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Simple Summary: This article provides a comprehensive review of new and emerging treatment
strategies against multiple myeloma that employ precision medicines and/or drugs capable of
improving the ability of the immune system to prevent or slow down the progression of multiple
myeloma. These rationally designed new treatment methods have the potential to change the
therapeutic landscape in multiple myeloma and improve the long-term survival outcome.

Abstract: SeverFigurel cellular elements of the bone marrow (BM) microenvironment in multiple
myeloma (MM) patients contribute to the immune evasion, proliferation, and drug resistance of
MM cells, including myeloid-derived suppressor cells (MDSCs), tumor-associated M2-like, “alter-
natively activated” macrophages, CD38+ regulatory B-cells (Bregs), and regulatory T-cells (Tregs).
These immunosuppressive elements in bidirectional and multi-directional crosstalk with each other
inhibit both memory and cytotoxic effector T-cell populations as well as natural killer (NK) cells.
Immunomodulatory imide drugs (IMiDs), protease inhibitors (PI), monoclonal antibodies (MoAb),
adoptive T-cell/NK cell therapy, and inhibitors of anti-apoptotic signaling pathways have emerged as
promising therapeutic platforms that can be employed in various combinations as part of a rationally
designed immunomodulatory strategy against an immunosuppressive tumor microenvironment
(TME) in MM. These platforms provide the foundation for a new therapeutic paradigm for achieving
improved survival of high-risk newly diagnosed as well as relapsed/refractory MM patients. Here
we review the scientific rationale and clinical proof of concept for each of these platforms.

Keywords: tumor microenvironment (TME); multiple myeloma (MM); immunomodulatory imide
drugs (IMiDs); autologous hematopoietic stem cell transplantation (ASCT); immune-checkpoint
receptors; spleen tyrosine kinase (SYK); transforming growth factor beta (TGF-β); bispecific T-cell
engagers (BiTEs); chimeric antigen receptor (CAR)-T

1. Introduction

The tumor microenvironment (TME) is one of the main contributors of a marked im-
munobiological and clinical heterogeneity as well as clonal evolution in multiple myeloma
(MM) [1–3]. Several cellular elements of the bone marrow (BM) microenvironment in
MM patients contribute to the immune evasion, proliferation, and drug resistance of MM
cells [4–6], including myeloid-derived suppressor cells (MDSCs), tumor-associated M2-like,
“alternatively activated”, macrophages, CD38+ regulatory B-cells (Bregs), and regulatory
T-cells (Tregs) [4–6] (Figure 1A). These immunosuppressive elements in bidirectional and
multi-directional crosstalk with each other inhibit both memory and cytotoxic effector
T-cell populations as well as natural killer (NK) cells [4–6]. MDSCs along with MM cell-
derived interleukin 10 (IL-10) [7–10], TGF-β, and IL-6 are also known to impair dendritic
cell (DC) maturation and their antigen-presenting function, which further accentuates
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the immunosuppression [6]. In addition to their immune-suppressive activity mediated
by their secretion of IL-10 (an activator of Tregs and M2 macrophages), and TGF-β (an
inhibitor of both cytotoxic T-cells and NK cells), M2 macrophages also promote MM cell
proliferation, angiogenesis, and chemotherapy resistance [11–13] (Figure 1A). Nonclinical
studies in animal models of MM have demonstrated that exosomes serve as regulators of
the signaling networks within the BM microenvironment, activate anti-apoptotic mech-
anisms promoted by oncogenic proteins such as the signal transducer and activator of
transcription 3 (STAT3), and cause immunosuppression by facilitating the growth of MD-
SCs [14–19]. Exosome-activated MDSCs have been implicated in development of other
immunosuppressive cells, such as Tregs, tumor-promoting angiogenesis, proliferation of
MM cells, and increased osteoclast activity contributing to the lytic bone lesions [14–19].
Complementing the immunosuppressive TME, T-cell exhaustion combined with high-level
expression of immune-checkpoint ligands on MM cells are the main contributors to the
immune evasion of MM cells [20–23].
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Figure 1. Immunosuppressive TME in MM. (A) MM cells secrete several cytokines including IL-6,
TGF-β (TGF), and IL-10 [7–10] that inhibit DCs, CTLs, but stimulate Tregs. MDSCs are stimulated by
M2 macrophages via IL-6 and stimulate M2 macrophages as well as Tregs via IL-10. MDSC inhibit
CTLs and NK cells via IL-10. See text for detailed discussion. (B) Lactate shuttle in TME. Lactate
derived from MM cells stimulates Tregs and M2 macrophages, but it inhibits TILs, CTL, NK cells,
and γδT cells. See text for detailed discussion.
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2. Immunomodulatory Imide Drugs (IMiDs) to Overcome the Immunosuppressive
TME in MM

