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Abstract

The proteasome serves as the catalytic core of the Ubiquitin (Ub) protein degradation pathway and has become an
intriguing target in drug development and cancer therapy. Successful pharmacologic inhibition of the proteasome with
the small molecule bortezomib led to US Food and Drug Administration (FDA) regulatory approval for the treatment of
mantle cell ymphoma and multiple myeloma (MM) and has been extended to a steadily increasing number of clinical
trials to assess efficacy and safety in other hematologic malignances and solid tumors. Proteasome inhibition results in
the accumulation of multi-ubiquitinated proteins, which are normally degraded through the tightly regulated Ub pathway.
The Ub-Proteasome pathway is responsible for the selective degradation of many proteins that regulate the cell cycle
and growth. Inhibition of the proteasome generates the accumulation of multi-ubiquitinated proteins that eventually
leads to apoptosis although the exact mechanism of cell death is not completely understood. A specialized form of the
proteasome, known to as the immunoproteasome, processes intracellular and viral proteins to generate peptides that
are then presented at the cell surface bound as antigens (Ags) bound to the Major Histocompatibility Complex (MHC)
class | molecule receptor. Importantly, inhibitors of the immunoproteasome decrease the processing and generation
of MHC class | Ags and alter tumor cell recognition by the principal cellular effectors of the immune system. Hence,
proteasome inhibitors may be employed as therapeutics to regulate the production of tumor specific Ags and for the
selective removal of tumor cells through recognition by cytotoxic T lymphocytes (CTLs), natural killer (NK) cells and
dendritic cells (DC). Proteasome inhibitors have been validated as effective cytotoxic agents and may have further

potential as novel immunotherapeutic strategies.
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Introductory Remarks on the Ubiquitin-Proteasome
Proteolytic Pathway

In eukaryotic cells, the Ub-Proteasome proteolytic pathway is the
major intracellular system for the selective degradation of nuclear
and cytosolic proteins (1,2). Proteins are targeted for degradation
through the covalent ligation to Ub, a highly conserved 76 amino
acid polypeptide (3,4). Multi-ubiquitinated proteins are then
degraded in an ATP-dependent manner by a high molecular mass
structure known as the 26S proteasome (5,6). The Ub-Proteasome
pathway maintains cellular homeostasis through dynamic switches in
protein functional states to control essential cellular processes such
as cell-cycle progression and programmed cell death. Deregulation of
ubiquitination in tumor models results in malignant transformation
and tumor progression likely due to the altered degradation of
oncoproteins and tumor suppressor proteins (7-11).

Three enzymatic components are required to covalently link Ub
chains onto protein substrates that are destined for degradation. E1
(Ub-activating enzyme) and E2’s (Ub-conjugating proteins) prepare
Ub for conjugation, but the key enzyme in the process is the E3 (Ub-
protein ligase), because it recognizes a specific target protein and
catalyzes the transfer of activated Ub (3,4). The specificity of target
selection in the Ub-Proteasome pathway is through E3 Ub ligases that
bind substrates for degradation and catalyze the transfer of activated
Ub from the E2 to a lysine residue on the target. Subsequently
additional Ub moieties are then attached to lysines that are present
in Ub, yielding a substrate-anchored chain of Ub molecules.

The 26S proteasome is a ~2.5-MDa highly organized structure
that recognizes and degrades ubiquitinylated substrates targeted for
destruction. The 26S proteasome contains a barrel-shaped proteolytic
core complex (the 20S proteasome), capped at one or both ends by

19S regulatory complexes. The 20S proteasome is a multicatalytic
protease that exhibits various peptidase activities to function as the
catalytic core the 26S proteasome and more broadly the functional
core of the Ub-Proteasome pathway. All peptidase activities for
proteolytic cleavage of the protein substrate reside within the 20S
structure. In mammalian tissues, the 20S proteasome is comprised
of up to 14 different proteins, with each subunit represented twice.
These are classified as either a subunits or b subunits based on their
similarities to the two subunits found in the 20S proteasome from the
archaebacterium Thermoplasma acidophilum. The a and b subunits
form four seven-membered rings that stack on top of each other to
form a barrel-shaped structure.

Targeting the Ub-Proteasome Pathway in Multiple
Myeloma

Multiple myeloma (MM) is a neoplasia hallmarked by the clonal
expansion of malignant plasma cells (PCs) and the accumulation of
a monoclonal immunoglobulin (Ig) (12,13). MM is the second most
commonly diagnosed hematologic malignancy in the Western world
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and despite conventional treatment that includes high-dose therapy
with autologous hematopoietic stem cell transplantation (auto-HSCT)
is generally considered incurable (14,15). Proteasomal-dependent
turnover of multi-ubiquitinated substrates has been targeted
therapeutically with the small molecule inhibitor bortezomib and
has demonstrated significant clinical benefit in MM patients (16-
19). In the CREST study, relapsed MM patients received bortezomib
and overall response rates (ORR) reached 50% and, with the addition
of dexamethasone (DEX) RRs rose to 62% (20). The Assessment of
Proteasome inhibition for Extending remissions (APEX) trial then
compared bortezomib with high dose DEX in MM patients that had
relapsed after one or more prior therapies and demonstrated an ORR
of 38% in the bortezomib arm vs. 18% in the arm that received DEX
alone (21). At one year, overall survival (OS) was 80% in those that had
received bortezomib compared to 67% in the DEX arm. Advances in
mechanistic understanding and treatment modalities have extended
median survival to greater than six years and 10% of MM patients
survive beyond 10 years (16,17). Novel immunomodulatory agents
(IMIDs) such as thalidomide and the analogs lenalidomide and
pomalidomide as well as proteasome inhibitors have significantly
improved prognosis but patient survival remains highly variable
and patient response to therapy cannot be accurately predicted.
Furthermore, nearly one-half of the MM patients that receive
bortezomib do not respond to treatment and therapeutic efficacy
is compromised by the emergence of drug-resistance- the molecular
basis of which remains elusive. Thus, novel therapeutic approaches
are urgently needed for the treatment of MM.

Immunotherapy and the Inmunoproteasome as a Target
in Multiple Myeloma

Immunotherapy for hematologic malignancies such as MM offers
therapeutic interventions that may utilize the host immune system
to target and eradicate malignant cells. An advance in understanding
how tumor cells evade immune surveillance mechanisms has assisted
the development of immune-based therapies. One potential benefit
of immunotherapy is the ability to eradicate tumor cells that are
not eliminated by cytotoxic or targeted methods. Furthermore, an

immune response may be generated through a mechanism completely
independent of proteasome inhibition and therefore avoid the
generation of resistance to proteasome inhibitors. Finally since the
effectors of an immune response are long-lived (relative to cytotoxic
chemotherapy) they offer the opportunity for a durable anti-tumor
effect through sustained immune vigilance. Whether promising
preclinical and phase I clinical trials will ultimately translate into
improved, long-term OS remains to be determined.

