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Abstract

Introduction—Bortezomib, the first proteasome inhibitor (P1) to be evaluated in humans, is
approved in the USA and Europe for the treatment of patients with multiple myeloma, and in the
USA for patients with relapsed mantle cell lymphoma (MCL).

Areas covered—This review examines the role of bortezomib in the therapy of non-Hodgkin’s
lymphoma (NHL). Bortezomib may be particularly effective against the NF-xB-dependent
activated B-cell subtype of diffuse large B-cell lymphoma. The combination of bortezomib with
rituximab and dexamethasone represents a standard approach for the treatment of Waldenstrom’s
macroglobulinemia, and that with bendamustine and rituximab has demonstrated excellent efficacy
in follicular lymphoma. Combinations with other novel agents, such as inhibitors of cyclin-
dependent kinases or histone deacetylases, also hold substantial promise in NHL. Unmet needs in
NHL, competitor compounds, chemistry, pharmacokinetics, pharmacodynamics and safety and
tolerability of bortezomib are also discussed.

Expert opinion—The success of bortezomib in MCL has validated the proteasome as a
therapeutic target in NHL. Rational combinations, for example, with Bruton’s tyrosine kinase
inhibitors or BH3-mimetics, may hold the key to optimizing the therapeutic potential of Pls in
NHL. Future trials are likely to involve newer agents with improved pharmacodynamic (e.g.,
carfilzomib, marizomib) or pharmacokinetic (e.g., ixazomib, oprozomib) properties.
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1. Introduction

The 26S proteasome is a large, ATP-dependent proteolytic machine that, as part of the
ubiquitin proteasome system (UPS), represents the ultimate mechanism that eukaryotic cells
use to ensure the quality of intracellular proteins through the selective destruction of
misfolded or damaged polypeptides [1]. This orderly process of degradation of unwanted
proteins tagged with ubiquitin is critical for normal cell cycling and function, protecting
cells from heat shock or oxidative stress, and inhibition of the proteasome pathway results in
cell-cycle arrest and apoptosis [1,2]. As dysregulation of the UPS may play a role in tumor
progression, drug resistance and altered immune surveillance, the proteasome has emerged
as an important and novel therapeutic target in cancer [2], and proteasome inhibitors (PIs)
have become widely used drugs in the treatment of multiple myeloma (MM) and mantle cell
lymphoma (MCL) over the past decade.

Although a proportion of cases of aggressive non-Hodgkin’s lymphoma (NHL) are curable
by conventional chemotherapy, disease relapse portends a poor outcome, and new therapies
are urgently needed [3,4]. Indolent subtypes of NHL are seldom cured by currently available
therapies [5]. Among aggressive NHLs, the activated B-cell (ABC) subtype of diffuse large
B-cell lymphoma (DLBCL) is characterized by constitutive NF-xB pathway activation and
may be particularly sensitive to proteasome inhibition [3]. Proteasome inhibition can
overwhelm the response of tumor cells to a variety of stressors such as lactic acidosis,
chromosome instability, DNA damage, reactive oxygen species (ROS) and heat shock, and
this can be exploited to sensitize and/or overload NHL cells to propel them beyond a point
of no return [4]. Pharmacological proteasome inhibition affects a variety of pathways
beyond NF-kB, and this strategy, as well as rational combination approaches, has been
explored in multiple NHL subtypes. In this article, we summarize current knowledge
regarding bortezomib (Box 1), the first Pl to enter the clinic, in NHL and provide directions
for the future.

Box 1
Drug summary
Drug name Bortezomib
Phase Launched (FDA approved 2006)
Indication Mantle cell lymphoma (relapsed after one prior therapy)
Pharmacology description/mechanism of action Reversible proteasome inhibitor
Route of administration Subcutaneous, intravenous
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2. Overview of the market

The NHLs are a heterogeneous group of disorders, with DLBCL and follicular lymphoma
(FL) comprising over half the cases, although many other subtypes exist [6]. Treatment of
the B-cell NHLs (B-NHLSs) has been transformed by the advent of anti-CD20 mAb therapy,
the prototype of which is the chimeric molecule rituximab [7], whereas other agents in this
class, for example, ofatumumab and obinutuzumab, are currently approved only for the
treatment of chronic lymphocytic leukemia (CLL). In contrast, major therapeutic advances
for T-cell lymphomas have largely been lacking [8]. However, significant challenges remain
in the B-NHL space as well, with cures remaining elusive for the indolent B-NHLs [5] and a
continuing poor prognosis for patients with aggressive B-NHLSs that relapse after or are
refractory to standard chemoimmunotherapy; novel therapies are, therefore, clearly needed
for these patients [4].