IMiDs augment the activity of cereblon E3 ubiquitin ligase complex and enhance the
effector functions as well as the proliferative expansion of cytotoxic T-cells and NK cells
through cereblon-dependent proteolytic degradation of the transcription factors Ikaros
(IKZF1) and Aiolos (IKZF3), increased production of IL-2 and IFN-γ with concomitant
reduction in IL-10 production and suppression of Tregs [24–27]. They also block the pro-
inflammatory cytokines TNF-α and IL-6, thereby decreasing the contributions of MDSC
and M2 macrophages to the immunosuppressive milieu of the TME. Notably, in a IMiD-
conditioned TME, T-cell activation is facilitated, as it no longer requires co-stimulation by
antigen-presenting DCs [24–27]. In addition, IMiDs trigger caspase-mediated apoptosis in
MM cells and impair their interaction with the protective BM stroma [28]. Efforts are under-
way to further enhance the clinical potency of IMiDs by combining them with modulators
of cereblon E3-ligase, such as iberdomide, that accelerate IMiD-mediated degradation of
IKZF1/IKZF3 [26,27]. Due to the considerable added benefit of the IMiD thalidomide, a
combination of bortezomib, thalidomide, and dexamethasone (VTD) has become a stan-
dard induction regimen [29]. New generation IMiDs, including lenalidomide (Revlimid;
Celgene) and pomalidomide (Pomalyst; Celgene) have potent immune modulatory effects
and have significantly improved the survival outcomes of newly diagnosed as well as R/R
MM patients [30]. IMiDs are used in combination with Proteasome inhibitors (PIs), such
as bortezomib, carfilzomib, or ixazomib, in standard of care for MM to achieve optimal
anti-tumor activity as well as inhibit angiogenesis within the TME [30]. Recent studies in-
dicated that PIs also affect the TME in MM patients by disrupting MM–stroma interactions,
angiogenesis, and bone remodeling [31]. In addition, they are believed to contribute to
sustained immune responses by inducing an immunogenic death [32].

3. Autologous Hematopoietic Stem Cell Transplantation as an Immunomodulatory
Strategy against Immunosuppressive TME in MM

Autologous hematopoietic stem cell transplantation (ASCT) has also been proposed
as an evolving strategy to overcome the immunosuppressive TME in MM, and the focal
point of contemporary research in this context is the determination of how best to integrate
ASCT into standard of care in the context of precision medicines [30,32,33]. It has been
proposed that an immunosuppressive BM microenvironment in MM can be remodeled by
myeloablative and lymphodepleting pretransplant conditioning in the context of ASCT to
re-establish a favorable effector T-cell/Treg ratio with effective immune surveillance mecha-
nisms by MM-specific memory and effector T-cells that can prevent disease progression [23].
Additional treatment strategies aimed at further enhancing the anti-MM immunity, such as
immune-checkpoint inhibitors (ICIs), bispecific T-cell engagers (BiTEs), and CAR-T cells,
can be employed post-ABMT [23]. Therefore, using ASCT as a salvage platform in patients
with R/R MM, new multimodality strategies, including biotherapeutic agents such as
BiTEs and CAR-T cell platforms, are being evaluated as post-ASCT interventions [33].