Early reports established a role for the proteasome in the
processing and generation of class I MHC Ag's (22-24), and
proteasome inhibitors have been used to study class | Ag processing
and presentation in vitro (25-30). The proteasome, or a specialized
form known as the immunoproteasome, cleaves intracellular proteins
within tumor cells to generate peptide fragments that then are
transported to the cell surface (Figure 1). The peptides are inserted
into the binding pocket of class | MHC molecules to facilitate tumor
cell recognition by the CTL. Importantly, a single peptide~MHC class
I complex may trigger cytolysis of a tumor cell. It is also noteworthy
that the proteasome is not a static structure. Exposure of cells to
cytokines, such as g-interferon, induces partial replacement of
the three catalytic subunits with new subunits referred to as LMP-
2, -7, and -10. Proteasome inhibitors were shown to reduce the
generation of endoplasmic reticulum (ER) leader-derived T cell
epitope and may either up- or down-regulate Ag presentation at
non-toxic doses (31,32). Furthermore, bortezomib was shown to
alter viral Ag processing with increased susceptibility to lymphocytic
choriomeningitis virus (LCMV) infection in vivo (33). Therefore,
the reduction of class | Ag presentation of virus-derived peptides
may suppress the CTL response and allow virus replication (Figure
2). However, while immunoproteasome inhibition may overcome
resistance to conventional drugs and nonspecific proteasome
inhibitors, e.g., bortezomib, it also may generate unwanted effects.
Therefore, the immunoproteasome may be selectively targeted with
greater specificity and less toxicity (34). Finally, alterations in the Ag
processing machinery have been detected in transformed PCs and
are associated with reduced recognition by CD8" T cells (35). The
changes in the Ag processing machinery may allow PCs to elude
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Figure 1: Processing of Intracellular Proteins by the Immunoproteasome Generates Peptides that Serve as Class | MHC Antigens at the Tumor Cell Surface.
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Figure 2: The Effect of Proteasome Inhibitors on the Generation of Antigen Peptides and Tumor Cell Recognition by Cellular Effectors of the Immune System.
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immune surveillance and be a part of the MGUS to MM sequence in
myelomagenesis.

Tumor Specific Antigens as Therapeutic Targets in
Multiple Myeloma

Since the immunoproteasome is responsible for the generation
of antigenic peptides it is noteworthy to report the identity those
that have been reported or detected. A number of recent studies
have identified tumor specific Ags that have been either detected
on MM cells or have been associated with MM. These Ags include
survivin (36), Muc-1 (37), telomerase (38), Sp-17 (39), PRAME, MAGE-A
family members (40), Wilms tumor gene (WT1), (41) and gp96 (heat-
shock proteins) (42). These Ags may be used as targets for cytotoxic
and immunologic modalities to elicit selective tumor cell removal.
To generate a robust, sustained immune response, the host immune
system must recognize Ags as being foreign, over expressed or
inappropriate. An ideal Ag would be expressed exclusively on the
tumor cell and in high numbers; the selective interaction between the
Ag and immune system effector, e.g. CTL or NK cell, should produce a
rapid, sustained cytotoxic effect. The immune response should then
be upregulated to elicit a response directed against as many myeloma
cells as possible.

Idiotype (Id) proteins have been targeted in multiple
lymphoproliferative disorders as immunotherapy against malignant
B-cells (43). In myeloma, studies have shown that host response is
inadequate to control the tumor cell proliferation as seen with the
higher probability of a T,1 lymphocytic response with increased
IFN-y levels and IL-2 in indolent and early-stage myeloma versus T, 2
response with increased IL-4 in patients with late-stage myeloma.
This is mainly an MHC class Il restricted effect with little role for CTL
activity and suggested that MM cells do not produce an immunogenic
Id protein. This differs from other B-cell malignancies. However,
Wen et al. demonstrated that exposure of myeloma patient specific
Id protein on the cell surface to cultured, leukapheresed peripheral
blood mononuclear cells (PBMCs) produced DCs as Ag-presenting
cells (APCs) to suggest that under these circumstances, MM cells may
process and present Id proteins as MHC antigens (44).

Another antigenic target is the Dickkopf-1 (DKK1) protein, which

normally is only found in placenta and mesenchymal stem cells
(MSCs) but is aberrantly found in elevated levels in bone marrow
and myeloma PCs by immunohistochemical (IHC) staining (45). DKK-
1 is a secreted protein that inhibits the Wnt/[b]-catenin signaling
pathway by interacting with the co-receptor protein Lrp-6 (46,47) and
expression is associated with lytic bone lesions (48). DKK1 peptides
attached to HLA-A*0201 cells produced a cytotoxic response from
CTLs primed against this peptide using DCs as APCs. DKK-1 also
produced a killing response in the MM cell lines U266 and IM-9, as
well as HLA-A*0201-positive myeloma cells. However, this method
did not kill DKK1+/HLA-A*0201-negative cells nor lyse HLA-A*0201
B lymphocytes (49). DKK1 may be a universal tumor-associated Ag to
produce myeloma cell-directed vaccine.

Immune surveillance may play a role in preventing the MGUS to
MM progression and the identification of immune responsive Ags in
MGUS may provide insight into myelomagenesis and immune-based
therapeutic applications. A serologic analysis of recombinant cDNA
expression library (SEREX) approach screened an MM cDNA library
with sera from 3 MGUS patients (50). Ten Ags were identified with
specific antibody responses in MGUS patients. A response against the
Oral-facial-digital type | syndrome (OFD1)was seen in 6/29 (20.6%)
MGUS patients but 0/11 newly diagnosed MM patients. Interestingly,
3/11(27.2%) MM patients following autologous SCT showed responses
to OFD1. OFD1 functions in the Hedgehog (Hh) and Wingless (Wnt)
pathways and may represent a critical step in the transformation of
the pre-malignant MGUS condition to the malignant state. The cancer
testis Ags MAGE-3 and NY-ESO-1 are normally present in male germ
cells, ovarian cells and gestational trophoblasts but atypically occur
in MM and may also induce a selective CTL-mediated response (43).

Antibody-based Immunotherapy in Multiple Myeloma

Monoclonal antibodies (mAb) recognize Ags on the tumor cell to
induce complement-mediated lysis as well as ADCC and have been
successful in solid tumors such as melanoma and renal cell carcinoma
(51,52). CS1 is a transmembrane glycoprotein that shares a structural
similarity with surface Ig. Myeloma cells commonly express CS1
and increased CS1 blood levels seen in MM patients are indicative
of active disease. A fully humanized mAb (HuLuc63, Elotuzamab)
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was developed to exploit these properties (53) and demonstrated
inhibition of MM cell adhesion to stromal cells, induced ADCC in
vitro and injections into xenograft myeloma mice caused tumor
regression. Elotuzumab has been combined with bortezomib in a
phase I, dose escalation trial as well as with lenalidomide (LEN) and
dexamethasone in a phase I/ll trial. The bortezomib combination
showed a best response of rate 60% with 40% achieving a >/= partial
response (PR) and median time to progression (TTP) of 9.6 months
(54). Meanwhile, the LEN/DEX combination showed an ORR of 82%
(64% PR, 18% VGPR) and an adjusted ORR of 95% (73% PR, 23% VGPR) in
patients that had not been exposed to lenalidomide. At present, the
median TTP had not been reached in the phase Il portion and further
studies will address CS-1 mAD efficacy in MM (55).

B,-microglobulin (3,M) is a component of the MHC class I molecule
but is non-covalently bound to the a-chain and freely exchanges with
serum B,M. The serum level of B,M is greatly increased in active
MM and increased levels are associated with poor prognosis. A mAb
directed against B,M specifically induced apoptosis in 90% of myeloma
cells without harming normal lymphocytes, plasma cells, stem cells
or osteoclasts (56-58). Moreover, injection into mice produced a
therapeutic response without damage to the hematopoietic system or
murine organs (58). The novel mechanism thought to be at work here
is the transfer of lipid rafts to the MHC class | molecule and removal
from the IL-6/IGF-I receptor with consequent down regulation of the
proliferation signaling and up regulation of apoptosis.