In recent years, a number of new agents have been introduced, at least some of which
promise to change the therapeutic landscape of NHL in the coming decades. The
combination of bendamustine and rituximab represents a new standard of care for patients
with indolent B-NHLs based on superior efficacy and safety compared to rituximab,
cyclophosphamide, doxorubicin, vincristine, prednisone (R-CHOP) demonstrated in the
Phase 111 StiL NHL1 trial [9]. Whereas the use of radioimmunotherapy has declined, leading
to the recent discontinuation of 1311-tositumomab, antibody—drug conjugates (ADCs) have
emerged as one of the fastest developing classes of targeted therapy in hematological
malignancies [10]. Although currently approved for use only in patients with relapsed
Hodgkin’s or anaplastic large-cell lymphoma (ALCL), the CD30-targeted ADC brentuximab
vedotin is being explored in multiple other NHL subtypes, both T- and B-lineage [11].
Similarly, inotuzumab ozogamycin, a CD22-targeted ADC, is under active investigation in
B-NHLs in addition to B-cell acute lymphoblastic leukemia [11]. The folate analog
pralatrexate and the histone deacetylase inhibitors (HDACIS) vorinostat, romidepsin and
belinostat are approved for the treatment of T-cell NHLs (T-NHLs) [8]. The
immunomodulatory agent lenalidomide recently received regulatory approval for the
treatment of patients with MCL that has relapsed or progressed after at least two prior
therapies, including bortezomib [12]. The B-cell receptor (BCR) signaling pathway
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represents a particularly attractive therapeutic target in lymphoid malignancies [13]. The
first-in-class Bruton’s tyrosine kinase (BTK) inhibitor ibrutinib is currently indicated for use
in previously treated patients with MCL [14] or CLL [15], based on very high response rates
(RRs) and demonstration of improved survival among the latter [16]. This agent is being
studied in multiple B-cell malignancies and indications for its use are expected to expand
rapidly [17]. Similarly, the phosphatidylinositol-3-kinase-§ inhibitor idelalisib appears
highly promising in patients with relapsed indolent NHL [18] and CLL [19], and was
recently approved by the FDA for patients with relapsed CLL, small lymphocytic lymphoma
(SLL) or FL. Given the key pathogenetic role of cyclin D1 in MCL, it is not surprising that
the selective cyclin-dependent kinase (CDK) 4/6 inhibitor palbociclib (PD0332991) has
shown proof-of-principle in pharmacodynamic studies in patients with relapsed MCL [20].
Finally, the Bcl-2 antagonist ABT-199 (GDC-0199), with demonstration of marked efficacy
in patients with relapsed or refractory CLL or SLL [21], is likely to play a key role in the
future NHL therapeutic armamentarium.

3. Introduction to the compound

Bortezomib (Velcade®, formerly PS-341, Millennium Pharmaceuticals, Cambridge, MA,
USA) was the first PI to enter the clinic. In a large Phase Il trial in heavily pretreated
subjects with MM, bortezomib yielded responses in 35% of patients that lasted a median of
12 months, leading to a median overall survival (OS) of 16 months [22]. These findings
resulted in initial regulatory approval of bortezomib. Subsequently, a large Phase Il trial in
patients with relapsed MM demonstrated highly statistically significant improvements in
overall response rate (ORR) and complete response (CR) rates, time to progression (TTP)
and OS for bortezomib compared to high-dose dexamethasone [23]. A 33% RR to
bortezomib (8% CRs) in patients with relapsed or refractory MCL led to US FDA approval
for the drug in this setting [24]. Bortezomib is also approved for the frontline therapy of MM
[25]. Most recently, the FDA approved bortezomib for subcutaneous (s.c.) administration
based on an improved safety profile compared to that with intravenous (i.v.) administration
in a randomized, Phase 11, noninferiority study in patients with relapsed MM [26].

4. Chemistry

Bortezomib is a modified dipeptidyl boronic acid PI that was selected for further study after
it demonstrated promising cytotoxic activity in an /n vitro screen against a standard National
Cancer Institute panel of 60 human tumor cell lines [27]. The naturally occurring compound
lactalysin and synthetic peptide aldehydes were the first, albeit nonspecific Pls identified
[28]. Bortezomib was developed with the concept that substitution of the aldehyde group
with boronic acid would create compounds capable of forming reversible, covalent
complexes with the proteasome, leading to enhanced potency and selectivity [29].