4. Rationale of Targeting CD38, SLAMF7, CD137, and KIR as an Immunomodulatory
Strategy against Immunosuppressive TME in MM

CD38 surface antigen is abundantly expressed on MM cells [30,34,35]. Anti-CD38
MoAb, including daratumumab (DARA), isatuximab (ISA), and MOR202 (Figure 2), have
shown tolerability as well as meaningful clinical activity in FDA-approved monotherapy
regimens and as components of FDA-approved multi-modality combination regimens
for treatment of R/R MM patients [30,34–36]. Recently, a new formulation of DARA
containing recombinant human hyaluronidase PH20 has become available that can be
administered subcutaneously [37]. DARA has increased the efficacy of the standard VLD
regimen in ASCT-eligible patients and contributed to deep CRs with MRD negativity in
the randomized GRIFFIN trial [38].
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CD38-targeting MoAb such as DARA have been shown to cause complement-dependent
cytotoxicity (CDC), antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent
cellular phagocytosis (ADCP), and tumor cell apoptosis [30]. However, CD38 is expressed
on immunosuppressive cellular elements of the TME as well, including MDSCs and regu-
latory B-cells (Bregs) [2,20,23,30]. Krejcik et al. reported that DARA is capable of depleting
CD38+ immune regulatory cells, thereby increasing the size of the immunoreactive clonal
cytotoxic effector T-cell populations [39]. Biomarker analyses in R/R MM patients using a
next-generation mass cytometry platform suggested a novel immunomodulatory mechanism
of action associated with the activation of CD8+ cytotoxic T-cells [40]. The immunomodulatory
effects of DARA and other anti-CD38 MoAb may be useful to achieve clinical responses in
IMiD-refractory MM patients using IMiD in salvage therapy following DARA monother-
apy [30].

The CD38 antibodies also improve host-anti-tumor immunity by elimination of regu-
latory T-cells, regulatory B-cells, and MDSCs [41,42]. Mechanisms of primary and/or ac-
quired resistance include tumor-related factors. It has been shown that increased expression
levels of complement inhibitors CD55 and CD59 as well as decreased cell surface expression
levels of CD38 on MM cells may confer resistance to anti-CD38 MoAb [35], whereas certain
KIR and HLA genotypes are associated with higher effectiveness of treatment regimens
employing anti-CD38 MoAb [35]. Therefore, biomarker-guided patient-tailored application
of anti-CD38 MoAb may further improve their clinical impact potential in MM therapy.

SLAMF7 surface antigen is expressed on both MM cells and plays an important role
in MM cell adhesion to protective BM stroma (Figure 2). SLAMF7 has been implicated in
negative regulation of NK cell function as well. The FDA-approved anti-SLAMF7 MoAb
elotuzumab impairs the viability and survival of MM cells by blocking the protective
effects of stromal cells and by potentiating NK cell activity against MM cells [30,43]. A
Phase 3 clinical trial in R/R MM (ELOQUENT-2, ClinicalTrials.gov identifier, NCT01239797)
demonstrated the addition of elotuzumab to lenalidomide and dexamethasone significantly
improves the survival outcomes when compared to lenalidomide plus dexamethasone
combination [30,44]. Likewise, the addition of elotuzumab topomalidomide plus dex-
amethasone resulted in significantly better survival outcomes in another Phase 3 study
(ELOQUENT-3, ClinicalTrials.gov identifier: NCT02654132) [45]. Unfortunately, inclusion
of this immunostimulatory antibody in combination regimens against MM resulted in
a higher incidence of infections and secondary cancers [46]. Other immunostimulatory
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antibodies have been considered in combination regimens with elotuzumab against MM,
including the T-cell activating 4-1BB/CD137 agonist antibodies urelumab or utomilumab
and the NK cell activating anti-KIR antibody lirilumab (NCT02252263) [47,48]. Due to po-
tentially life-threatening hepatotoxicity of urelumab, some of these combination regimens
will require specifically designed risk mitigation strategies.