Interleukin-6 (IL-6) is a major cytokine that promotes MM cell
growth and CNTO328 is a chimeric mAb directed against IL-6 that
has shown modest clinical benefit. CNT0328 produced stable disease
in 5/14 MM patients but no significant response as a single agent.
Ten patients went on to have DEX added to their regimen and 5/10
achieved a PR (59). CD56 is a membrane glycoprotein with structural
similarity to Ig and is seen in 70-90% of MM cells. CD56 prevents
apoptosis and up regulates and promotes cellular proliferation (60).
IMGN901 is a humanized anti-CD56 mAb conjugated to a potent
chemotherapeutic maytansinoid (DM-1). In a phase I study in MM
patients with relapsed/refractory disease, 3/18 patients showed a
minor response (MR) and at least 8/18 patients had stable disease
(SD). Treatment lasted at least 24 weeks in 5 patients and at least
42 weeks in 2 (61). Other targets under evaluation include CD74
(), IGF-IR (62), AVE1642 (53), HM1.24/BST-2/CD317 (anti-HM) (63),
and TNF-related apoptosis-inducing ligand (TRAIL) (53). In addition,
a humanized anti-DKK1 mAb, BHQ880, has been used in human
myeloma mouse models (64).

Multiple Myeloma-Specific Cytotoxic T Cells

Agents targeted against key immunosuppressive, oncogenic or
anti-apoptotic factors may sensitize tumor cells to CTL-mediated
death. Progress in understanding the mechanisms of Ag processing
and cancer cell escape from the normal processes that govern the
removal of unwanted cells further support a CTL-based approach to
cancer therapy. CTLs recognize target cells using clonally unique T
cell receptors (TCRs) that confer specificity for Ags expressed on the
surface of targets. To investigate this approach, a HSCT donor was
immunized with MM Ig prior to transplantation it was shown that
tumor Ag-specific immunity could be transferred to the recipient
(65). Detection of a lymphoproliferative response, a parallel response
in the carrier protein, recovery of a recipient CD4+ T-cell line with
unique specificity for myeloma idiotype, and demonstration by in-
situ hybridization that the cell line was of donor origin, proved that a
myeloma idiotype-specific T-cell response was successfully transferred

to the recipient. The idiotypic structure of clonal Ig expressed on the
B-cell surface can be regarded as a tumor-specific Ag and a potential
target for anti-idiotypic T and B-cells in an immune response (66).
Active immunization using the autologous monoclonal Ig as a
vaccine induces tumor-specific immunity in murine B-cell tumors and
in patients with B-cell lymphoma. An anti-idiotypic T-cell response
was amplified 1.9 to 5-fold in 3/5 patients during immunization and
in two of the patients induction of idiotype-specific immunity was
associated with a gradual decrease of CD19* B cells. This warrants
further study to optimize the immunization schedule to achieve long-
lasting T-cell immunity.

Another potential target is HM1.24 Ag, which is preferentially
over expressed in MM but not in normal cells. T cells specific for the
HM1.24 antigen were generated from MM patients using stimulation
with protein-pulsed dendritic cells (67). HM1.24-primed T cells
responded selectively to HM1.24-loaded autologous peripheral blood
mononuclear cells (PBMCs) in an IFN-y ELISPOT assay to indicate the
promise of HM1.24 as a target Ag. To further explore the potential
of HM1.24 as a target, Jalili et al. selected 4 HM1.24-derived peptides
that possessed binding motifs for HLA-A2 or HLA-A24 by using 2
computer-based algorithms (68). The ability of these peptides to
generate CTLs was then examined in 20 healthy donors and 6 patients
with MM by a reverse immunologic approach. DCs were induced from
PBMCs harvested from patients with MM, and autologous CD8* T
cells were stimulated with HM1.24 peptide—pulsed DCs. Interferon-g—
production and cytotoxic responses from CD8" T cells were both
observed after stimulation with either HM1.24-126 or HM1.24-165
peptides. Importantly, HM1.24-specific CTLs were also induced from
peripheral blood stem cell (PBSC) harvests of MM patients and these
CTLs were able to kill MM cells in an HLA-restricted manner. This
finding demonstrates the existence of functional DCs and HM1.24-
specific CTL precursors within PBSC harvests and provides the
rationale for cellular immunotherapyin combination with autologous
PBSC transplantation in MM.

Prior studies of Id-protein specific CTLs for myeloma-lysed tumor
cells indicated that the mechanism of cytotoxicity was mediated
primarily through the perforin pathway because concanamycin
A, but not brefeldin A, down-regulated CTL activity (69). Since
CTLs continuously re-circulate through the body as a surveillance
mechanism, antigenic stimulation of CTLs may serve as a potentially
useful means to fight systemic disease. Evidence of T cell reactivity
against survivin Ag in patients with MM suggests that this Ag might
be effective (70). Both cytolytic and IFN-y-producing responses to
autologous myeloma cells were generated in 6/7 MM patients after
stimulation ex vivo with DCs that had processed autologous tumor
cells. The antitumor effectors recognized fresh autologous tumor
but not non-tumor cells in the bone marrow, myeloma cell lines,
DCs loaded with tumor-derived Ig or allogeneic tumor. Importantly,
these CD8" effectors developed with similar efficiency by using T
cells. Therefore, even in the setting of clinical tumor progression, the
tumor bed of myeloma patients contains T cells that can be activated
readily by DCs to kill primary autologous tumor.

IMIDsare standard of care treatment for MM and one of mechanism
of action proposed includes T cell clonal expansion. A retrospective
trial examined MM patients that received prednisone +/- thalidomide
maintenance following auto-HSCT (71). T cell expansions were seen
in 48% of patients pre-transplant and 68% after 8-month maintenance
therapy and the T cell expansions, previously shown to be clonal,
were predominantly CD8* (93%). Thalidomide therapy was associated
with a significant increase in the percentage of patients with multiple
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expansions of CTL clones. The presence of expansion was associated
with a significantly longer median in progression-free survival (PFS)
(32.1 vs. 17.6 months) and OS. Novel methods to expand anti-
myeloma derived CTL clones in the pre-clinical setting involve fusing
myeloma cells to DCs to bring tumor Ags in proximity to the APCs
and hence, stimulate more CTLs and form a more intense, longer-
lasting immunity. These methods were used in mouse plasmacytoma
models and anti-myeloma humoral and CTL responses were seen,
leading to longer lives in the mice; however, no reduction in tumor
size was seen. Further study led to the finding that more mature DCs
rather than immature DCs used in the fusion cells led to a stronger
immune response with higher levels of cytokines and CTL activity
(72). Another technique used involves alternative APCs, namely CD40
activated B-cells loaded with myeloma Ags. These methods may
induce intense, myeloma-specific CTL responses similar to that seen
in the in vitro killing of cultured myeloma cell lines (73).

Modulation of Natural Killer Cell Activity through
Proteasome Inhibitors

NK cells are of lymphoid origin, constitute up to 20% of PBMCs
and function to lyse tumor and virus-infected cells that lack MHC class
I molecules (74,75). NK cells express surface receptors that either
inhibit or activate cell lysis. Importantly, inhibitory receptors with
different specificities for class I molecules have been identified. The
two main receptor groups are the killer Ig-like receptors (KIR) that
bind HLA-class | molecules and the heterodimeric receptors CD94-
NKG2A/B that recognize HLA-E. The absence of even a single MHC-I
allele sensitizes tumor cells to NK-mediated cytotoxicity. NK target
recognition is achieved by the absence of syngeneic MHC molecules
through dominant NK-inhibitory receptors. Alternatively, NK cells
may utilize the presence of allogeneic MHC molecules or MHC-like
molecules by NK activating receptors to recognize targets. Should a
cell down regulate MHC expression, such as that seen in malignancy,
that cell is less susceptible to CTL-induced lysis but may actually
become more susceptible to NK recognition. Bortezomib was shown
to sensitize tumors to death receptor signaling pathways used by
both NK and T cells. Bortezomib simultaneously results in divergent
effects on NK and T cell function since bortezomib sensitized cells to
NK cell-induced apoptosis but also altered tumor Ag presentation and
paradoxically reduced tumor-specific T cell effector response (76).

