD6 study [53].

3. Triple-Class Refractory Myeloma

Although the survival of MM patients significantly improved through the introduction
of IMiDs, PIs, and CD38-targeting antibodies, virtually all patients eventually develop
resistance towards these agents. MM patients with disease which is resistant to IMiDs, PIs,
and CD38-targeting antibodies (triple-class refractory disease) have a very poor outcome
at this moment. One analysis showed that triple-class refractory patients have a median
overall survival of less than 12 months [54]. Penta-refractory patients (disease refractory to
lenalidomide, pomalidomide, bortezomib, carfilzomib, and a CD38-targeting antibody)
have the worst prognosis, with a median overall survival of only 5.6 months [54].

These triple-class refractory patients benefit from newly approved drugs with novel
mechanism of action such as selinexor, which inhibits XPO-1-mediated nuclear export [55],
or the immunoconjugate belantamab mafodotin (see next section) [56]. One study with
34 patients (median of three prior lines of therapy) showed that selinexor can also be
effectively combined with daratumumab and dexamethasone [57]. Common adverse
events with this IMiD- and PI-free regimen included thrombocytopenia, nausea, and
fatigue. The overall response rate was 73% with a median progression-free survival
of 12.5 months in daratumumab-naive patients. In addition, retreatment with drugs
that were used in prior lines of therapy can also be considered [33]. However, these
triple-class refractory patients should also be considered for clinical trial participation. In
such trials, several promising new immunotherapies are evaluated, including chimeric
antigen receptor (CAR) T cells and cereblon E3 ligase modulators (CelMods), but also
with new antibody formats such as immunoconjugates and bispecific antibodies. The
most common target for immunoconjugates and bispecific antibodies is B cell maturation
antigen (BCMA). This cell surface protein is highly and uniformly expressed on normal
plasma cells, MM cells, and a small subset of mature B cells. BCMA promotes MM cell
survival and proliferation [58]. The first naked BCMA antibody evaluated in preclinical
studies was SG1 [59]. Although it effectively eliminated MM cells, it was not further
developed. A phase 1 study evaluating a humanized, non-fucosylated IgG1 anti-BCMA
naked antibody is ongoing [60]. However, maybe more important is that the rather selective
expression of BCMA on MM cells makes it possible to improve the cytotoxic capacity of
the antibody. Indeed, at this moment powerful immunotherapeutic drugs targeting BCMA
show promising results in heavily pretreated patients.
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4. Inmunoconjugates

Antibodies can also be used to specifically deliver a small molecule (antibody-drug
conjugate (ADC)), toxin (immunotoxin), cytokine (immunocytokine) or radionuclide (ra-
dioimmunoconjugate) to the tumor cells (Figure 1) [61]. Several immunoconjugates are
being investigated in preclinical or phase 1 clinical studies [61], but most advanced in its
development is the ADC belantamab mafodotin.

Belantamab mafodotin is a BCMA-directed antibody conjugated by a protease-resistant
maleimidocaproyl linker to the microtubule-disrupting agent, monomethyl auristatin F
(MMAF). BCMA is specifically expressed on normal plasma cells, MM cells, and a small
subset of mature B-cells; therefore, MMAF will be selectively targeted to the tumor cells.
Belantamab mafodotin also has other modes of action, such as ADCC and the inhibition
of BCMA receptor signaling. In the DREAMM-2 study, belantamab mafodotin was ad-
ministered every three weeks to triple-class refractory patients. In the 2.5 mg/kg cohort
the overall response rate was 31% with a median progression-free survival of 2.9 months,
while in the 3.4 mg/kg cohort this was 34% and 4.9 months [56]. The approved dose
for use in patients with at least four prior lines of therapy, including a CD38-targeting
antibody, PI and IMiD, is 2.5 mg/kg, based on the lower rate of adverse events leading
to dose delay or dose reductions in the 2.5 mg/kg cohort, compared to the 3.4 mg/kg
cohort [56]. Toxicity of belantamab mafodotin consists of thrombocytopenia and corneal
toxicity (keratopathy). Because of the corneal adverse events, close collaboration with
an ophthalmologist is important, with ocular assessments at baseline and every cycle
thereafter. Based on the activity observed in advanced MM, several combination studies
with belantamab mafodotin are ongoing, also in earlier stages of the disease. This includes
the DREAMM-6 study, which evaluates the combination of belantamab mafodotin with
lenalidomide-dexamethasone or bortezomib-dexamethasone in patients with at least one
prior line of therapy [62]. Preliminary data show an acceptable safety profile of belantamab
mafodotin (2.5 mg/kg) plus bortezomib—dexamethasone, with keratopathy and throm-
bocytopenia as the most common adverse events. The three-drug combination induced
an overall response rate of 78% in these patients with a median of three prior lines of
therapy. Based on these results, the phase 3 DREAMM-7 study is now enrolling patients to
evaluate bortezomib-dexamethasone with or without belantamab mafodotin in patients
with at least one prior therapy. DREAMM-8 is another phase 3 study, which randomizes
patients with at least one prior line of therapy (including lenalidomide) to pomalidomide—
dexamethasone or pomalidomide-dexamethasone with belantamab mafodotin. Newly
diagnosed transplant-ineligible MM patients can be enrolled in the DREAMM-9 study,
which compares VRD with or without belantamab mafodotin.

Several other BCMA-targeting ADCs are in development, including AMG-224 and
MEDI2228 [63,64]. AMG-224 is a BCMA antibody conjugated to the tubulin inhibitor
mertansine (DM1). In a phase 1 study with 42 patients with a median of 7 prior lines
of therapy, the overall response rate was 23% and the recommended phase 2 dose was
determined as 3 mg/kg [63]. Ocular adverse events were reported in 21% in the escalation
cohort and 36% in the expansion cohort, but no dose reduction or delays were reported due
to ocular events [63]. MEDI2228 is another BCMA-specific ADC with a DNA cross-linking
pyrrolobenzodiazepine (PBD) dimer as a warhead, which is currently under clinical evalua-
tion [64]. The overall response rate in 41 patients (56% triple-class refractory) treated at the
maximum tolerated dose (0.14 mg/kg, every three weeks) was 66% with a median duration
of response of 5.9 months. Although keratopathy was not reported in the 0.14 mg/kg
cohort, photophobia was commonly observed (all grade: 59%; grade > 3: 17%). ADCs
targeting other MM-associated antigens are also in (pre)clinical development, such as
ADCs targeting CD38, CD138, CD46, and FcRLS5 [61].

Importantly, several immunotoxins and immunocytokines are also in early phases
of clinical development. This includes TAK-169, which comprises an anti-CD38 single-
chain variable fragment fused to the Shiga-like toxin A-subunit [65], and TAK-573, a
CD38-specific IgG4 antibody fused to an attenuated form of human IFN«2b [66]. TAK-573

89



Hemato 2021, 2

not only has direct anti-tumor activity, but also has the ability to enhance immune cell
function [67].

5. Bispecific Antibodies

Durable remissions in a subset of MM patients, who received an allogeneic stem cell
transplantation (allo-SCT) or a donor lymphocyte infusion (DLI), provided evidence of the
existence of a graft-versus-myeloma effect mediated by donor T cells [68-71]. However,
because allo-SCT and DLI are also associated with the development of sometimes life-
threatening, infections and graft-versus-host disease, several new strategies that use T cells
to eliminate MM cells have been developed with high potency and a better safety profile,
compared to allo-SCT. This includes T cells genetically modified to express a chimeric
antigen receptor (CAR) that targets a surface antigen expressed on the MM cell. BCMA-
specific CAR T cells are very promising, with high response rates and durable responses
observed in heavily, often triple-class refractory, MM patients [72-76]. An alternative, off-
the-shelf approach to redirect T cells to MM cells is the application of bispecific antibodies
(Figure 1) [77,78].

The first-in-class T cell redirecting antibody used in MM is AMG-420 (Table 4) [79].
AMG-420 is a bispecific T cell engager, comprising two single-chain fragment variables
and a peptide linker, and lacking an Fc domain. AMG-420 binds with one arm to the CD3
antigen present on the T cell surface, and with the other arm to BCMA, present on the MM
cell. This coupling of T cells and MM cells results in T cell activation and degranulation, and
subsequently, MM cell death. AMG-420 has a short half-life and needs to be administered
via continuous intravenous infusion over four weeks of each six-week cycle [79]. The
overall response rate of AMG-420 in patients (median of 3.5 prior lines of therapy), treated
at the maximum tolerated dose was 70%, with cytokine release syndrome observed in
38%. Other side effects included infections, cytopenias, and polyneuropathy [79]. Clinical
development of AMG-420 stopped because of the need for continuous infusion, which
can be challenging for patients. A half-life extended variant, AMG-701, which can be
administered once weekly, is now being evaluated in clinical trials with promising results
from the phase 1 trial. The overall response rate was 83% in the most recent evaluable
cohort, with four out of five responders being triple-class refractory [80].