5. Targeting Immune-Checkpoint Receptors in MM

As T-cell exhaustion combined with high-level expression of immune-checkpoint
receptors on MM cells have been implicated in the immune evasion of MM cells, ICIs
targeting the PD-1/PD-L1 axis have been studied as components of novel multi-modality
regimens in R/R MM. Unfortunately, the more widespread clinical use of these promising
immune-oncology drugs has been hampered by a lack of single agent activity in monother-
apy studies and by serious safety concerns and increased mortality especially when they are
combined with IMiDs [21,30,49,50]. In Keynote 183 study, a combination of pembrolizumab,
lenalidomide, and dexamethasone was used for treatment of newly diagnosed MM pa-
tients, whereas in the Keynote 185 study, a similar combination, namely, pembrolizumab,
pomalidomide, and dexamethasone was used in R/R MM patients [51]. The addition of
pembrolizumab was associated with more deaths but not with greater efficacy, and both
studies were terminated [51]. While the reasons for the failure of immune-checkpoint plus
IMiD combination therapy in MM remain to be deciphered, it has been proposed that the
observed toxicities and organ damage may be due to activation of virus-specific memory
cells [51].

Poor innate immunity owing to NK cell impairment in MM also contributes to the
immune escape of MM cells. Therefore, restoration of effective NK cell function would be
highly desirable. The lymphocyte activation gene-3 (LAG3) inhibitory receptor (CD223)
is an immune-checkpoint receptor widely expressed on not only T-cells but also NK
cells. Anti-LAG3 antibodies such as relatlimab are capable of triggering activation of
both cytotoxic T-cells and NK cells in the MM TME [22,52,53]. Other antibodies targeting
alternative inhibitory NK cell receptors, including KIRs, NKG2A, TIGIT, and TIM-3, are
also being explored (Clinicaltrials.gov identifier: NCT04150965).

6. Clinical Impact Potential of Bispecific T-Cell Engagers and Adoptive T-Cell/NK Cell
Therapy Against the Immunosuppressive TME in MM

Bispecific T-cell engagers (BiTEs) developed for oncologic indications contain a T-
cell engaging moiety that binds to a T-cell surface antigen (typically CD3) and a tumor-
associated antigen that is expressed on malignant cells. BiTEs and bispecific antibodies
bring T-cells and targeted tumor cells in close vicinity of each other in cytolytic synapses,
which leads to tumor-specific cytolytic T-cell activation and MM cell lysis [30,54–58]. BiTEs
targeting the MM-associated B-cell maturation antigen (BCMA) have been associated with
very promising, albeit short-lived, efficacy signals raising hopes that they may provide the
foundation for effective strategies against the immune-suppressive TME in MM [30,54–58]
(Figure 2). Bispecific BCMAxCD3 antibodies such as Regeneron’s REGN5458 also showed
clinical potential with promising data from recent clinical trials in R/R MM patients [54]
(Figure 2). In view of the lessons and insights learned from the clinical development and
related clinical trials of BLINCYTO, clinical protocols employing BiTEs or bsAbs target-
ing MM cells should consider incorporating monitoring and management guidelines for
risk mitigation regarding neurologic toxicities (e.g., encephalopathy, convulsions, speech
disorders, disturbances in consciousness, confusion and disorientation, and coordination
and balance disorders), disseminated intravascular coagulation (DIC), capillary leak syn-
drome (CLS)/cytokine release syndrome (CRS), pancreatitis, leukoencephalopathy and
hemophagocytic lymphohistiocytosis/macrophage activation syndrome (HLH/MAS).