Additional cell surface receptors affected by bortezomib include
the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
receptors DR4 and DR5. Compared with cycling populations,
quiescent CD34* Chronic Myelogenous Leukemia (CML) cells have
higher surface expression of DR4 and DR5 (77). Cells treated with
bortezomib were shown to up regulate TRAIL receptor expression
on quiescent CD34* CML cells, and furthermore enhanced their
susceptibility to cytotoxicity by in vitro expanded allogeneic donor
NK cells. The results suggest that donor-derived, NK cell-mediated
Graft-versus-Leukemia (GVL) effects may be improved by sensitizing
residual quiescent CML cells to NK-cell cytotoxicity.

Human leukocyte antigen (HLA) class I molecules expressed by
tumor cells play a central role in the regulation of NK cell-mediated
immune responses (78,79). When one such molecule, KIR-ligand
(KIR-L), is mismatched, NK cells have potent antileukemic effects
in the setting of heavily T cell-depleted haplo-identical allogeneic
transplantation. This is problematic for the majority of MM patients,
as most are unlikely to be able to tolerate the associated toxicity
of such a regimen. It is postulated that mature NK cells express at
least one inhibitory receptor for autologous HLA class | to preserve

self-tolerance. In contrast, NK cells avidly lyse tumor cells that do not
display such inhibitory KIR-L. The humanized IgG, anti-KIR blocking
antibody IPH2101 enhances NK cell IFN-y and granzyme B release
against MM cells (80) and proceeded to phase I trials without dose-
limiting toxicity reported (81).

Dendritic Cell-based Therapy and Proteasome Inhibitors

Dendritic cells (DCs) are potent APCs that efficiently survey for
incoming pathogens. Encounter of DCs with pathogen leads to DC
activation, migration to secondary lymphoid organs and maturation
(82, 83). Mature DCs stimulate not only quiescent, naive CD4* and
CD8* T cells but also B cells to initiate a primary immune response
through the optimal use of co-stimulatory, adhesion, and MHC
molecules. A strong secondary immune response is mounted, which
requires a relatively small number of DCs and low level of Ag. Given
their central role in controlling immunity, DCs are logical targets for
treatment of MM but preliminary reports of DC-based immunotherapy
have demonstrated low clinical responses. Vaccination with tumor
Ag-pulsed DCs are protective in animal models and have induced
potent tumor-specific immunity and durable regression of human
solid tumors and B-cell lymphoma in these models (84). The results
indicate that DCs pulsed with Id protein could be used to induce the
type 1 anti-Id response in patients with MM.

Heterokaryons generated by the fusion of DC’'s with tumor
cells combine the machinery needed for immune stimulation
with presentation of a large repertoire of tumor cell-specific Ags.
Subsequent fusions of MM cells with DC as a vaccination strategy
were shown to be potent stimulators of autologous patient T
cells and more importantly, fusion cell-primed autologous PBMCs
demonstrated MHC-restricted cytolysis (85). In a murine model,
vaccination of DCs fused with mouse 4TOO plasmacytoma cells was
associated with induction of antitumor humoral and CTL responses
(86). Immunization with the fusion cells protected mice against
tumor challenge and extended the survival of tumor-established mice
without eradication of the tumor cells while addition of IL-12 further
eradicated disease.

A novel extension of the heterokaryon approach fused Id-protein
pulsed DCs that were then induced to undergo maturation with
exposure to CD40 ligand (CD40L) (87). The experimental premise
is that mature DC's are better at stimulating CD4* and CD8" cell
activation than immature DC’s, but myeloma, as with other cancers,
can impair the T-helper cells. Thus, CD40 activation of DC’s is similarly
impaired. Vaccination with CD40L-stimulated DC’s may reduce the
effect on host immune system. In a murine model, bortezomib
sensitized B16 melanoma tumor cells to the lytic effects of immune
effector cells (88) but also impaired the immune stimulatory capacity
of myeloid DC’s (89).

While bortezomib has the potential to enhance DC-mediated
anti-tumor immunity, it has also been reported to impair several
stimulatory properties of monocyte-derived DC’s. The precise role
of proteasome inhibitors and the effect on the innate and adaptive
immunity as combined therapy is still unclear. It has been shown that
the uptake of human MM cells by DC’s after bortezomib-induced
death leads to antitumor immunity and depends upon cell surface
exposure of hsp90 on dying cells (90). Bortezomib impaired several
properties of DC’s such as phagocytic capacity, maturation in response
to LPS and TNF-a and CD40L and reduced cytokine production (91).
Bortezomib was found to down-regulate MyD88, an essential adaptor
for TLR signaling as well.
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Conclusions

The clinical success of proteasome inhibitors in the treatment of
MM and an increasing number of hematological malignancies validates
the proteasome as viable therapeutic target. Bortezomib combined
with IMIDs and a number of chemotherapeutic agents in MM has
demonstrated improved RR, CR and OS comparable or superior to
those achieved in the auto-HSCT. Furthermore, bortezomib-based
therapy may be more applicable particularly in the elderly or frail
patient populations. Future efforts are directed the identification of
synergistic drug combinations that produce more durable responses,
less toxicity and prolonged survival for patients to make certain
plasma cell dyscrasias increasingly chronic and treatable diseases.
Clinical response to agents or cells that enhance immunity alone is
rare; however, it is more likely to show benefit when combined with
other agents such as proteasome inhibitors. Durable tumor regression
and potential cures of metastatic solid cancers can be achieved by
a variety of cellular immunotherapy strategies, including cytokine
therapy, dendritic cell-based vaccines, and immune-activating
antibodies, when used in so-called immune-sensitive cancers such as
melanoma and renal cell carcinoma. However, these immunotherapy-
based strategies have very low tumor response rates, usually in the
order of 5% to 10% of treated patients. The antitumor activity of
adequately stimulated tumor antigen—specific T cells is limited by local
factors within the tumor milieu and that pharmacologic modulation
of this milieu may overcome tumor resistance to immunotherapy. By
understanding the mechanisms of tumorigenesis and of cancer cell
immune escape, it may be possible to design rational combinatorial
approaches of novel therapies such as proteasome inhibitors able to
target immunosuppressive or antiapoptotic molecules in an attempt
to reverse resistance to immune system control. The Ub-Proteasome
pathway is an ideal target for immunopotentiating drugs that block
key oncogenic mechanisms in cancer cells resulting in a proapoptotic
cancer cell milieu while at the same time do not negatively interfere
with critical CTL functions and may actually augment NK-cell based
tumor lysis. Further studies are warranted and in progress to
incorporate these immunotherapeutic approaches with existing
and emerging novel, biologic approaches aimed at the improved
treatment of MM.

References

1. Hershko A, Ciechanover A, Varshavsky A (2000) Basic Medical Research Award.
The ubiquitin system. Nature Med 6: 1073-1081.