5. Pharmacodynamics

The intact 26S proteasome is the major site (~ 80%) of protein degradation in eukaryotic
cells, responsible primarily for degrading intracellular proteins [28,30]. Present in both the
nucleus and in the cytoplasm, it consists of a 20S cylindrical structure with a 19S regulatory
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‘cap’ at each end [28]. The B-subunits (B1, B2 and 35) of the 20S proteasome are responsible
for the proteolytic activities of the organelle, which have been classified as ‘chymotrypsin-
like’, ‘trypsin-like’ and “caspase-like’ [28,30]. Bortezomib reversibly interacts with a
threonine residue on the p-subunit that confers chymotrypsin proteolytic activity [30].
Proteins destined for proteasomal degradation become polyubiquitinated through the
sequential action of ubiquitin-activating (E1), ubiquitin-conjugating (E2) and ubiquitin-
ligating (E3) enzymes and are recognized by the proteasome by their polyubiquitin ‘tag’
[28]. The many proteasomal substrates include key cell-cycle regulatory proteins, such as
cyclins, the endogenous CDK inhibitors p21 and p27, and the CDC25 family of
phosphatases, the tumor suppressor p53 (the negative regulator of p53, MDMZ2, is itself an
E3 ubiquitin ligase that targets p53 for proteasomal degradation), several proapoptotic and
antiapoptotic proteins of the Bcl-2 family, oncoproteins such as c-fos, c-jun and N-myc, and
| kappa B (IxB) and the inhibitor protein that maintains the transcription factor NF-xB in an
inactivated state in the cytoplasm under normal conditions [28,30]. In addition, cell adhesion
molecules, stress response enzymes, proinflammatory cytokines, pro-angiogenic factors and
the unfolded protein response (UPR) are some of the many cellular processes affected by
proteasomal activity [28,30].

Bortezomib induces tumor cell apoptosis in multiple lymphoid malignancies [31-37],
primarily through NF-xB inhibition and, additionally, is capable of killing B-NHL cells via
non-apoptotic (caspase-independent) mechanisms [36]. A gene expression signature of
DLBCL cells sensitive (overexpression of activating transcription factors 3, 4 and 5, c-Jun,
JunD and caspase-3) and resistant (overexpression of heat shock proteins 27, 70 and 90 and
T-cell factor 4) to bortezomib has been proposed [38].

The mechanisms of PI lethality have been reviewed previously [39] and include (Figure 1):
1. stabilization of p21, p27 and p53,
stabilization of c-Jun N-terminal kinase (JNK),
ROS generation,

inhibition of NF-xB activation,

2

3

4

5. inhibition of extracellular signal-regulated kinase (ERK) signaling,

6. disruption of the UPR, thereby leading to endoplasmic reticulum (ER) stress,
7. interference with tumor—microenvironment interactions,

8. inhibition of DNA repair,

9. upregulation/activation of pro-apoptotic Bcl-2 family proteins,

10. downregulation of several anti-apoptotic proteins, and

11. anti-angiogenic effects.

Bortezomib induces cell-cycle arrest and apoptosis in MCL cells [32]. Increased
proteasomal degradation of p27 is associated with decreased OS in MCL [40]. MCL is
characterized by constitutive activation of the NF-xB pathway [41,42]. The ability of IxB
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kinase inhibitors to induce apoptosis in MCL cells in vitro validated NF-«xB as a therapeutic
target in this disease [32,43]. However, although initially believed to be the major
mechanism of bortezomib-induced apoptosis in MCL, inhibition of the NF-xB pathway may
not represent the predominant mechanism of action of bortezomib in this disease [44,45]. It
has been demonstrated that bortezomib induces apoptosis in MCL cells through ROS
generation and upregulation of the BH3-only pro-apoptotic protein Noxa, thus displacing the
apoptosis effector Bak from the anti-apoptotic protein myeloid cell leukemia 1 (Mcl-1)
[46,47], potentially counteracting bortezomib-induced accumulation of the latter [48,49].
However, it is clear that in certain tumor types characterized by constitutive activation of
NF-xB, such as the ABC subtype of DLBCL, bortezomib can significantly reverse
resistance to chemotherapy [50]. The transcriptional repressor partial response (PR) domain
zinc finger protein 1, Blimp1, appears to be a key mediator of bortezomib activity in MCL
[51] as well as in T-cell lymphoma [52]. Finally, constitutive and BCR-induced activation of
STAT3 are important signaling pathways targeted by bortezomib in leukemic MCL [53]. In
peripheral T-cell lymphoma (PTCL), bortezomib inhibits cellular proliferation by
downregulating microRNA 187, dephosphorylating ERK and Akt and degrading MYC [54].