Likewise, BCMA-specific chimeric antigen receptor (CAR)-T platforms and CAR-
NK cells have been developed for adoptive cell therapy in MM [55,59–64] (Figure 2).
Some of the CAR-T platforms induced complete remissions (CRs) in R/R MM patients
that were durable [30,60,65,66]. Similar to BiTEs, CAR-T platforms are associated with
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potentially life-threatening side effects, such as CRS, neurotoxicity, and severe immune-
related AEs, which necessitates specific risk mitigation strategies aimed at early detection
and immediate treatment of the complications [30]. Specific algorithms that have been
developed for management of CLS/CRS in leukemia patients, including the use of anti-TNF
receptor (e.g., infliximab) or anti-IL-6 receptor (e.g., tocilizumab) treatments in cases not
responsive to steroids, are likely to be helpful in managing MM patients who experience
these complications because of their treatment with BCMA-targeting BiTES/bsAbs or
CAR-T cells. A clinical proof-of-concept study (Clinicaltrials.gov identifier: NCT0302577)
is underway to reduce the levels of γ-secretase cleaved soluble BCMA in MM patients
by using a γ-secretase inhibitor, because soluble BCMA interferes with the efficacy of
both BCMA-directed BiTEs and CAR-T cells [65]. Early clinical data regarding the use
of CAR-T cells post ASCT are promising [22,66]. The orphan G protein-coupled receptor,
class C group 5 member D (GPRC5D) protein is abundantly expressed on MM cells, and
its expression profile is similar to that of the BCMA antigen [67]. Therefore, GPRC5D
protein, similar to BCMA, represents an attractive target for monoclonal antibody-based
(e.g., bispecific T-cell-engaging antibodies or antibody–drug conjugates) or cell-based (e.g.,
CAR-T or CAR-NK) immunotherapy in MM.

7. Targeting Transforming Growth Factor Beta (TGF-β) Signaling and SYK-PI3K-AKT
Pathway

TGF-β can limit the T-cell infiltration to the TME and inhibiting T-cells as well as NK-
cells, which leads to a markedly diminished anti-tumor immune response within the TME.
TGF-β has been identified as a major cause of T-cell exhaustion and hyporesponsiveness in
the context of an immunosuppressive TME [68–73]. TGF-β is also a contributing cause of
the T-cell exclusion from TME as well as failure of immune-oncology drugs targeting the
immune-checkpoint receptors to boost the host anti-tumor immunity [71–74]. Targeting the
TGF-β pathway has been associated with durable CRs and PRs in difficult to treat cancers,
such as high-grade gliomas and pancreas cancer [70]. Combining immune-checkpoint
inhibitors with inhibitors of the TGF-β pathway has induced meaningful clinical responses
in PD-1/PD-L1-resistant cancers [72–74].

Interleukin-18 (IL-18), the signature pro-inflammatory cytokine of the TGF-β signaling
pathway, serves as an immunosuppressive regulator within the TME of MM patients by
supporting the growth of MDSCs that block T-cell immune responses against MM cells and
thereby contributes to disease progression [13]. Nakamura et al. reported that high levels
of IL-18 in the bone marrow is a predictor of poor survival outcome in MM [13]. Notably,
MM cells have upregulated expression of TGF-β-activated kinase-1 (TAK1), and inhibiting
TAK1 has been shown to significantly impair the growth and survival of MM cells [75].
Therefore, targeting TGF-β signaling with an RNA therapeutic such as OT101, the TGF-β
targeting anti-inflammatory platforms such as RJX [76] or ArtiVeda [77,78] or a small
molecule inhibitor such as galunisertib could contribute to sustained anti-tumor immunity
and PD-1/PD-L1 responsiveness by lifting TGF-β-mediated immunosuppression.