2. Hershko A, Ciechanover A (1998) The ubiquitin system. Annu Rev Biochem 67:
425-479.

3. Ciechanover A (2004) The ubiquitin-proteasome proteolytic pathway. Cell 79:13-
21.

4. Hochstrasser M (1995) Ubiquitin, proteasomes and the regulation of intracellular
protein degradation. Curr Opin Cell Biol Apr 7: 215-223.

5. Eytan E, Ganoth D, Armon T, Hershko A (1989) ATP-dependent incorporation of
20S protease into the 26S complex that degrades proteins conjugated to ubiquitin.
Proc Natl Acad Sci USA 86: 7751-7755.

6. Driscoll J, Goldberg AL (1990) The proteasome (multicatalytic protease) is a
component of the 1500-kDa proteolytic complex which degrades ubiquitin-
conjugated proteins. J Biol Chem 265: 4789-4792.

7. Wolf DH, Hilt W (2004) The proteasome: a proteolytic nanomachine of cell
regulation and waste disposal. Biochim Biophys Acta 1695: 19-31.

8. Hoeller D, Dikic | (2009) Targeting the ubiquitin in cancer therapy. Nature 458:
438-444.

9. Crews CM (2003) Feeding the Machine: mechanisms of protein catalyzed
degradation of ubiquitinated proteins. Curr Opin Chem Biol 7: 534-539.

10. Baumelster W, Walz J, Zuhl F, Seemuller E (1998) The proteasome: paradigm of
a self-compartmentalizing protease. Cell 92: 367-380.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

2

[y

22,

23.

24,

25.

26.

27.

28.

29.

30.

3

g

32.

33.

Glotzer M, Murray AW, Kirschner MW (1991) Cyclin is degraded by the ubiquitin
pathway. Nature 349: 132-138.

Kyle RA, Rajkumar SV (2004) Multiple Myeloma. N Engl J Med 351: 1860-1873.

Richardson PG, Mitsiades CS, Hideshima T, Anderson KC (2005) Novel biological
therapies for the treatment of multiple myeloma. Best Pract Res Clin Haematol 18:
619-634.

Barlogie B, Tricot G, Aniassie E, Shaughnessy J, Rasmussen E, et al. (2006)
Thalidomide and hematopoietic-cell transplantation for multiple myeloma. N Engl
J Med 354: 1021-1030.

Attal M, Harousseau JL, Stoppa AM, Sotto JJ, Fuzibet JG, et al. (2006) A
prospective, randomized trial of autologous bone marrow transplantation and
chemotherapy in multiple myeloma. Intergroupe Francais du Myelome N Engl J
Med 337: 91-97.

Hideshima T, Anderson KC (2002) Molecular mechanisms of novel therapeutic
approaches for multiple myeloma. Nature Rev Cancer 2: 927-937.

Mitsiades CS, Mitsiades N, Munshi NC, Anderson KC (2004) Focus on Multiple
Myeloma. Cancer Cell 6: 439-444.

Hideshima T, Richardson P, Chauhan D, Palombella VJ, Elliott PJ, et al. (2001)
The proteasome inhibitor PS-341 inhibits growth, induces apoptosis, and
overcomes drug resistance in human multiple myeloma cells. Cancer Res 61:
3071-3076.

Mitsiades N, Mitsiades CS, Poulaki V, Chauhan D, Fanourakis G, et al. (2002)
Molecular sequelae of proteasome inhibition in human multiple myeloma cells.
Proc Natl Acad Sci USA 99: 14374-14379.

Richardson PG, Sonneveld P, Schuster MW, Irwin D, Stadtmauer EA, et al. (2005)
Bortezomib or high-dose dexamethasone for relapsed multiple myeloma. N Engl
J Med 352: 2487-2498.

. Jagannath S, Richardson PG, Barlogie B, Berenson JR, Singhal S, et al. (2006)

Bortezomib in combination with dexamethasone for the treatment of patients with
relapsed and/or refractory multiple myeloma with less than optimal response to
bortezomib alone. Haematologica 91: 929-934.

Driscoll J, Brown M, Finley D, Monaco JJ (1993) MHC-linked LMP gene products
specifically alter peptidase activities of the proteasome. Nature 365: 262-264.

Driscoll J, Finley DA (1992) Controlled Breakdown: Antigen Processing and the
Turnover of Viral Proteins. Cell 68: 823-825.

Rock KL, Gramm C, Rothstein L, Clark K, Stein R, et al. (1994) Inhibitors of the
proteasome block the degradation of most cell proteins and the generation of
peptides presented on MHC class | molecules. Cell 78: 761-771.

Groettrup M, Soza A, Kuckelkorn U, Kloetzel PM (1996) Peptide antigen
production by the proteasome: complexity provides efficiency. Immunol Today 17:
429-435.

Bai A, Forman J (1997) The effect of the proteasome inhibitor lactacystin on the
presentation of transporter associated with antigen processing (TAP)-dependent
and TAP-independent peptide epitopes by class | molecules. J Immunol 159:
2139-2146.

Benham M, Gromme M, Neefjes J (1998) Allelic Differences in the Relationship
Between Proteasome Activity and MHC Class | Peptide Loading. J Immunol 161:
83-89.

Komlosh A, Momburg F, Weinschenk T, Emmerich N, Reiss Y (2001) Role for
a Novel Luminal Endoplasmic Reticulum Aminopeptidase in Final Trimming of
26 S Proteasome-generated Major Histocompatability Complex Class | Antigenic
Peptides. J Biol Chem 276: 30050-30056.

Shi J, Tricot GJ, Garg TK, Malaviarachchi PA, Szmania SM, et al. (2008)
Bortezomib down-regulates the cell-surface expression of HLA class | and
enhances natural killer cell-mediated lysis of myeloma. Blood 111: 1309-1317.

Kloetzel PM (2001) Antigen Processing by the Proteasome. Nat Rev Mol Cell Biol
2:179-188.

. Gallimore A, Schwarz K, Van den Broek M, Hengartner H, Groettrup M (2002)

The Proteasome Inhibitor Lactacystin Prevents the Generation of an Endoplasmic
Reticulum Leader-Derived T-Cell Epitope. Mol Immunol 35: 581-591.

Schwarz K, De Giuli R, Schmidtke G, Kostka S, Van den Broek M (2000) The
Selective Proteasome Inhibitors Lactacystin and Epoxomicin Can Be Used
to either Up- or Down-Regulate Antigen Presentation at Non-Toxic Doses. J
Immunol 164: 6147-6157.

Basler M, Lauer C, Beck U, Groettrup M (2009) The Proteasome Inhibitor
Bortezomib Enhances the Susceptibility to Viral Infection. J Immunol 183: 6145-
6150.