Teclistamab is another IgG-like bispecific antibody with high activity in advanced
MM [81]. In an ongoing phase 1 study, it is administered via intravenous (I.V.) infusion
or subcutaneous (S.C.) injection [82]. Most active doses were 270-720 pg/kg I.V. and
720-3000 ng/kg S.C., with an overall response rate at these doses of 69% (overall response
rate: 67% (18/27) in LV. cohorts and 71% (29/41) in S.C. cohorts). The overall response rate
at the recommended phase 2 dose of 1500 ug/kg (S.C. administration) was 73%, including
at least a very good partial response (VGPR) in 55% of the patients (1 = 22, 85% triple-class
refractory) [82]. These responses were durable and improved over time. Teclistamab was
well-tolerated at the dose of 1500 ug/kg S.C., with only grade 1 or 2 cytokine release
syndrome (CRS) events, mainly occurring following the step-up dosing or first full dose. A
phase 2 expansion study has started based on these promising results.

Preliminary results from other studies also show promising activity of IgG-like BCMA-
targeting bispecific antibodies such as CC-93269, which is characterized by bivalent binding
to BCMA [83]. Response to CC-93269 was dose-dependent, with an overall response rate of
43% in all patients (1 = 30; 67% triple-class refractory) and 89% in the nine patients treated
with 10 mg CC-93269, including CR in 44%. CRS occurred in 77% of patients, including one
grade > 3 event [83]. This study is ongoing to define the recommended phase 2 dose. Other
BCMA /CD3-bispecific antibodies in clinical development are PF-06863135, REGN5458,
and TNB-383B (see Table 4) [84-86].
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Several studies are also evaluating bispecific antibodies targeting other MM-associated
antigens such as GPRC5D and FcRH5. Talquetamab is the first-in-class GPRC5D-targeting
bispecific antibody with high activity in triple-class refractory MM [87]. In an ongoing
phase 1 study, talquetamab is administered once weekly via intravenous infusion or subcu-
taneous injection. Talquetamab has a tolerable safety profile at the recommended phase 2
dose of 405 png/kg S.C. Frequent adverse events include CRS (no grade 3 events reported
with S.C. dosing) and skin toxicity including nail disorders. The overall response rate in the
19 patients (68% triple-class refractory) treated with 405 ug/kg S.C. was 69%, including at
least VGPR in 39% [87]. Finally, cevostamab is the first-in-class FcRH5-targeting bispecific
antibody which is administered intravenously every three weeks [88]. Preliminary results
of the first 53 patients (72% triple-class refractory) have been reported [88]. The overall
response rate was 53% in 34 patients who received active doses. CRS was observed in 76%
of patients (grade > 3 in 2%).

6. Conclusions

The last decade has demonstrated substantial progress in immunotherapy of MM
patients. Firstly, the incorporation of CD38-targeting antibodies into standard-of-care
relapse and frontline regimens has markedly improved the outcomes of MM patients. In
addition, more recently, several clinical studies have shown that new antibody formats
such as immunoconjugates and bispecific antibodies have high activity in extensively
pretreated, often triple-class refractory, patients. Given the high activity of these new
immunotherapies, several ongoing studies are evaluating the value of these novel therapies
in earlier phases of the disease (early relapse as well as newly diagnosed disease), frequently
combined with other anti-MM agents, such as CD38 antibodies or IMiDs. Given the high
single agent activity of bispecific antibodies, these agents may also be applied in patients,
who remain minimal residual disease-positive after optimal induction therapy with or
without transplant. Efforts are also ongoing to mitigate eye toxicity associated with the
BCMA-targeting ADCs. Another open research question is which patients will benefit
most from BCMA-targeting CAR T cells, bispecific antibodies, or ADCs. In this respect,
not only are differences in efficacy of importance, but safety aspects also play a role.
Pre-existing ocular toxicity may limit the applicability of belantamab mafodotin, while
compromised cardio-pulmonary function may limit the use of bispecific antibodies or
CART cells, which often induce CRS. Another important aspect is the direct “off-the-shelf”
availability of bispecific antibodies and ADCs, while CAR T cell therapy needs more time
for manufacturing. Patients with rapidly progressing disease may benefit most from such
“off-the-shelf” approaches. However, in the future, allogeneic CAR T cells or NK cells may
be able to overcome such logistical issues. The role of immune fitness also deserves further
investigation, because the use of T cell redirection therapy with bispecific antibodies or
CART cells early in the disease course may be more effective than in end-stage MM, where
the cumulative exposure to immunosuppressive anti-MM agents has resulted in substantial
impairment of T cell function. In the near future, we will learn whether earlier application
of these novel immunotherapies, in combination with other agents, will lead to further
improvements in the survival of MM patients.
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Abstract: Allogeneic hematopoietic cell transplantation in multiple myeloma has evolved over the
decades. Myeloablative regimens have been replaced by the reduced intensity and non-myeloablative
conditionings to reduce treatment-related toxicity and mortality while sparing graft-vs.-myeloma
effects. Newer agents with potent anti-myeloma activity are not mutually exclusive and the com-
bination with an allograft may improve long-term outcomes in this incurable disease especially in
high-risk patients. Allografting may also be a platform for other promising new cell therapies such
as CAR T-cells, NK-, and CAR NK-cells. These studies are warranted in the context of clinical trials.
This review highlights the progress that has been made over the decades and possible future roles of
allografting in the treatment landscape of multiple myeloma

Keywords: allogeneic transplantation; myeloablative; non-myeloablative; multiple myeloma; new
drugs; CART

1. Introduction

In 1955, Main and Prehn by giving mice lethal irradiation and marrow from an H2
incompatible strain were able to avoid the rejection of a subsequent skin graft from the
same donor strain [1]. It would be later proved that the survival of the graft was due to the
persistence of donor cells leading to “tolerance”. These experiments contributed to lay the
foundation stone of the currently most established form of cell immunotherapy: allogeneic
bone marrow transplantation. In the late 1950s, the first attempts to treat hematologic
patients with irradiation and intravenous infusion of marrow from healthy donors were
reported and, in 1970, approximately 200 patients had been treated. Unfortunately, all
attempts had failed [2]. However, the perseverance of E.D. Thomas and his group led to the
first successful reports in patients with leukemia and aplastic anemia in the mid-1970s [3,4].
Since then a history of tremendous breakthroughs unfolded in the field of allogeneic bone
marrow transplantation and cell immunotherapy.

The role of allograting in multiple myeloma (MM) has always been hotly debated
though it remains the only potentially curative treatment. Initially, high rates of trans-
plant toxicity and long-term risk of relapse have prevented its widespread use. However,
over time, many factors, such as greatly improved supportive care and reduced toxicity
conditioning regimens, combined to significantly reduce the risk of lethal complications.
So, nowadays, as for all other therapies for MM, disease recurrence is the major cause of
treatment failure. In this review, we highlight the progress that has been made over the
past decades, and the potential current role of allografting in combination with potent
anti-MM agents and other cell therapies such as CAR T and CAR NK therapies (Figure 1).
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Figure 1. Timeline of allografting and cell therapies over the decades in multiple myeloma.

2. The First Reports: Myeloablative Conditionings and Their Toxicity

The very first experiences were reported by D Thomas from Seattle in 1957, as part
of a transplant series of six patients with hematologic malignancies [4]. All patients died,
and only one showed signs of engraftment. In the mid-'80s a few other centers presented
case reports with encouraging results. Impressive was the report by Garthon et al. from
the Karolinska Institute, in 1983, where a woman with refractory MM was treated with
an allograft [5]. The patient achieved complete remission (CR) that lasted for longer than
3 years. Though the patient was not cured, the interest in allografting for MM was growing.
The reports from the late 1980s/early 1990s included only myeloablative conditioning
regimens. Cyclophosphamide was used in association with total body irradiation (TBI)
or busulfan, or melphalan with TBI [6-17]. At that time, these conditions were limited to
young medically fit patients. However, in MM patients, transplant-related mortality (TRM)
up to 60% was clearly higher if compared to other diseases. Reasons for these unacceptable
toxicity rates were somehow difficult to find. The profound immunodeficiency typical
of all plasma cell dyscrasias may have been responsible for the TRM observed in MM.
Most representative reports are illustrated in Table 1. Among them, the US intergroup trial
(59321) was of particular interest given its prospective design comparing autografting with
myeloablative allografting [10]. This study enrolled newly diagnosed MM patients and
compared early vs. late autografting, but also included a third arm that allowed patients,
under the age of 55, with HLA-identical siblings to undergo myeloablative allografts.
This arm was prematurely closed given an excessively high early TRM of 53% in the first
36 patients enrolled. However, after a follow-up of 7 years, overall survival (OS) was
overlapping in both autologous and allogeneic recipients with progression-free survival
(PFS) of 15% and 22%, respectively. However, while the risk of relapse progressively
continued in the autograft patients, OS for the allograft cohort reached a plateau with
follow up extending to 10 years. Despite the higher risk of toxicity, the conclusion drawn
by the Authors was that allografting was the only curative treatment for MM.
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Table 1. Myeloablative conditioning regimens for allografting in multiple myeloma.

Reference

Conditioning

Transplant-Related Mortality %

Complete Remission %

Overall Survival %

11

Mel (100 mg/mz),
TBI (12 Gy)

53 (at 1 year)

39 (at 7 years)

12

Bu, Cy, +£TBI

48 (at day 100)
63 (at 1 year)

34

22 (at 5 years)

13

Cy, TBI
Bu, Cy
Mel (100 mg/m?), TBI

19 (at day 100)

62

47 (at 3 years)

14

Cy, TBI (14Gy)
Bu, Cy

10

55 (at 2 years)

15

Mel (110 mg/m?), TBI
(10.5Gy) Cy,
TBI Cy, Mel
Bu, Cy

54

37

36 (at 3 years)

16

Cy, TBI (12Gy)
Mel (140 mg/m?), TBI
(10.5Gy)

Bu, Cy
Others

22

57

32 (at 40 months)

17

Mel (160 mg/m?), TBI
(12Gy)
Cy, TBI (12Gy)
Bu, Cy

59

50

32 (at 3 years)

18

Cy, TBL
Mel, TBI
Bu, Cy, TBI
Others

25

40 (at 3 years)

Abbreviations: Bu: Busulfan; Cy: cyclophosphamide; TBI: total body irradiation; Mel: melphalan.