Other cytokines implicated in the pathobiology of MM include CSF-1, IL-6, IL-17,
IL-21, IL-23, VEGF, growth differentiating factor 15, IGF-1, and myeloma-cell-secreted
type 1 IFN [5,11,79–81]. CSF1 is the main driver of differentiation of M1 macrophages
into immunosuppressive M2 macrophages. As such, CSF1 plays an important role in
progression of disease in MM [79]. IL-6 is a major growth and chemotherapy resistance
factor for MM cells that triggers signaling pathways contributing to proliferation and anti-
apoptotic resistance [5,11]. The receptor tyrosine kinase ROR2 is the receptor for WNT5A,
a growth factor that is abundantly expressed in the TME of MM patients. WNT5A–ROR2
interactions within the TME promote the adhesion of MM cells to the bone marrow niche
and activate the anti-apoptotic SYK-PI3K-AKT signaling pathway, which is critical for the
survival of MM cells [82] (Figure 3). Targeting SYK with small molecule kinase inhibitors
has been shown to cause apoptotic death and growth arrest of MM cells [83,84]. Therefore,
new-generation nanoscale SYK inhibitors capable of better TME infiltration [85] (Figure 4)
show clinical impact potential not only because of their cytotoxic activity but also because
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of their potential to abrogate the WNT5A-mediated MM adhesion to the protective stroma
of the TME.
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Figure 3. SYK as a master regulator of apoptosis in MM TME. The receptor tyrosine kinase ROR2 is the receptor for WNT5A,
a growth factor that is abundantly expressed in the TME of MM patients. WNT5A–ROR2 interactions within the TME
promote the adhesion of MM cells to the bone marrow niche and activate the anti-apoptotic SYK-PI3K-AKT signaling
pathway, which is critical for the survival of MM cells [82]. Multiple anti-apoptotic signaling molecules and pathways
linked to NFκB, PI3-K/AKT, and STAT3 are regulated by SYK. See text for detailed discussion.
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Figure 4. Nanoparticles targeting SYK pathway in MM cells. (A) Model of the SYK inhibitor C61
(1,4-Bis (9-O-dihydroquinidinyl) phthalazine/hydroquinidine 1,4-phathalazinediyl diether) molecule
(multicolor) bound to the protein substrate-binding site of SYK kinase domain in the central region of
SYK, between the N-lobe and C-lobe, which includes multiple residues such as K565, P529, and W528.
Nearby ATP molecule: black and white. (B) Cartoon illustration of a BCMA-directed PEGylated
liposomal nanoparticle formulation of the SYK P-site inhibitor C61. Such nanoparticles can be
prepared by using the thin film evaporation method with the use of dipalmitoyl phosphatidylcholine
(DPPC), cholesterol, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-PEG2000), and the entrapment of C61 within the interior space of LNP can be
achieved using a pH gradient procedure that employs lactobionic acid (LBA), as described [85].

Another potentially attractive strategy for overcoming an immunosuppressive TME
in MM would be the application of various platforms, such as agonistic CD40 monoclonal
antibodies, capable of molecular repolarization of tumor-associated macrophages with a
proinflammatory phenotype, especially if the off-target risk of systemic inflammation can
be mitigated [86,87].

Several tumor vaccines against MM-associated antigens, including MAGA-C1, MUC-
1, WT-1, NY-ESO-1 as well as idiotypic IgG, have been developed and combined with
strategies such as dendritic cell (DC) vaccination, to be employed for immune vaccina-
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tion in high-risk MM patients either alone or in combination with immune-checkpoint
inhibitors [88,89]. It has also been reported that oncolytic measles virus therapy can be
applied to improve host T-cell immunity against MM by causing immunogenic death of
virus-infected MM cells [90].