ISSN:2157-7013 JCEST, an open access journal

[b J Cel Sci Therapy

Volume 1. Issue 1.1000101 ]



http://www.ncbi.nlm.nih.gov/pubmed/11017125
http://www.ncbi.nlm.nih.gov/pubmed/9759494
http://www.ncbi.nlm.nih.gov/pubmed/7923371
http://www.ncbi.nlm.nih.gov/pubmed/7612274
http://www.ncbi.nlm.nih.gov/pubmed/2554287
http://www.ncbi.nlm.nih.gov/pubmed/2180950
http://www.ncbi.nlm.nih.gov/pubmed/15571806
http://www.ncbi.nlm.nih.gov/pubmed/19325623
http://www.ncbi.nlm.nih.gov/pubmed/14580555
http://www.ncbi.nlm.nih.gov/pubmed/9476896
http://www.biochem.wisc.edu/courses/biochem875/Reading/Glotzer_et_al_91.pdf
http://www.ncbi.nlm.nih.gov/pubmed/15509819
http://www.ncbi.nlm.nih.gov/pubmed/16026741
http://www.ncbi.nlm.nih.gov/pubmed/16525139
http://www.ncbi.nlm.nih.gov/pubmed/8649495
http://www.ncbi.nlm.nih.gov/pubmed/12459731
http://www.ncbi.nlm.nih.gov/pubmed/15542427
http://www.ncbi.nlm.nih.gov/pubmed/11306489
http://www.ncbi.nlm.nih.gov/pubmed/12391322
http://www.ncbi.nlm.nih.gov/pubmed/15958804
http://www.ncbi.nlm.nih.gov/pubmed/16818280
http://www.ncbi.nlm.nih.gov/pubmed/8371781
http://www.ncbi.nlm.nih.gov/pubmed/1312390
http://www.ncbi.nlm.nih.gov/pubmed/8087844
http://www.ncbi.nlm.nih.gov/pubmed/8854562
http://www.ncbi.nlm.nih.gov/pubmed/9278300
http://www.ncbi.nlm.nih.gov/pubmed/9647210
http://www.ncbi.nlm.nih.gov/pubmed/11373290
http://www.ncbi.nlm.nih.gov/pubmed/17947507
http://www.nature.com/nrm/journal/v2/n3/abs/nrm0301_179a.html
http://www.ncbi.nlm.nih.gov/pubmed/9823757
http://www.ncbi.nlm.nih.gov/pubmed/10843664
http://www.ncbi.nlm.nih.gov/pubmed/19841190

Citation: Driscoll JJ, Burris J, Annunziata CM (2010) Novel Strategies in the Treatment of Multiple Myeloma: From Proteasome Inhibitors to
Immunotherapy. J Cel Sci Therapy 1:101. doi:10.4172/2157-7013.1000101

Page 7 of 8

34.

35.

36.

37.

38.

39.

40.

4

iy

42.

43.
44,

45,

46.

47.
48.

49.

50.

51.

52.

53.

54

55.

56.

Kuhn DJ, Hunsucker SA, Chen Q, Voorhees PM, Orlowski M, et al. (2009)
Targeted Inhibition of the Immunoproteasome is a Potent Strategy against Models
of Multiple Myeloma that Overcomes Resistance to Conventional Drugs and
Nonspecific Proteasome Inhibitors. Blood 113: 4667-4676.

Racanelli V, Leone P, Frassanito MA, Brunetti C, Perosa F, et al. (2010) Alterations
in the Antigen Processing-Presenting Machinery of Transformed Plasma Cells
are Associated with Reduced Recognition by CD8+ T Cells and Characterize the
Progression of MGUS to Multiple Myeloma. Blood 115: 1185-1193.

Schmidt SM, Schag K, Miller MR, Weck MM, Appel S, et al. (2003) Survivin is
a Shared Tumour-Associated Antigen in a Broad Variety of Malignancies and
Recognised by Specific Cytotoxic T Cells. Blood 102: 571-576.

Brossart P, Schneider A, Dill P, Schammann T, Grunebach F, et al. (2001) The
Epithelial Tumour Antigen MUCL is Expressed in Haematological Malignancies
and is Recognised by MUC1-Specific Cytotoxic T-Lymphocytes. Cancer Res 61:
6846.

Vonderheide RH, Schultze JL, Anderson KS, Maecker B, Butler MO, et al. (2001)
Equivalent Induction of Telomerase-Specific Cytotoxic T Lymphocytes from
Tumor-Bearing Patients and Healthy individuals. Cancer Res 61: 8366-8370.

Chiriva-Internati M, Wang Z, Salati E, Bumm K, Barlogie B, et al. (2002) Sperm
Protein 17 (Sp17) is a Suitable Target for Immunotherapy of Multiple Myeloma.
Blood 100: 961-965.

Pellat-Deceunynck C, Mellerin AP, Labarriere N, Jego G, Moreau-Aubry A, et
al. (2000) The Cancer Germ Line Genes MAGE-1, MAGE-3 and PRAME are
Commonly Expressed by Human Myeloma Cells. Eur J Immunol 30: 803-809.

. Tsuboi A, Oka Y, Nakajima H, Fukuda Y, Elisseeva OA, et al. (2007) Wilms tumor

gene WT1 peptide-based immunotherapy induced a minimal response in a patient
with advanced therapy-resistant multiple myeloma. Int J Hematol 86: 414-417.

Qian J,Hong S, Wang S, Zhang L, Sun L, et al. (2009) Myeloma cell line—derived,
pooled heat shock proteins as a universal vaccine for immunotherapy of multiple
myeloma. Blood 114: 3880-3889.

Yi Q (2009) Novel Immunotherapies. Cancer J 15: 502-510.

Wen YJ, Min R, Tricot G, Barlogie B, Yi Q, et al. (2002) Tumor lysate-specific
cytotoxic T lymphocytes in multiple myeloma: promising effector cells for
immunotherapy. Blood 99: 3280-3285.

Glinka A, Wu W, Delius H, Monaghan AP, Blumenstock C, et al. (1998) Dickkopf-1
is @ member of a new family of secreted proteins and functions in head induction.
Nature 391: 357-362.

Gregory CA, Singh H, Perry AS, Prockop DJ (2003) The Wnt signaling inhibitor
dickkopf-1 is required for reentry into the cell cycle of human adult stem cells from
bone marrow. J Biol Chem 278: 28067-28078.

Zorn AM (2001) Wnt signalling: antagonistic Dickkopfs. Curr Biol 11: R592-595.

Tian E, Zhan F, Walker R, Rasmussen E, Ma Y, et al. (2003) The role of the Wnt-
signaling antagonist DKK1 in the development of osteolytic lesions in multiple
myeloma. N Engl J Med 349: 2483-2494.

Qian J, Xie J, Hong S, Yang J, Zhang L, et al. (2007) Dickkopf-1 (DKK1) is a
Widely Expressed and Potent Tumor-Associated Antigen in Multiple Myeloma.
Blood 110: 1587-1594.

Blotta S, Tassone P, Prabhala RH, Tagliaferri P, Cervi D, et al. (2009) Identification
of novel antigens with induced immune response in monoclonal gammopathy of
undetermined significance. Blood 114: 3276-84.

Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, et al. (2010)
Improved Survival with Ipilimumab in Patients with Metastatic Melanoma. New
Engl J Med 363: 711-723.

Escudier BJ, Bellmunt J, Negrier S, Melichar B, Bracarda S, et al. (2009) Final
results of the phase Ill, randomized, double-blind AVOREN trial of first-line
bevacizumab (BEV) + interferon-a2a (IFN) in metastatic renal cell carcinoma
(mRCC). J Clin Oncol 27: 5020.

Chanan-Khan AA, Borrello |, Lee KP, Reece DE (2010) Development of Target-
Specific Treatments in Multiple Myeloma. Br J Haematol 1365: 2141.

. Jakubowiak AJ, Benson DM, Bensinger W, Siegel DS, Zimmerman TM, et al.

(2010) Elotuzumab in combination with bortezomib in patients with relapsed/
refractory multiple myeloma: A phase | study. J Clin Oncol 28: 8003.

Lonial S, Vij R, Harousseau J, Facon T, Moreau P, et al. (2010) Elotuzumab in
combination with lenalidomide and low-dose dexamethasone in relapsed or
refractory multiple myeloma: A phase I/ll study J Clin Onc 28: 8020.