Over the years, toxicity appeared to be gradually reducing. A retrospective registry
analysis from the European Bone Marrow Transplant (EBMT) group reported a significant
improvement in OS in the late 1990s owing to a reduction in transplant-related mortal-
ity [18]. Six-hundred-ninety patients, median age 44 years, who underwent myeloablative
allografts were divided into two groups depending on the year of transplant: 1983 through
1993 versus 1994 through 1998. TRM rates at 6 months and 2 years were lower in the period
1994-1998 than between 1983-1993, 21% versus 38% and 30% versus 46%, respectively.
Reduced toxicity correlated with better OS and PER at 3 years from 35% to 55% and from
7 to 19 months for the period 1994-1998. Undoubtedly, the reduction in TRM was at least
partly due to improved supportive care and better patient and donor selections.

Overall, the retrospective nature of most of these studies prevented determining
the real role of myeloablative allografting in MM. Of note, most patients were heavily
pretreated, had the chemo-resistant disease at transplant, and received a variety of condi-
tionings and GvHD prophylaxes. Despite selection bias, however, it was clear that better
clinical outcomes were associated with patients with chemo-sensitive MM. In most studies,
only 10-25% of patients eventually became long-term disease-free survivors, but those
were potentially cured.

3. The Concept of Tandem Autologous-Allogeneic Transplantation and
Reduced-Intensity Conditioning Regimens

The use of myeloablation prior to transplant was commonly limited to young med-
ically fit patients. This prevented many elderly patients from receiving potentially cura-
tive treatment for their hematological malignancy. In the late 1990s, investigators were
prompted to explore highly immunosuppressive, but less myelosuppressive, conditionings
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that could establish stable donor engraftment, reduce transplant-related organ toxicities,
and spare graft-vs.-tumor effects (Table 2). A series of pioneering preclinical studies, soon
translated into clinical practice, was carried out by the Seattle group where it was shown
that stable donor engraftment could be obtained with a combination of low dose non-
myeloablative TBI (200 cGy) and fludarabine, followed by unmanipulated G-CSF mobi-
lized donor peripheral blood stem cells and potent immunosuppression with cyclosporine
and mycophenolate mofetil [19]. However, the risk of engraftment failure and rejection
was higher in those patients, including MM patients, who had not received prior intensive
chemotherapy for the treatment of their underlying malignancies. The hypothesis that the
risk of graft-failure and the TRM of myeloablative conditionings could be circumvented
by introducing a tandem approach of an autologous transplant followed, 2—4 months
later, by a non-myeloablative TBI based allograft was clinically investigated. The rationale
for this tandem autologous-allogeneic approach was to separate in time the high-dose
cytoreduction with melphalan (200 mg/m?) and the curative graft-vs.-myeloma with the
potential of drastically reducing TRM and mortality. Of note, the burden of tumor erad-
ication was almost totally shifted to donor-derived T cells. Initially, the Seattle group
reported 52 newly diagnosed MM patients, treated with this tandem modality, with a
complete remission rate of 48% while PFS and OS were 48% and 69% respectively [20].
The same tandem concept was also developed by Kroger et al. in Germany with the
conditioning of melphalan, fludarabine, and anti-thymocyte globulin using both related
and unrelated donors [21,22]. In the early 2000s, the tandem autologous-allogeneic ap-
proach was the only innovative procedure in the armamentarium of MM treatments that
could be clinically investigated. Thus, before the era of so-called new drugs with potent
anti-myeloma effects, prospective randomized clinical trials comparing allografting after
non-myeloablative /reduced-intensity conditioning and double autologous transplantation
were designed. The concept of Mendelian or genetic randomization was applied. This
concept relies on the biological process through which offspring inherit genetic traits half
from each parent. One in four siblings is then expected to have a potential HLA-identical
sibling donor. Comparing by the intention-to-treat analysis patients with HLA-identical
siblings, who could be assigned to allografting, and those without such siblings, who could
only receive an autograft, was a surrogate for an unbiased randomization.

Table 2. Allografting in multiple myeloma after the introduction of non-myeloablative/reduced intensity conditionings.

Reference

Type of Conditioning/
Study Design

Event Free Survival or
Progression-Free
Survival

Transplant-Related
Mortality

Overall Survival

[21]

Non-myeloablative/Prospective
Phase II Auto-Allo in Newly
Diagnosed MM

0% at 100 days NR

78% at 552 days

[22]

Reduced-Intensity/Prospective
Phase II Auto-Allo in Newly
Diagnosed MM

11% at 100 days 70% at 13 months

76% at 13 months

[23]

Reduced Intensity /Prospective
Phase II Auto-Allo from
Unrelated Donors

10% at 100 days 53% at 2 years

74% at 2 years

[24,25]

Reduced Intensity /Prospective
Comparison Auto-Allo vs.
Tandem Auto in High Risk

Newly Diagnosed MM

11% vs. NR 19 vs. 22 months

34 vs. 49 months

[26,27]

Non-myeloablative/Prospective
Randomised Auto-Allo vs.
Tandem Auto in Newly
Diagnosed MM

16% vs. 2% at 6.5 years 35 vs. 29 months

80 vs. 54 months

[28]

Reduced Intensity /Prospective
Comparison Auto-Allo vs.
Tandem Auto in High Risk

Newly Diagnosed MM

16% vs. 5% Not reached vs. 31 months

Not reached vs. 58 months
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Table 2. Cont.

Reference

Type of Conditioning/
Study Design

Transplant-Related
Mortality

Event Free Survival or
Progression-Free
Survival

Overall Survival

[29,30]

Non-myeloablative/Prospective
Randomised Auto-Allo vs.
Tandem Auto in Newly
Diagnosed MM

16% vs. 3% at 8 years

25% vs. 18% at 8 years
27% vs. 15% at 8 years

42% vs. 33% at 10 years
42% vs. 29% at 10 years

[31,32]

Non-myeloablative/Prospective
Randomised Auto-Allo vs.
Tandem Auto in Newly
Diagnosed MM

20% vs. 9% at 6 years
20% vs. 11% at
10 years

22% vs. 25% at 6 years
18% vs. 19% at 10 years

59% vs. 60% at 6 years
44% vs. 43% at 10 years

[33,34]

Non-myeloablative/Prospective
Randomised Auto-Allo vs.
Tandem Auto in Newly
Diagnosed MM

NR

43% vs. 39% at 3 years
22% vs. 12% at 8 years

75% vs. 68% at 3 years
49% vs. 36% at 8 years
48% vs. 27% at 10 years

Multiple
regimens/Retrospective
Haploidentical Allografting in
MM Relapsed/
Refractory Patients

10% at 18 months

33% at 18 months

63% at 18 months

[36]

Multiple
regimens/Retrospective
Haploidentical Allografting in
MM Relapsed/
Refractory Patients

21% at 1 year

17% at 2 year

48% at 2 year

Multiple regimens/Prospective
Randomised Auto-Allo vs.
Tandem Auto in MM Patients in
First Relapse

27% at 5 years

NR

31% vs. 9% at 7 years

Abbreviations: MM multiple myeloma, NR: not reported.