8. Targeting the Lactate Shuttle in the TME

Lactate is both a product and an energy source of cellular respiration. After glucose
yields pyruvic acid from glycolysis, pyruvic acid is processed differently based on how
much oxygen the cell has available. In an aerobic environment, pyruvic acid produces
energy in the tricarboxylic acid (i.e., citric acid) cycle, and no lactate is produced. In an
anaerobic environment, pyruvic acid is reduced by the enzyme lactate dehydrogenase
(LDH) to lactate. Cancer cells, including MM cells, often shift the focus of their metabolic
processes toward anaerobic cycles that produce lactate [91–96]. Lactate has even been
shown to be preferred over glucose as an energy source by cancer cells in a well-oxygenated
environment [91–94]. Usually, this would make the tumor cells less energetically efficient
by adding more steps to the cellular respiration process. However, it is now known
that optimization to secrete and consume lactate leads to the emergence of a regionally
efficient metabolism for the tumor taken as a whole. MM cells are not always close
enough to blood vessels to be well oxygenated. Anaerobic processes make sense for the
cells in these areas, and so they produce significant amounts of lactate. If these cells
are examined by themselves, then their lactate production seems wasteful and likely to
contribute to detrimental amounts of lactic acid in their local environment. However,
the excess lactate they secrete is taken up via monocarboxylate transporters (MCT) by
other MM cells in the same region that have better access to vasculature. In the better-
oxygenated cells, lactate dehydrogenase (LDH) converts the lactate back to pyruvic acid
and uses it for energy. This lactate shuttle pathway from oxygen-poor regions to oxygen-
rich regions provides the oxygenated MM cells with an abundance of energy from lactate
(Figure 1B). MM cell-derived lactate promotes the development of immunosuppressive
Tregs and MDSCs [91]. Macrophages can sense lactate secreted from tumor cells and
respond with immunosuppressive activity [92–94]. Lactate inhibits NK cells, gdT cells,
TILs, and CTLs (Figure 1B). Both lactate and LDH in the tumor microenvironment can
facilitate the protumor activity of tumor-associated macrophages [92–94].

MM cells specifically use lactate to mediate several environment changes that support
tumor growth and stimulate more lactate production. Significant accumulations of lactate
activate transcription factor hypoxia-inducible factor-1 α (HIF-1α) in MM cells [95,96]. This
activation occurs when lactate is taken into a cell by monocarboxylate transporter 1 (MCT1).
HIF-1α is responsible for activating and mediating many of the responses of a cell to an
anaerobic environment [96]. Furthermore, HIF-1α is constitutively active in more than
a third of patients with MM [95]. HIF-1α increases rates of glycolysis, increases MCT
activation, suppresses immune reactions from T-cells, and stimulates release of vascular
endothelial growth factor (VEGF). Increased rates of glycolysis increase energy and carbon
availability. MCT activation transports more lactate into and out of cells. T-cell suppression
increases the tumor’s evasion of immune responses and immunotherapy. VEGF stimulates
new blood vessels to form, supplying more oxygen and nutrients to the cell. Sufficient
lactate accumulation to activate HIF-1α relies typically on an absence of oxygen to increase
lactate production from pyruvic acid. However, MM cells can also use an intercellular
“lactate shuttle” to create an oxygen-independent pathway to this accumulation. The
activation of HIF-1 α increases lactate production by increased rates of glycolysis. A cyclical
signaling pathway forms within the TME, whereby cells produce and secrete large amounts
of lactate, which induce neighboring cells to produce and secrete more lactate as well. The
tumor maintains its lactate energy surplus in this way and gains the additional benefits of
increased vascular growth into the tumor and increased immunosuppression around it.

Targeting the “lactate shuttle” by facilitating lactate clearance may eliminate the
contribution of lactate to the immunosuppressive TME in MM. It is noteworthy that
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thiamine and magnesium sulphate that are ingredients of the anti-inflammatory, anti-
oxidant investigational drug product RJX [81], which is being developed as a treatment
platform against CRS, have been shown to facilitate lactate clearance in patients with
sepsis. Likewise, targeting metabolic pathways that play a role in the development of a
hypoxic TME in MM may provide the basis for innovative strategies with clinical impact
potential [91].

9. Future Directions

New drugs and strategies capable of overcoming the immunosuppressive TME would
have very high clinical impact potential for more effective treatment of high-risk and R/R
MM. The identification of the most effective and best tolerated combination regimens will
require rationally designed clinical studies with multiple treatment cohorts enrolling in
parallel and adaptive trial designs.

10. Conclusions

The therapeutic landscape for MM has been rapidly evolving due to introduction of
targeted precision medicines, IMiDs, monoclonal antibodies, BiTEs, and CAR-T cells into
multi-modality treatment strategies that have improved the survival outcomes [97–109].
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