Yang J, Qian J, Wezeman M, Wang S, Lin P, et al. (2010) Targeting b
(2)-microglobulin for induction of tumor apoptosis in human hematological
malignancies. Cancer Cell 10: 295-307.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

Yang J, Cao Y, Hong S, Li H, Qian J, et al. (2009) Human-like mouse models for
testing the efficacy and safety of anti-b2-microglobulin monoclonal antibodies to
treat myeloma. Clin Cancer Res 15: 951-959.

Yang J, Zhang X, Wang J, Qian J, Zhang L, et al. (2007) Anti b2-microglobulin
monoclonal antibodies induce apoptosis in myeloma cells by recruiting MHC class
| to and excluding growth and survival cytokine receptors from lipid rafts. Blood
110: 3028-3035.

Voorhees PM, Manges RF, Sonneveld P, Somlo G, Jagannath S, et al. (2008)
Phase Il study evaluating the efficacy and safety of CNTO328 in combination with
dexamethasone for patients with relapsed/refractory multiple myeloma (MM). J
Clin Onc 26: 8593.

Damgaard T, Knudsen LM, Dahl IM, Gimsing P, Lodahl M, et al. (2009) Regulation
of the CD56 promoter and its association with proliferation, anti-apoptosis and
clinical factors in multiple myeloma. Leuk Lymphoma 50: 236-246.

Chanan-Khan AA, Gharibo M, Jagannath S, (2008) Phase | Study of IMGN901
in Patients with Relapsed and Relapsed/ Refractory CD56-Positive Multiple
Myeloma. Blood 112: 3689.

Lacy MQ, Alsina M, Fonseca R, Paccagnella ML, Melvin CL, et al. (2008) Phase
I, Pharmacokinetic and Pharmacodynamic Study of the Anti-Insulinlike Growth
Factor Type 1 Receptor Monoclonal Antibody CP-751,871 in Patients with Multiple
Myeloma. J Clin Oncol 26: 3196-3203.

Chatterjee M, Chakraborty T, Tassone P (2006) Multiple Myeloma: Monoclonal
Antibodies-Based Immunotherapeutic Strategies and Targeted Radiotherapy. Eur
J Cancer 42: 1640-1652.

Fulciniti M, Tassone P, Hideshima T, Vallet S, Nanjappa P, et al. (2009) Anti-DKK1
mAb (BHQ880) as a potential therapeutic agent for multiple myeloma. Blood 114:
371-379.

Kwak LW, Taub DD, Duffey PL, Bensinger WI, Bryant EM, et al. (1995) Transfer of
Myeloma Idiotype-Specific Immunity from an actively Immunised Marrow Donor.
Lancet 345: 1016-1020.

Bergenbrant S, Yi Q, Osterborg A, Bjorkholm M, Osby E, et al. (1996) Modulation
of Anti-ldiotypic Immune Response by Immunization with the Autologous
M-Component Protein in Multiple Myeloma Patients. Br J Haematol 92: 840-846.

Rew SB, Peggs K, Sanjuan |, Pizzey AR, Koishihara Y, et al. (2005) Generation
of Potent Antitumor CTL from Patients with Multiple Myeloma Directed Against
HM1.24. Clin Cancer Res 11: 3377-3384.

JaliliA, Ozaki S, Hara T, Shibata H, Hashimoto T, et al. (2005) Induction of HM1.24
Peptide-Specific Cytotoxic T Lymphocytes by Using Peripheral-Blood Stem-Cell
Harvests in Patients with Multiple Myeloma. Blood 106: 3538-3545.

Wen Y, Barlogie B, Yi Q (2001) Idiotype-Specific Cytotoxic T Lymphocytes in
Multiple Myeloma: Evidence for their Capacity to Lyse Autologous Primary Tumor
Cells. Blood 97: 1750-1755.

Grube M, Moritz S, Obermann EC, Rezvani K, Mackensen A, et al. (2007) CD8+
T Cells Reactive to Survivin Antigen in Patients with Multiple Myeloma. Clin
Cancer Res 13: 1053-1060.

Brown RD, Spencer A, Ho PJ, Kennedy N, Kabani K, et al. (2009) Prognostically
Significant Cytotoxic T-Cell Clones are Stimulated after Thalidomide Therapy in
Patients with Multiple Myeloma. Leuk Lymphoma 50: 1860-1864.

Kim S, Pham TN, Hoang TMN, Kang HK, Jin CJ, et al. (2008) Induction of
Myeloma-Specific Cytotoxic T-Lymphocytes Ex-vivo by CD40-Activated B Cells
Loaded with Myeloma Tumor Antigens. Ann Hematol 88: 1113-1123.

Begley J, Ribas A (2008) Targeted Therapies to Improve Immunotherapies. Clin
Cancer Res 14: 4385-91.

Shi J, Tricot GJ, Garg TK, Malaviarachchi PA, Szmania SM, et al. (2008)
Bortezomib down-regulates the cell-surface expression of HLA class | and
enhances natural killer cell-mediated lysis of myeloma. Blood 111: 1309-1317.

Sun, K, Welniak LA, Panoskaltsis-Mortari A, O’'Shaughnessy MJ, Liu H, et al.
(2004) Inhibition of acute graft-versus-host disease with retention of graft-versus-
tumor effects by the proteasome inhibitor bortezomib. Proc Natl Acad Sci USA
101: 8120-8125.

Lundqyist, A, Su S, Rao S, Childs R (2010). Cutting Edge: Bortezomib-Treated
Tumors Sensitized to NK Cell Apoptosis Paradoxically Acquire Resistance to
Antigen-Specific T Cells J. Immunol 184: 1139-1142.

Yong AS, Keyvanfar K, Hensel N, Eniafe R, Savani BN, et al. (2009) Primitive
quiescent CD34+ cells in chronic myeloid leukemia are targeted by in vitro
expanded natural killer cells, which are functionally enhanced by bortezomib.
Blood 113: 875-882.

Alici E, Sutlu T, Bjorkstrand B, Gilljlam M, Stellan B, et al. (2008) Autologous

ISSN:2157-7013 JCEST, an open access journal

[b J Cel Sci Therapy

Volume 1. Issue 1.1000101 ]