A first such study comparing two trials on high-risk MM, in the light of elevated
serum (2-microglobulin and del(13), was initially reported by the French group [23,24].
All patients received an autograft (melphalan 220 mg/m?). Sixty-five with HLA-identical
sibling donors were then treated with an allograft after a regimen combining busulfan,
fludarabine, and high-dose anti-thymocyte globulin. Outcomes were compared with
219 high-risk patients who received a second autograft (melphalan 220 mg/m?). TRM and
response rates did not significantly differ. After a median follow-up of 2 years, OS and
event-free survival (EFS) were 35% and 25%, and 41% and 30% for the double autologous
and the autologous-allogeneic groups, respectively. This study was criticized for the use of
high dose anti-thymocyte globulin that, though probably reduced the incidence of chronic
graft vs. host disease to 7%, prevented potentially curative GvM. The first study which
showed superior results with the auto-allo tandem approach was reported by the Italian
group [25,26]. Two-hundred-forty-five consecutive newly diagnosed myeloma patients, up
to 65 years, diagnosed between 1998-2004 were included. Patients received VAD-based
regimens followed by standard autograft (melphalan 200 mg/m?). Eighty patients with
HLA-identical siblings were offered non-myeloablative TBI conditioning followed by an
allograft. Eighty-two patients without HLA-identical siblings were assigned to receive
a second autograft after high-dose or intermediate doses of melphalan (140-200 mg/ m?,
and 100 mg/m?, respectively). In the first report, at a median follow-up of 45 months,
OS and EFS were significantly longer in patients with donors: 80 vs. 54 months and
35 vs. 29 months. Having an HLA-identical sibling was the only independent variable
significantly associated with longer OS and EFS. Overall, in patients who completed the
assigned treatments as per protocol arms, TRM was 10% and 2%, respectively. Median
OS was not reached in the tandem auto-allo group and was 58 months in the tandem
autologous group. EFS was 43 and 33 months, respectively. In the latest update, more than
7 years from diagnosis, the median OS was not reached in the auto/allo group vs. 4.2 years
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in the tandem auto group (p = 0.001) [26]. The long-term follow-up is a major strength of
the study through the number of patients enrolled in the two cohorts is low. The Spanish
study PETHEMA [27] enrolled only 25 patients in the auto-allo arm who were compared to
85 patients who received auto-auto. In this study design, only patients who did not reach
CR or near CR after the autograft were eligible to either the allograft or a second autograft
in the light of the availability of an HLA-identical sibling donor. Conditioning regimens
used for the allograft were melphalan and fludarabine, while for the second autograft
was cyclophosphamide, BCNU, etoposide (CBV), or high-dose melphalan. The difference
was not statistically significant between the two arms, though the median time for PFS
and OS were superior in the auto-allo cohort. The HOVON-50 study [28,29] enrolled
260 patients. One hundred-twenty-two had an HLA-identical sibling donor. Ninety-nine
out of the 122 patients with a donor were treated with an auto/allo approach, whereas
patients without a donor received a tandem auto/auto or maintenance with thalidomide
after the first autograft. By intention to treat analysis, no significant differences in PFS or
OS between the two groups at 8 or 10 years. However, when only the 99 patients who
completed the protocol receiving the allograft (n = 99) were compared to the 122 who
continued maintenance or received a second auto, there was a significant advantage in PFS
for the allo patients at 8 years, this did not translate into a significantly better OS. The largest
multicenter prospective study is the BMT-CTN 0102 trial [30]. It accrued 710 patients under
the age of 70 years of age; 625 had the standard-risk disease. One hundred-fifty-six (83%)
of 189 patients with the standard-risk disease were treated with the auto-allo (200 cGy
TBI) in the light of absence/presence of an HLA-identical sibling donor; and 366 (84%)
of 436 without donors tandem auto/auto (high-dose melphalan, 200 mg/ m?). Primary
endpoints in standard-risk myeloma (32 microglobulin < 3.0 mg/L and absence of deletion
13 by classic karyotyping) were OS and PFS. In the initial report, there was no statistically
significant difference in 3-year PFS or OS between the two cohorts. In a recent update [31],
there was still no significant difference between PFS and OS at 6 and 10 years, respectively,
in standard-risk patients whereas allo patients with high-risk disease had better long-term
clinical outcomes. The second-largest multicenter study, the EBMT study [32,33], included
357 patients from 23 European centers. Patients younger than 70 years of age with an
HLA-identical sibling were allocated to auto-allo (n = 108) and those without to tandem
auto (n = 249). Trial results were first published in 2011 [32] and updated in 2013 [33] with
a median follow-up of 96 months. PFS and OS were significantly superior in the auto-allo
cohort as compared to the single auto or tandem auto at that time (22% vs. 12% (p = 0.027,
and 49% vs. 36% (p = 0.030), at 96 months). The reason for the superior PFS and OS in
the auto-allo cohort was a lower relapse rate despite higher TRM. Of note, at a follow-up
of 36 months, there was no significant difference in PFS or OS indicating that long-term
follow-up is necessary to see the benefits of the allograft. By protocol analysis, comparing
the patients who had received the auto-allo transplant (1 = 92) with those who received
tandem auto (1 = 104), the same differences were confirmed.

Importantly, two meta-analyses which included some of these studies were carried
out [34,38]. In the first one, published in 2013, Armeson et al. used a comprehensive
search strategy of published and unpublished reports including six clinical trials. Their
findings showed that in the upfront management of MM, auto-allo was associated with
higher TRM and CR rates without improvement in clinical outcomes (OS and PFS) [34,38].
However, the most recent meta-analysis employed an individual patient data analysis
that included the Italian study, the Spanish PETHEMA, the EBMT—NMAM2000, and
BMT-CTN studies for a total of 1338 patients, 439 in the auto-allo group and 899 in the
auto-auto group respectively [38]. At a median follow-up of 118.5 months, 5-year OS,
and 10-year OS were 62% vs. 59%, and 44% vs. 36% at 10 years (p = 0.01) for auto-allo
and tandem auto respectively, whereas 5-year PFS and 10-year PFS were 30.1% vs. 23.4%
(p = 0.01) and 18.7% vs. 14.4% (p = 0.06) for auto-allo and tandem auto. Overall, this
individual patient data analysis showed a significantly longer PFS and OS with the auto-
allo approach. However, the study also stresses the importance of a long follow-up to
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evaluate the difference between the two transplant modalities. Moreover, the advantage of
the allo-auto approach may partly be due to a long-term effect of GvM, but, most likely, to
the synergy of the residual donor T cells at relapse and the rescue with novel anti-myeloma
agents with immune-modulatory activities.

4. Haplo-Identical Transplantation

The use of post-transplant cyclophosphamide (PT-Cy) to selectively deplete allo-
reactive T cells has allowed to considerably increase the number of haploidentical-HCT.
The encouraging clinical findings reported in other malignancies prompted investigators
to evaluate the role of haploidentical-HCT also in relapsed /refractory myeloma [35,36,39].
Castagna et al. reported on a series of 30 heavily pretreated MM patients who received
haplo-HCT with PT-Cy as GVHD pro-phylaxis. Cumulative incidences of relapse/progres-
sion and non-relapse mortality at 18 months were 42% and 10%, respectively. Cumulative
incidences of grade II-IV acute GVHD and chronic GVHD were 29% and 7%. After a
median follow-up of 25 months, 18-month progression-free survival (PFS) and overall
survival (OS) were 33% and 63%, respectively [39]. A larger series was reported in a
retrospective EBMT/CIBMTR study that included 96 patients, transplanted between 2008
and 2016, who had relapsed and all had received a prior autologous transplant. PT-Cy
was administered to 73 patients and the remaining patients received non-PT-Cy-based
GVHD prophylaxis regimens. After a median follow-up of 2 years, 2-year progression-free
survival (PFS) was 17%, and overall survival (OS) was 48%. At 2 years, the cumulative
risk of relapse/progression was 56%, and 1-year non-relapse mortality (NRM) was 21%.
Incidence of grade II-IV acute GVHD and chronic GVHD were 39% and 46%, respec-
tively [35]. Though patient series were rather heterogeneous, chemo-refractory disease at
transplantation was invariably associated with lower clinical outcomes. However, both
studies showed an association between the use of PT-Cy and substantially improved OS, en-
couraging further studies of haploidentical-HCT in patients with MM. These encouraging
results also led to further investigation. In a recent study, the hypothesis that natural killer
(NK) cell alloreactivity may reduce MM relapse in the setting of a haploidentical-HCT was
evaluated. A prospective phase 2 study using a killer cell immunoglobulin-like receptor
(KIR)-ligand mismatched haploidentical donor included 12 patients with poor-risk MM.
The graft source was bone marrow. The primary endpoint was 1.5-year PFS. All patients
relapsed within a median time of 90 days leading to a premature study termination in the
light of predefined stopping rules. In this small patient series with chemo-refractory MM,
NK cell KIR mismatch was not superior to conventional allo-SCT [36].

5. Allografting in Refractory/Relapsed Myeloma and High-Risk Disease

The emergence of new agents with potent anti-myeloma activity and the conflicting
results of allografting in newly diagnosed myeloma patients with the tandem auto-allo
approach did not allow to identify a definite role for allografting in the upfront setting,
and an allograft became more commonly used in the setting of relapsed /refractory dis-
ease [37,40-42]. Moreover, in the early 2000s disease stratification by cytogenetics analysis
was not routinely carried out, and, at that time, the only del13q- was thought to be primarily
associated with poor prognosis. Among others [37,40-42], a significant study was reported
by Patriarca et al. where the Authors compared 79 patients who received an allograft
at first relapse with 90 patients, without an available HLA-identical donor, who were
then treated with combinations of bortezomib and immunomodulatory drugs. Patients
who received an allograft showed a significantly better 7-year OS and PFES of 31% and
9% compared to 18% and 0%, respectively [43,44]. Of note, this study was an updated
analysis of a previous report where clinical outcomes were not different between the 2 co-
horts of patients stressing once more that long-term follow-up is needed to evaluate the
potential effects of an allograft [43,44]. Several other studies have been reported [37,40—-42].
However, the often relatively small numbers of the patient series, the retrospective nature,
and a not standardized maintenance approach make it difficult to define the real role of
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allografting in the setting of refractory/relapsed patients. However, in the attempt to reach
a consensus on clinical recommendations, members from four scientific societies (including
the International Myeloma Working Group, the American Society of Blood and Marrow
Transplantation and Cell Therapies (ASBMT), the European Society of Blood and Marrow
Transplantation (EBMT), and the Blood and Marrow Transplant Clinical Trials Network)
agreed that allografting should be considered in patients with early relapse (less than
24 months from diagnosis) after first-line treatment with an autograft or in those patients
with high-risk features such as poor cytogenetics and plasma cell leukemia [45]. Preferably,
patients should be enrolled in well-designed prospective trials.

Currently, cytogenetic abnormalities are routinely evaluated to establish prognosis
in MM patients at diagnosis and at different follow-up timepoints. Aberrations such
as dell7p, t (4; 14), t (14; 16), gain (1q), and del8p have clearly been associated with
poor clinical outcomes. Unfortunately, these aberrations were not known when most
biological randomized studies, before the era of new drugs, were designed in newly
diagnosed patients. Dell3q was initially the first chromosomal abnormality that was
associated with poor outcome but is now primarily considered a surrogate marker of
other aberrations. Whether GvM, especially if combined with anti-myeloma agents, may
overcome the poor prognosis determined by certain cytogenetic aberrations remain a
matter of debate. In an update of the EBMT-NMAM2000 study, del13q-pos patients in the
autograft cohort did worse than del13q-neg patients. However, there was no difference
in clinical outcomes between dell13q-neg patients and del13g-pos patients in the auto-
allo cohort shoeing that GvM might overcome the negative effects of this aberration [33].
More recently, a phase 3 trial by Knop et al. compared tandem auto-auto vs. auto-allo
(with reduced-intensity conditioning) in patients with newly diagnosed MM and del13q.
The availability or absence of an HLA-identical matched donor determined the nature
of the second transplant. The primary endpoint was PFS by intention-to-treat analysis.
At a median follow-up of 91 months, median PFS was 34 vs. 21 months in the auto-allo
cohort vs. tandem auto (p = 0.003), whereas OS was 70.2 versus 71.8 months (p = 0.856),
respectively. However, in patients carrying both del13q and del17p, median PFS and OS
were 37.5 and 61.5 months in the auto-allo (n = 19) vs. 6.1 and 23.4 months in the tandem
auto cohort (p = 0.0002 and 0.032). These findings suggest a survival benefit for the first-
line allografting in high-risk MM [46]. In another interesting report by Kroger et al. [47],
16 out of 73 patients carrying del17p13 and/or t (4; 14) who had received tandem auto-allo
(reduced-intensity conditioning) experienced similar 5-year PFS as those without such
aberrations (24% vs. 30%, respectively, p = 0.70) suggesting that GvM might overcome the
poor prognostic impact associated with chromosomal abnormalities.

6. Allogeneic Transplantation and Novel Agents: An Immunological Synergy

Most of the randomized trials comparing auto-allo vs. auto-auto in the upfront
setting were designed before the era of new drugs. However, multiple treatment choices
became available at the time of relapse as newer agents, over the years, were approved
for MM patients. Giaccone et al. reported for the first time the observation that OS after
relapse was significantly longer in the auto-allo cohorts as compared to tandem auto [26].
These preliminary findings were also confirmed by Gahrton et al. in an update of the
EBMT- NMAM 2000 experience [33]. A larger retrospective analysis was carried out at the
Center for International Blood and Marrow Transplant Research (CIBMTR) [48]. Htut et al.
compared post-relapse OS after auto-allo vs. tandem auto in patients prospectively reported
to the CIBMTR between 2000 and 2010. Overall, after a median follow-up of 8.5 years,
404 patients (72%) had relapsed in the auto-auto cohort and 178 (67%) in the auto-allo
cohort group. Interestingly, at six months after the second transplant, in the auto-allo
group, 46% of the total relapses had already occurred as compared to 26% in the auto-
auto group. However, 6-year post-relapse OS was 44% in the auto-allo group and 35%
in the auto-auto group (p = 0.05). Of note, by multivariate analysis, both groups had
a similar risk of death during the first year after relapse, nonetheless, for time points
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beyond 1 year, the auto-allo group had significantly superior OS (p = 0.005). The recurrent
observation that there appears to be a synergy between donor-derived T cells and the
immunologic effects of several anti-myeloma agents may partly be explained by recent
functional studies. Wolschke et al. showed that lenalidomide enhances both NK and T
cell-mediated anti-myeloma activity after allografting; while Kneppers et al. showed that
lenalidomide increases HLA-DR + T cell subsets indicating T cell activation [49,50].

7. Minimal Residual Disease (MRD) and Graft-vs.-Myeloma

GvM, potentially curative for MM, consists of an immunological response of donor
T cells against myeloma cells through the recognition of possibly disease-specific anti-
gens. This evidence was initially documented by the achievement of CR following dis-
continuation of immunosuppression or after the infusion of donor T cells in patients
with post-transplant relapse [13,51,52]. Some Investigators, however, reported that the
strongest predictors for response to donor lymphocyte infusions were acute and chronic
GvHD [53-56] indicating that GVHD and GvM may share the same antigenic targets
(Figure 2). Bruno et al., however, reported that the development of chronic GVHD was not
correlated with CR rates and response duration [26] suggesting that subclinical long-term
graft-vs.-host reactions may occur in the absence of GVHD. Flow cytometry and PCR meth-
ods are more sensitive than standard immunofixation to evaluate the death of response and
may help to identify treatment algorithms capable of eradicating the disease [57,58]. Thus,
the application of studies on MRD is currently expanding [58]. The possible achievement
of molecular remission (MR) by PCR methods is further evidence for GvM. High rates of
prolonged MR, a reliable indicator of maximal reduction and potential disease eradication,
were initially reported after myeloablative conditioning [59,60]. The predictive value of
molecular monitoring after a myeloablative allograft was assessed by a European Group
for Blood and Marrow Transplantation (EBMT) longitudinal study on patients who reached
clinical CR [60]. Of 48 evaluable patients, 16 (33%) attained durable post-transplant PCR-
negativity after transplantation, whereas 13 (27%) remained persistently PCR-positive and
19 (40%) showed a mixed pattern. The cumulative risk of relapse at 5 years was 0% for PCR-
negative patients, 33% for PCR-mixed patients, and 100% for PCR-positive patients [60].
More recently, durable MR has also been reported with non-myeloablative conditioning
where the burden of tumor eradication is completely shifted toward donor T cells and
their ability to generate graft-vs.-myeloma effects. After a remarkable median follow-up of
12 years in a cohort of 26 patients treated with the tandem auto-non myeloablative allo ap-
proach, Ladetto et al. reported that the achievement of MR by nested-PCR was significantly
associated with better long-term OS and EFS [61]. Not only median durations of both OS
and EFS had not been reached at follow-up, but some patients had been disease-free and
off-therapy up to 20 years (Figure 3). It is interesting to notice that in the EBMT study
the occurrence of MR was observed in the early post-transplant follow-up whereas after
the non-myeloablative conditioning patients usually achieved MR later, up to one-year
post-transplant. This phenomenon may be explained by the immediate cytoreductive effect
of high dose conditionings, which mainly included 12 Gy TBI or high-dose busulphan, as
compared with the low dose TBI (2 Gy) non-myeloablative conditioning. Overall, these
studies report MR rates second to no other treatment approaches in MM.
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Figure 2. Graft-vs.-myeloma effect by histology (H&E staining). (A) biopsy proven myeloma cutis
at day +19 post-allograft; (B) biopsy proven skin graft-vs.-host disease at day +45; (C) biopsy of
myeloma cutis at day +60 showing lymphocyte infiltration and dying plasma cells. (Courtesy of Dr.
D. Novero).
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Figure 3. Graft-vs.-myeloma (GvM) and minimal residual disease (MDR) by nested PCR analysis.
The patient reached molecular remission (sensitivity 1/10°) in peripheral blood at one-year post-
allograft and later in the bone marrow indicative of ongoing GvM. The patient has remained in
continuous MDR negative remission for 20 years (Courtesy of Drs. M. Ladetto and D. Drandi) [61].

8. Graft-vs.-Myeloma Effects: The New Frontiers

In recent years, chimeric antigen receptor (CAR) T-cell therapy has changed the im-
munotherapy paradigm of relapsed/refractory MM with unprecedented overall response
rates [62-64]. However, patients appear to ultimately relapse despite obtaining initial high
CR rates and none of these current autologous therapies have been approved. Importantly,
main issues such as long-term clinical outcomes, toxicities, and management of compli-
cations limit their widespread use. Moreover, autologous CAR T therapies have major
limitations such as lengthy vein-to-vein turnaround time and manufacturing constraints.
Thus, allogeneic CAR T therapies may then offer an alternative to these limitations. Geneti-
cally engineered “off-the-shelf” allogeneic CAR T cells may dramatically change the current
CAR T-cell scenario in the future. Allogeneic CAR T cell therapies use healthy donor T cells,
may decrease cost, and enable broader availability [65]. Notwithstanding, allogeneic CAR-
T bears the intrinsic risk for GVHD. Thus, sophisticated technology such as TALEN- and
CRISPR-based gene editing has been introduced to manufacture allogeneic CAR-T with off-
the-shelf availability [66,67]. Overall, the current role of CAR-T in the treatment paradigm
of MM remains to be investigated. Simpler structures and multi-target approaches may
dramatically improve efficacy and safety. Long-term outcome analyses and specific detec-
tion and evaluation of CAR-T dynamics in vivo are essential to allow deeper knowledge of
their potentials. Cytogenetic high-risk features, patient selection, timing of infusion during
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the disease phase are other factors to be strictly considered to define their role. Currently,
these strategies are being investigated in preclinical and early clinical trial settings and may
reshape the indications of allografting, which so far remains the most established form of
cell immunotherapy with well-documented graft-vs.-leukemia/tumor effects.