http://171.66.121.249/cgi/content/abstract/113/19/4667
http://171.66.121.249/cgi/content/abstract/115/6/1185
http://www.ncbi.nlm.nih.gov/pubmed/12576330
http://cancerres.aacrjournals.org/content/61/18/6846.abstract
http://www.ncbi.nlm.nih.gov/pubmed/11731409
http://www.ncbi.nlm.nih.gov/pubmed/12130509
http://www.ncbi.nlm.nih.gov/pubmed/10741395
http://www.ncbi.nlm.nih.gov/pubmed/18192109
http://www.ncbi.nlm.nih.gov/pubmed/19654406
http://www.ncbi.nlm.nih.gov/pubmed/20010170
http://www.ncbi.nlm.nih.gov/pubmed/11964294
http://www.ncbi.nlm.nih.gov/pubmed/9450748
http://www.ncbi.nlm.nih.gov/pubmed/12740383
http://www.ncbi.nlm.nih.gov/pubmed/11516963
http://www.ncbi.nlm.nih.gov/pubmed/14695408
http://www.ncbi.nlm.nih.gov/pubmed/17515399
http://www.ncbi.nlm.nih.gov/pubmed/19587378
http://www.ncbi.nlm.nih.gov/pubmed/20525992
http://meeting.ascopubs.org/cgi/content/abstract/27/15S/5020
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2141.2010.08262.x/full
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/8003
http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/8020
http://www.cell.com/cancer-cell/retrieve/pii/S1535610806002819
http://www.ncbi.nlm.nih.gov/pubmed/19188166
http://bloodjournal.hematologylibrary.org/cgi/content/abstract/110/8/3028
http://meeting.ascopubs.org/cgi/content/abstract/26/15_suppl/8593
http://www.ncbi.nlm.nih.gov/pubmed/19235015
http://www.ncbi.nlm.nih.gov/pubmed/18474873
http://www.ncbi.nlm.nih.gov/pubmed/16797969
http://www.ncbi.nlm.nih.gov/pubmed/19417213
http://www.ncbi.nlm.nih.gov/pubmed/7723498
http://www.ncbi.nlm.nih.gov/pubmed/8616076
http://www.ncbi.nlm.nih.gov/pubmed/15867238
http://www.ncbi.nlm.nih.gov/pubmed/16037388
http://www.ncbi.nlm.nih.gov/pubmed/11238117
http://www.ncbi.nlm.nih.gov/pubmed/17289902
http://www.ncbi.nlm.nih.gov/pubmed/19883313
http://www.ncbi.nlm.nih.gov/pubmed/19277657
http://clincancerres.aacrjournals.org/content/14/14/4385.full
http://www.ncbi.nlm.nih.gov/pubmed/17947507
http://www.ncbi.nlm.nih.gov/pubmed/15148407
http://www.ncbi.nlm.nih.gov/pubmed/20026740
http://www.ncbi.nlm.nih.gov/pubmed/18922853
http://www.ncbi.nlm.nih.gov/pubmed/18192509

Citation: Driscoll JJ, Burris J, Annunziata CM (2010) Novel Strategies in the Treatment of Multiple Myeloma: From Proteasome Inhibitors to
Immunotherapy. J Cel Sci Therapy 1:101. doi:10.4172/2157-7013.1000101

Page 8 of 8

79.

80.

81.

82.

83.

84.

85.

Antitumor Activity by NK Cells Expanded from Myeloma Patients Using GMP-
Compliant Components. Blood 111: 3155-3162.

Garg TK, Szmania S, Malbrough P (2009). Adoptively Transferred Expanded
Natural Killer Cells Inhibit Myeloma Tumor Growth In Vivo. Blood 114: 953.

Benson DM Jr, Romagne F, Squiban P, Wagtmann N, Farag S, et al. (2009).
Novel Monoclonal Antibody that Enhances Natural Killer (NK) Cell Cytotoxicity
Against Multiple Myeloma (MM): Preclinical Data and Interim Phase | Clinical Trial
Results. J Clin Oncol 27: 3032.

Benson D, Hofmeister C, Padmanabhan S (2009) Novel Monoclonal Antibody
Enhances Natural Killer (NK) Cell Cytotoxicity against Multiple Myeloma (MM):
Interim Phase 1 Trial Results. Blood 114: 2880.

Ribas A, Wargo JA, Comin-Anduix B, Sanetti S, Schumacher LY, et al. (2004)
Enhanced tumor responses to dendritic cells in the absence of CD8-positive cells.
J Immunol 172: 4762-4769.

Fernandez NC, Lozier A, Flament C, Castagnoli PR, Bellet D, et al. (2004)
Dendritic cells directly trigger NK cell functions: cross-talk relevant in innate anti-
tumor immune responses in vivo. Nat Med 5: 405-411.

Adam C, King S, Allgeier T, Braumdiller H, Luking C, et al. (2005) DC-NK cell cross
talk as a novel CD4+ T-cell-independent pathway for antitumor CTL induction.
Blood 106: 338-344.

Gong J, Koido S, Chen D, Tanaka Y, Huang L, et al. (2002) Immunization against

8

8

8

8

9

9

6.

7.

8.

9.

0.

g

murine multiple myeloma with fusions of dendritic and plasmacytoma cells is
potentiated by interleukin 12. Blood 99: 2512-2517.

Raje N, Hideshima T, Davies FE, Chauhan D, Treon SP, et al. (2004) Tumour
cell/dendritic cell fusions as a vaccination strategy for multiple myeloma. Br J
Haematol 125: 343-352.

Yi Q, Szmania S, Freeman J, Qian J, Rosen NA, et al. (2010) Optimizing Dendritic
Cell-Based Immunotherapy in Multiple Myeloma: Intranodal Injections of Idiotype-
Pulsed CD40 Ligand-Matured Vaccines Led to Induction of Type-1 and Cytotoxic
T-Cell Imnmune Responses in Patients. Br J Haematol 150: 554-564.

Schumacher LY, Vo DD, Garban HJ, Comin-Anduix B, Owens SK, et al.
(2006) Immunosensitization of Tumor Cells to Dendritic Cell-Activated Immune
Responses with the Proteosome Inhibitor Bortezomib (PS-341, Velcade). J
Immunol 176: 4757-4765.

Straube C, Wehner R, Wendisch M, Bornhduser M, Bachmann M, et al. (2007)
Bortezomib Significantly Impairs the Immunostimulatory Capacity of Human
Myeloid Blood Dendritic Cells. Leukemia 21: 1464-1471.

Spisek R, Charalambous A, Mazumder A, Vesole DH, Jagannath S, et al. (2007)
Bortezomib Enhances Dendritic Cell (DC)-Mediated Induction of Immunity to
Human Myeloma via Exposure of Cell Surface Heat Shock Protein 90 on Dying
Tumor Cells: Therapeutic Implications. Blood 109: 4839-4845.

. Nencioni A, Schwarzenberg K, Brauer K, Schmidt SM, Ballestrero A, et al.

(2006) Proteasome Inhibitor Bortezomib Modulates TLR4-Induced Dendritic Cell
Activation. Blood 108: 551-558.

v

J Cel Sci Therapy
ISSN:2157-7013 JCEST, an open access journal

Volume 1. Issue 1.1000101 J



http://www.ncbi.nlm.nih.gov/pubmed/18192509
http://meeting.ascopubs.org/cgi/content/abstract/27/15S/3032
http://www.jimmunol.org/cgi/content/abstract/172/8/4762
http://mcb.berkeley.edu/courses/mcb250/250RauletPDFs/Lecture%2025/L25_1.pdf
http://bloodjournal.hematologylibrary.org/cgi/content/abstract/106/1/338
http://bloodjournal.hematologylibrary.org/cgi/content/abstract/99/7/2512
http://bloodjournal.hematologylibrary.org/cgi/content/abstract/99/7/2512
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2141.2004.04929.x/full
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2141.2010.08286.x/abstract
http://www.jimmunol.org/cgi/content/abstract/176/8/4757
http://www.nature.com/leu/journal/v21/n7/full/2404734a.html
http://bloodjournal.hematologylibrary.org/cgi/content/abstract/109/11/4839
http://bloodjournal.hematologylibrary.org/cgi/content/abstract/108/2/551

	Title

	Corresponding author
	Abstract
	Keywords
	Introductory Remarks on the Ubiquitin-ProteasomeProteolytic Pathway
	Targeting the Ub-Proteasome Pathway in MultipleMyeloma
	Immunotherapy and the Immunoproteasome as a Targetin Multiple Myeloma
	Tumor Specific Antigens as Therapeutic Targets inMultiple Myeloma
	Antibody-based I mmunotherapy in Multiple Myeloma
	Multiple Myeloma-Specific Cytotoxic T Cells
	Modulation of Natural Killer Cell Activity throughProteasome Inhibitors
	Dendritic Cell-based Therapy and Proteasome Inhibitors
	Conclusions
	Figure 1
	Figure 2
	References