9. Conclusions

Over the last two decades, dramatic improvements have been made in the treatment
of MM. It is widely assumed that recent results of large randomized trials undoubtedly
affirm the role of ASCT with novel potent anti-myeloma agents combined both in the
pre-transplant induction and in the post-transplant maintenance/consolidation phases.
Nonetheless, the disease remains fatal and in ultra-high /high-risk patients clinical out-
comes are very poor with survival rates of few years. Given the remarkable concomitant
reduction in toxicity of allografting in recent years, there are still areas to thoroughly
investigate where the potential GVM could be of benefit for MM patients. The inclusion
in control trials would be recommended. Unfortunately, large prospective control studies
evaluating the combination of new drugs with allo-HSCT have never been appropriately
designed. The real effects of well-designed strategies combining allografting and newer
agents will regretfully remain unknown. In patient subsets where long-term disease con-
trol cannot be expected even with the current wide armamentarium of treatment options,
allografting may play an important role to increase the chance of better long-term survival.
Clinical trials should be considered in young newly diagnosed ultra-high-risk /high-risk
patients and in those who relapse early (18 months), regardless of baseline prognostic
features, from first-line treatment. In the future, an “allo” platform may be exploited in the
context of other cell therapies such as donor-derived CAR T-cells and NK cell infusions or
immunotherapies such as bispecific T cell engagers and bispecific killer cell engagers to
evoke stronger anti-tumor effects in appropriate high risk/relapsed patient populations.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

1.

Main, ].M.; Prehn, R.T. Success skin homografts after the administration of high dosage X radiation and homologous bone
marrow. J. Natl. Cancer Inst. 1955, 15, 1023-1029.

Buckner, C.D.; Clift, R.A.; Fefer, A.; Neiman, P; Storb, R.; Thomas, E.D. Human marrow transplantation-current status.
Prog. Hematol. 1973, 8, 299-324.

Thomas, E.; Storb, R.; Clift, R.A.; Fefer, A; Johnson, EL.; Neiman, PE.; Lerner, K.G.; Glucksberg, H.; Buckner, C.D. Bone-marrow
transplantation (first of two parts). N. Engl. |. Med. 1975, 292, 832-843. [CrossRef]

Thomas, E.D. The Nobel Prize in Physiology or Medicine 1990. In Les Prix Nobel, the Nobel Prizes 1990; Frangsmyr, T., Ed.;
Nordstedts Tryckeri AB: Stockholm, Sweden, 1991; pp. 219-221.

Gahrton, G.; Ringden, O.; Lonnqvist, B.; Lindquist, R.; Ljungman, P. Bone marrow transplantation in three patients with multiple
myeloma. Acta Med. Scand. 1986, 219, 523-527. [CrossRef]

Tura, S. Bone marrow transplantation in multiple myeloma: Current status and future perspectives. Bone Marrow Transpl. 1986, 1,
17-20.

Gahrton, G.; Tura, S.; Ljungman, P; Belanger, C.; Brandt, L.; Cavo, M.; Facon, T.; Granena, A.; Gore, M.; Gratwohl, A ; et al.
Allogeneic bone marrow transplantation in multiple myeloma. N. Engl. |. Med. 1991, 325, 1267-1273. [CrossRef] [PubMed]
Bensinger, W.L; Buckner, C.D.; Anasetti, C.; Clift, R.; Storb, R.; Barnett, T.; Chaunett, T.; Shulman, H.; Appelbaum, ER. Allogeneic
marrow transplantation for multiple myeloma: An analysis of risk factors on outcome. Blood 1996, 88, 2787-2793. [CrossRef]
Gahrton, G.; Tura, S.; Ljungman, P; Biadé, J.; Brandt, L.; Cavo, M.; Facon, T.; Gratwohl, A.; Hagenbeek, A.; Jacobs, P; et al.
Prognostic factors in allogeneic bone marrow transplantation for multiple myeloma. J. Clin. Oncol. 1995, 13, 1312-1322. [CrossRef]
[PubMed]

109



Hemato 2021, 2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Barlogie, B.; Kyle, R.A.; Anderson, K.C.; Greipp, PR.; Lazarus, H.M.; Hurd, D.D.; McCoy, J.; Moore Jr, D.E; Dakhil, S.R.; Lanier,
K.S; et al. Standard chemotherapy compared with high-dose chemoradiotherapy for multiple myeloma: Final results of phase III
US Intergroup Trial S9321. J. Clin. Oncol. 2006, 24, 929-936. [CrossRef]

Bensinger, W.I; Maloney, D.; Storb, R. Allogeneic hematopoietic cell transplantation for multiple myeloma. Semin. Hemalol. 2001,
38, 243-249.

Reece, D.E.; Shepherd, ].D.; Klingemann, H.G.; Sutherland, H.J.; Nantel, S.H.; Barnett, M.].; Spinelli, ].J.; Phillips, G.L. Treatment
of myeloma using intensive therapy and allogeneic bone marrow transplantation. Bone Marrow Transpl. 1995, 15, 117-123.
Alyea, E.; Weller, E.; Schlossman, R.; Canning, C.; Webb, I.; Doss, D.; Mauch, P.; Marcus, K.; Fisher, D.; Freeman, A.; et al.
T-cell-depleted allogeneic bone marrow transplantation followed by donor lymphocyte infusion in patients with multiple
myeloma: Induction of graft-versus-myeloma effect. Blood 2001, 98, 934-939. [CrossRef] [PubMed]

Kulkarni, S.; Powles, R.L.; Treleaven, J.G.; Singhal, S.; Saso, R.; Horton, C.; Killick, S.; Tait, D.; Ramiah, V.; Mehta, J. Impact
of previous high-dose therapy on outcome after allografting for multiple myeloma. Bone Marrow Transpl. 1999, 23, 675-680.
[CrossRef]

Le Blanc, R.; Montminy-Métivier, S.; Bélanger, R.; Busque, L.; Fish, D.; Roy, D.-C.; Kassis, J.; Boileau, J.; Lavallée, R.; Bélanfer, E.;
et al. Allogeneic transplantation for multiple myeloma: Further evidence for a GVHD-associated graft-versus-myeloma effect.
Bone Marrow Transpl. 2001, 28, 841-848. [CrossRef]

Couban, S.; Stewart, A.K.; Loach, D.; Panzarella, T.; Meharchand, J. Autologous and allogeneic transplantation for multiple
myeloma at a single centre. Bone Marrow Transpl. 1997, 19, 783-789. [CrossRef]

Varterasian, M.; Janakiraman, N.; Karanes, C.; Aberlla, E.; Uberti, J.; Dragovic, J.; Raman, S.B.K.; Al-Katib, A.; Du, W.; Silver, S.M.;
et al. Transplantation in patients with multiple myeloma: A multicenter comparative analysis of peripheral blood stem cell and
allogeneic transplant. Am. J. Clin. Oncol. 1997, 20, 462—-466. [CrossRef]

Gahrton, G.; Svensson, H.; Cavo, M.; Apperley, J.; Bacigalupo, A.; Bjorkstrand, B.; Blade, J.; Cornelissen, J.; De Laurenzi, A.;
Facon, T.; et al. Progress in allogeneic bone marrow and peripheral blood stem cell transplantation for multiple myeloma: A
comparison between transplants performed 1983-93 and 1994-98 at European Group for Blood and Marrow Transplantation
centres. Br. ]. Haematol. 2001, 113, 209-216. [CrossRef] [PubMed]

McSweeney, P.A.; Niederwieser, D.; Shizuru, J.A.; Sandmaier, B.M.; Molina, A.].; Maloney, D.G.; Chauncey, T.R.; Gooley, T.A.;
Hegenbart, U.; Nash, R.A_; et al. Hematopoietic cell transplantation in older patients with hematologic malignancies: Replacing
high-dose cytotoxic therapy with graft-versus-tumor effects. Blood 2001, 97, 3390-3400. [CrossRef]

Maloney, D.G.; Molina, A.J.; Sahebi, E.; Stockerl-Goldstein, K.E.; Sandmaier, B.M.; Bensinger, W.; Storer, B.; Hegenbart, U.; Somlo,
G.; Chauncey, T.; et al. Allografting with nonmyeloablative conditioning following cytoreductive autografts for the treatment of
patients with multiple myeloma. Blood 2003, 102, 3447-3454. [CrossRef]

Kroger, N.; Schwerdtfeger, R.; Kiehl, M.; Sayer, H.G.; Renges, H.; Zabelina, T.; Fehse, B.; Togel, E.; Wittkowsky, G.; Kuse, R.; et al.
Autologous stem cell transplantation followed by a dose-reduced allograft induces high complete remission rate in multiple
myeloma. Blood 2002, 100, 755-760. [CrossRef]

Kroger, N.; Sayer, H.G.; Schwerdtfeger, R.; Kiehl, M.; Nagler, A.; Renges, H.; Zabelina, T.; Fehse, B.; Ayuk, E; Wittkowsky, G.;
et al. Unrelated stem cell transplantation in multiple myeloma after a reduced- intensity conditioning with pretransplantation
antithymocyte globulin is highly effective with low transplantation-related mortality. Blood 2002, 100, 3919-3924. [CrossRef]
Garban, E; Attal, M.; Michallet, M.; Hulin, C.; Bourhis, ].H.; Yakoub-Agha, I.; Lamy, T.; Marit, G.; Maloisel, E; Berthou, C.;
et al. Prospective comparison of autologous stem cell transplantation followed by dose-reduced allograft (IFM99-03 trial) with
tandem autologous stem cell transplantation (IFM99-04 trial) in high-risk de novo multiple myeloma. Blood 2006, 107, 3474-3480.
[CrossRef]

Moreau, P.; Garban, F.; Attal, M.; Michallet, M.; Marit, G.; Hulin, C.; Benboubker, L.; Doyen, C.; Mohty, M.; Yakoub-Agha, I.; et al.
Long-term follow-up results of IFM99-03 and IFM99-04 trials comparing nonmyeloablative allotransplantation with autologous
transplantation in high-risk de novo multiple myeloma. Blood 2008, 112, 3914-3915. [CrossRef]

Bruno, B.; Rotta, M.; Patriarca, F.; Mordini, N.; Allione, B.; Carnevale-Schianca, F.; Giaccone, L.; Sorasio, R.; Omedé, P.; Baldi,
I; et al. A Comparison of allografting with autografting for newly diagnosed myeloma. N. Engl. ]. Med. 2007, 356, 1110-1120.
[CrossRef] [PubMed]

Giaccone, L.; Storer, B.; Patriarca, F.; Rotta, M.; Sorasio, R.; Allione, B.; Carnevale-Schianca, F.; Festuccia, M.; Brunello, L.; Omede,
P; et al. Long-term follow-up of a comparison of nonmyeloablative allografting with autografting for newly diagnosed myeloma.
Blood 2011, 117, 6721-6727. [CrossRef]

Rosifiol, L.; Perez-Simon, J.A.; Sureda, A.; Rubia, J.D.L.; De Arriba, F.; Lahuerta, ].J.; Gonzélez, ].D.; Diaz-Mediavilla, ].; Hernandez,
B.; Garcia-Frade, J.; et al. A prospective PETHEMA study of tandem autologous transplantation versus autograft followed by
reduced-intensity conditioning allogeneic transplantation in newly diagnosed multiple myeloma. Blood 2008, 112, 3591-3593.
[CrossRef]

Lokhorst, H.M.; Van Der Holt, B.; Cornelissen, ]J.J.; Kersten, M.].; Van Oers, M.; Raymakers, R.; Minnema, M.C.; Zweegman,
S.; Janssen, ].J.; Zijlmans, M.; et al. Donor versus no-donor comparison of newly diagnosed myeloma patients included in the
HOVON-50 multiple myeloma study. Blood 2012, 119, 6219-6225. [CrossRef] [PubMed]

110



Hemato 2021, 2

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lokhorst, HM.; Van Der Holt, B.; Cornelissen, ].J.; Kersten, M.].; Van Oers, M.; Raymakers, R.; Minnema, M.C.; Zweegman, S.; Bos,
G.; Schaap, N.; et al. Reduced relapse rate in upfront tandem autologous/reduced-intensity allogeneic transplantation in multiple
myeloma only results in borderline non-significant prolongation of progression-free but not overall survival. Haematologica 2015,
100, €508—-€510. [CrossRef] [PubMed]

Krishnan, A.; Pasquini, M.C.; Logan, B.; Stadtmauer, E.A.; Vesole, D.H.; Alyea, E.; Antin, ].H.; Comenzo, R.; Goodman, S.;
Hari, P; et al. Autologous haemopoietic stem-cell transplantation followed by allogeneic or autologous haemopoietic stem-cell
transplantation in patients with multiple myeloma (BMT CTN 0102): A phase 3 biological assignment trial. Lancet Oncol. 2011, 12,
1195-1203. [CrossRef]

Giralt, S.A.; Costa, L.J.; Maloney, D.; Krishnan, A.; Fei, M.; Antin, ].H.; Brunstein, C.; Geller, N.; Goodman, S.; Hari, P; et al.
Tandem autologous-autologous versus autologous-allogeneic hematopoietic stem cell transplant for patients with multiple
myeloma: Long-term follow-up results from the Blood and Marrow Transplant Clinical Trials Network 0102 Trial. Biol. Blood
Marrow Transpl. 2020, 26, 798-804. [CrossRef]

Bjorkstrand, B.; Iacobelli, S.; Hegenbart, U.; Gruber, A.; Greinix, H.; Volin, L.; Narni, E; Musto, P.; Beksac, M.; Bosi, A.; et al.
Tandem autologous/reduced-intensity conditioning allogeneic stem-cell transplantation versus autologous transplantation in
myeloma: Long-term follow-up. J. Clin. Oncol. 2011, 29, 3016-3022. [CrossRef]

Gahrton, G.; Iacobelli, S.; Bjorkstrand, B.; Hegenbart, U.; Gruber, A.; Greinix, H.; Volin, L.; Narni, F.; Carella, A.M.; Beksac, M.;
et al. Autologous/reduced-intensity allogeneic stem cell transplantation vs autologous transplantation in multiple myeloma:
Long-term results of the EBMT-NMAM2000 study. Blood 2013, 121, 5055-5063. [CrossRef]

Armenson, K.E; Hill, E.G.; Costa, L.J. Tandem autologous vs autologous plus reduced intensity allogeneic transplantation in the
upfront management of multiple myeloma: Meta-analysis of trials with biological assignment. Bone Marrow Transpl. 2013, 48,
562-567. [CrossRef]

Sahebi, F.; Garderet, L.; Kanate, A.S.; Eikema, D.J.; Knelange, N.S.; Alvelo, O.ED.; Koc, Y.; Blaise, D.; Bashir, Q.; Moraleda, ] M.;
et al. Outcomes of Haploidentical Transplantation in Patients with elapsed Multiple Myeloma: An EBMT/CIBMTR Report.
Biol. Blood Marrow Transpl. 2019, 25, 335-342. [CrossRef]

Jaiswal, S.R.; Chakrabarti, S. Natural killer cell-based immunotherapy with CTLA4Ig-primed donor lymphocytes following
haploidentical transplantation. Immunotherapy 2019, 11, 1221-1230. [CrossRef] [PubMed]

Sobh, M.; Michallet, M.; Gahrton, G.; Iacobelli, S.; Van Biezen, A.; Schonland, S.O.; Petersen, E.; Schaap, N.; Bonifazi, F.; Volin, L.;
et al. Allogeneic hematopoietic cell transplantation for multiple myeloma in Europe: Trends and outcomes over 25 years. A study
by the EBMT Chronic Malignancies Working Party. Leukemia 2016, 30, 2047-2054. [CrossRef] [PubMed]

Costa, L.J.M.; Iacobelli, S.; Pasquini, M.C.; Modi, R.; Giaccone, L.; Blade, J.; Schonland, S.; Evangelista, A.; Perez-Simon, J.A.; Hari,
P, et al. Long-term survival of 1338 MM patients treated with tandem autologous vs. autologous-allogeneic transplantation.
Bone Marrow Transpl. 2020, 55, 1-7. [CrossRef] [PubMed]

Castagna, L.; Mussetti, A.; DeVillier, R.; Dominietto, A.; Marcatti, M.; Milone, G.; Maura, F; De Philippis, C.; Bruno, B.;
Furst, S.; et al. Haploidentical allogeneic hematopoietic cell transplantation for multiple myeloma using post-transplantation
cyclophosphamide graft-versus-host disease prophylaxis. Biol. Blood Marrow Transpl. 2017, 23, 1549-1554. [CrossRef] [PubMed]
Efebera, Y.A.; Qureshi, S.R.; Cole, S.M.; Saliba, R.; Pelosini, M.; Patel, R.M.; Koca, E.; Mendoza, FL.; Wang, M.; Shah, J.; et al.
Reduced-intensity allogeneic hematopoietic stem cell transplantation for relapsed multiple myeloma. Biol. Blood Marrow Transpl.
2010, 16, 1122-1129. [CrossRef] [PubMed]

Karlin, L.; Arnulf, B.; Chevret, S.; Ades, L.; Robin, M.; De Latour, R.P.; Malphettes, M.; Kabbara, N.; Asli, B.; Rocha, V.; et al.
Tandem autologous non-myeloablative allogeneic transplantation in patients with multiple myeloma relapsing after a first high
dose therapy. Bone Marrow Transpl. 2010, 46, 250-256. [CrossRef]

Shimoni, A.; Hardan, I.; Ayuk, F; Schilling, G.; Atanackovic, D.; Zeller, W.; Yerushalmi, R.; Zander, A.R.; Kroger, N.; Nagler, A.
Allogenic hematopoietic stem-cell transplantation with reduced-intensity conditioning in patients with refractory and recurrent
multiple myeloma. Cancer 2010, 116, 3621-3630. [CrossRef]

Patriarca, F.; Einsele, H.; Spina, E; Bruno, B.; Isola, M.; Nozzoli, C.; Nozza, A.; Sperotto, A.; Morabito, F.; Stuhler, G.; et al.
Allogeneic stem cell transplantation in multiple myeloma relapsed after autograft: A multicenter retrospective study based on
donor availability. Biol Blood Marrow Transpl. 2012, 18, 617-626. [CrossRef]

Patriarca, F; Bruno, B.; Einsele, H.; Spina, F.; Giaccone, L.; Montefusco, V.; Isola, M.; Nozzoli, C.; Nozza, A.; Morabito, F; et al.
Long-term follow-up of a Donor versus No-Donor Comparison in patients with multiple myeloma in first relapse after failing
autologous transplantation. Biol. Blood Marrow Transpl. 2018, 24, 406-409. [CrossRef]

Giralt, S.A.; Garderet, L.; Durie, B.; Cook, G.; Gahrton, G.; Bruno, B.; Hari, P.; Lokhorst, H.; McCarthy, P.; Krishnan, A.; et al.
American Society of Blood and Marrow Transplantation, European Society of Blood and Marrow Transplantation, Blood and
Marrow Transplant Clinical Trials Network, and International Myeloma Working Group Consensus Conference on salvage
hematopoietic cell transplantation in patients with relapsed multiple myeloma. Biol. Blood Marrow Transpl. 2015, 21, 2039-2051.
Knop, S.; Engelhardt, M.; Liebisch, P.; Meisner, C.; Holler, E.; Metzner, B.; Peest, D.; Kaufmann, M.; Bunjes, D.; Straka, C.; et al.
Allogeneic transplantation in multiple myeloma: Long-term follow-up and cytogenetic subgroup analysis. SSRN Electron. J. 2019,
33,2710-2719.

111



Hemato 2021, 2

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Kroger, N.; Badbaran, A.; Zabelina, T.; Ayuk, F.; Wolschke, C.; Alchalby, H.; Klyuchnikov, E.; Atanackovic, D.; Schilling, G.;
Hansen, T.; et al. Impact of high-risk cytogenetics and achievement of molecular remission on long-term freedom from disease
after autologous-allogeneic tandem transplantation in patients with multiple myeloma. Biol. Blood Marrow Transpl. 2013, 19,
398-404. [CrossRef] [PubMed]

Htut, M.; D’Souza, A.; Krishnan, A.; Bruno, B.; Zhang, M.-].; Fei, M.; Gonzélez-Diaz, M.; Copelan, E.; Ganguly, S.; Hamadani,
M.; et al. Autologous/Allogeneic hematopoietic cell transplantation versus tandem autologous transplantation for multiple
myeloma: Comparison of long-term postrelapse survival. Biol. Blood Marrow Transpl. 2018, 24, 478-485. [CrossRef]

Kneppers, E.; Van Der Holt, B.; Kersten, M.].; Zweegman, S.; Meijer, E.; Huls, G.; Cornelissen, J.J.; Janssen, ].J.; Huisman,
C.; Cornelisse, P.B.; et al. Lenalidomide maintenance after nonmyeloablative allogeneic stem cell transplantation in multiple
myeloma is not feasible: Results of the HOVON 76 Trial. Blood 2011, 118, 2413-2419. [CrossRef] [PubMed]

Wolschke, C.; Stiibig, T.; Hegenbart, U.; Schonland, S.O.; Heinzelmann, M.; Hildebrandt, Y.; Ayuk, E; Atanackovic, D.; Dreger, P,;
Zander, A ; et al. Postallograft lenalidomide induces strong NK cell-mediated antimyeloma activity and risk for T cell-mediated
GvHD: Results from a phase I/1I dose-finding study. Exp. Hematol. 2013, 41, 134-142.e3. [CrossRef]

Libura, J.; Hoffmann, T.; Passweg, ].R.; Gregor, M.; Favre, G.; Tichelli, A.; Gratwohl, A. Graft-versusmyeloma after withdrawal of
immunosuppression following allogeneic peripheral stem cell transplantation. Bone Marrow Transpl. 1999, 24, 925-927. [CrossRef]
Verdonck, L.E; Lokhorst, H.M.; Dekker, A.W.; Nieuwenhuis, H.K.; Petersen, E.J. Graft-versus-myeloma effect in two cases. Lancet
1996, 347, 800-801. [CrossRef]

Lokhorst, H.M.; Schattenberg, A.; Cornelissen, J.J.; Thomas, L.L.M.; Verdonck, L.F. Donor leukocyte infusions are effective in
relapsed multiple myeloma after allogeneic bone marrow transplantation. Blood 1997, 90, 4206-4211. [CrossRef]

Lokhorst, H.M.; Schattenberg, A.; Cornelissen, J.J.; van Oers, M.H.J.; Fibbe, W.; Van De Donk, N.W.C.J.; Verdonck, L.F. Donor
lymphocyte infusions for relapsed multiple myeloma after allogeneic stem-cell transplantation: Predictive factors for response
and long-term outcome. J. Clin. Oncol. 2000, 18, 3031-3037. [CrossRef]

Lokhorst, H.; Wu, K.; Verdonck, L.E; Laterveer, L.L.; Van De Donk, N.W.C.J.; Van Oers, M.H.].; Cornelissen, ].J.; Schattenberg, A.V.
The occurrence of graft-versus-host disease is the major predictive factor for response to donor lymphocyte infusions in multiple
myeloma. Blood 2004, 103, 4362-4364. [CrossRef]

Van de Donk, N.W.; Kroger, N.; Hegenbart, U.; Corradini, P.; Miguel, J.ES.; Goldschmidt, H.; Perez-Simon, J.A.; Zijlmans, M.;
Raymakers, R.A.; Montefusco, V.; et al. Prognostic factors for donor lymphocyte infusions following nonmyeloablative allogeneic
stem cell transplantation in multiple myeloma. Bone Marrow Transpl. 2006, 37, 1135-1141. [CrossRef]

Rawstron, A.C.; Davies, FE.; DasGupta, R.; Ashcroft, A.J.; Patmore, R.; Drayson, M.T.; Owen, R.G.; Jack, A.S.; Child, ].A.; Morgan,
G.J. Flow cytometric disease monitoring in multiple myeloma: The elationship between normal and neoplastic plasma cells
predicts outcome after transplantation. Blood 2002, 100, 3095-3100. [CrossRef]

Costa, L.J.; Derman, B.A.; Bal, S.; Sidana, S.; Chhabra, S.; Silbermann, R.; Ye, J.C.; Cook, G.; Cornell, R.E; Holstein, S.A.; et al.
International harmonization in performing and reporting minimal residual disease assessment in multiple myeloma trials.
Leukemia 2021, 35, 18-30. [CrossRef]

Corradini, P; Voena, C.; Tarella, C.; Astolfi, M.; Ladetto, M.; Palumbo, A.; Van Lint, M.T.; Bacigalupo, A.; Santoro, A.; Musso, M.;
et al. Molecular and clinical remissions in multiple myeloma: Role of autologous and allogeneic transplantation of hematopoietic
cells. J. Clin. Oncol. 1999, 17, 208-215. [CrossRef]

Corradini, P.; Cavo, M.; Lokhorst, H.; Martinelli, G.; Terragna, C.; Majolino, I.; Valagussa, P.; Boccadoro, M.; Samson, D.;
Bacigalupo, A.; et al. Molecular remission after myeloablative allogeneic stem cell transplantation predicts a better relapse-free
survival in patients with multiple myeloma. Blood 2003, 102, 1927-1929. [CrossRef]

Ladetto, M.; Ferrero, S.; Drandi, D.; Festuccia, M.; Patriarca, F.; Mordini, N.; Cena, S.; Benedetto, R.; Guarona, G.; Ferrando, F.;
et al. Prospective molecular monitoring of minimal residual disease after non-myeloablative allografting in newly diagnosed
multiple myeloma. Leukemia 2016, 30, 1211-1214. [CrossRef]

Garfall, A.L.; Maus, M.V.; Hwang, W.T.; Lacey, S.E; Mahnke, Y.D.; Melenhorst, ].J.; Zheng, Z.; Vogl, D.T.; Cohen, A.D.; Weiss, B.M.;
et al. Chimeric Antigen Receptor T Cells against CD19 for Multiple Myeloma. N. Engl. |. Med. 2015, 373, 1040-1047. [CrossRef]
Cohen, A.D.; Garfall, A.L.; Stadtmauer, E.A.; Melenhorst, ].J.; Lacey, S.E; Lancaster, E.; Vogl, D.T.; Weiss, B.M.; Dengel, K.; Nelson,
A.; etal. B cell maturation antigen-specific CAR T cells are clinically active in multiple myeloma. J. Clin. Investig. 2019, 129,
2210-2221. [CrossRef]

Raje, N.; Berdeja, J.; Lin, Y.; Chhabra, S.; Silbermann, R.; Ye, J.C.; Cook, G.; Cornell, R.F,; Holstein, S.A.; Shi, Q.; et al. Anti-BCMA
CAR T-Cell Therapy bb2121 in Relapsed or Refractory Multiple Myeloma. N. Engl. J. Med. 2019, 380, 1726-1737. [CrossRef]
Depil, S.; Duchateau, P.; Grupp, S.A.; Mufti, G.; Poirot, L. “Off-the-shelf” allogeneic CAR T cells: Development and challenges.
Nat. Rev. Drug Discov. 2020, 19, 185-199. [CrossRef]

Gagelmann, N.; Riecken, K.; Wolschke, C.; Berger, C.; Ayuk, EA.; Fehse, B.; Kroger, N. Development of CAR-T cell therapies for
multiple myeloma. Leukemia 2020, 34, 2317-2332. [CrossRef]

Wagner, V.; Gil, J. T cells engineered to target senescence. Nature 2020, 583, 37-38. [CrossRef]

112



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Hemato Editorial Office
E-mail: hemato@mdpi.com
www.mdpi.com/journal/hemato







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

Z
Fax: +41 61 30289 18 rM\D\Pu
F

www.mdpi.com ISBN 978-3-0365-2907-3



	Immunotherapy cover.pdf
	Hemato - Immunotherapy in Myeloma A Theme Issue in Honor of Prof. Dr. Gösta Gahrton.pdf
	Immunotherapy cover
	空白页面