Of note, Pls, and in particular bortezomib, have been shown to sensitize cells from a number
of lymphoid malignancies to the lethal effects of chemotherapy [55,56], mAbs [31] and
glucocorticoids [57], in large part by blocking the effects of NF-«xB activation, a
physiological response to cellular stress that leads to activation of transcription of genes for
growth factors, stress response enzymes, cell adhesion molecules and apoptosis inhibitors
[58-60].

6. Pharmacokinetics and metabolism

As noted above, bortezomib may be administered by the i.v. and s.c. routes with equivalent
efficacy, at least in patients with MM [26]. Bortezomib is rapidly distributed into tissues
after administration of a single dose, with an initial plasma distribution half-life of < 10 min,
followed by a terminal elimination half-life of > 40 h [61]. Maximum proteasome inhibition
occurs within 1 h and recovers close to baseline within 72 to 96 h after administration [61].
Plasma clearance decreases with repeat dosing, with associated increases in systemic
exposure and terminal half-life [62]. The total systemic exposure after repeat dose
administration is equivalent for the s.c. and i.v. routes, although the Cp,ay is lower after s.c.
than after i.v. administration [63]. In animal studies, bortezomib distributes widely to
peripheral tissues but does not accumulate [64]. The drug primarily undergoes oxidative
metabolism via the CYP enzymes 3A4, 2C19 and 1A2, and to a much lesser extent, 2D6 and
2C9 [65]. The major metabolic pathway is deboronation of inactive metabolites [61].
Although the pathways of elimination of bortezomib in humans have not been characterized,
dose adjustment is not necessary in the presence of renal impairment of any degree [66],
whereas a lower starting dose is recommended in patients with moderate or severe hepatic
impairment [67]. In general, bortezomib does not significantly induce or inhibit hepatic
microsomal CYP450 enzymes except weak inhibition of 2C19, which is unlikely to be
clinically significant [68]. However, coadministration of strong CYP3A4 inhibitors (e.g.,
ketoconazole) or inducers (e.g., rifampin) significantly impacts the systemic exposure of
bortezomib [69,70], whereas the CYP2C19 inhibitor omeprazole has no effect [71]. St.
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John’s wort may decrease bortezomib exposure unpredictably and hence concomitant
administration should be avoided.

7. Clinical efficacy

7.1 Mantle cell lymphoma

A very large number of clinical trials have evaluated bortezomib in different subtypes of
NHL [72]; however, at present, MCL remains the only NHL subtype for the treatment of
which bortezomib has received regulatory approval [73]. In a Phase 1l study of bortezomib
in 26 patients with previously treated indolent B-NHL that included 11 patients with MCL,
one patient with MCL achieved an unconfirmed complete response (CRu), four a PR and
four achieved stable disease (SD) [74]. Another Phase Il study reported a 41% ORR in 29
evaluable patients with relapsed or refractory MCL [75]. In the pivotal multicenter Phase 11
PINNACLE trial, bortezomib produced a 33% ORR in 141 assessable patients (out of 155
treated) with MCL and one to three prior therapies and exhibited a safety profile similar to
that seen in patients with MM [24]. Median TTP was 6.7 months in the overall study
population and 12.4 months in responding patients. Median OS was 23.5 months in the
study population as a whole and 35.4 months in responders, with 1-year OS rates of 69 and
91%, respectively [76]. A smaller study conducted in Canada enrolled 29 patients with
MCL, 13 of whom had not received prior chemotherapy [77]. There were 13 responders
(46.4%) to bortezomib, including one CRu, and the median duration of response (DOR) was
10 months [77]. RRs were similar in previously untreated (46.2%) and treated (46.7%)
patients [77]. In another multicenter, Phase 11 study in 40 heavily pretreated patients with
MCL, the ORR to single-agent bortezomib was 47%, including 5 CRs and 14 PRs;
importantly, the ORR (50 and 43%, respectively) and progression-free survival (PFS, 5.6
and 3.9 months, respectively) did not significantly differ between relapsed and refractory
patients [78]. Key clinical trials of bortezomib monotherapy in MCL are summarized in
Table 1.

Two recent Phase 1l studies evaluated bortezomib in combination with modified rituximab,
hyperfractionated cyclophosphamide, vincristine, doxorubicin and dexamethasone followed
by rituximab consolidation and maintenance in previously untreated MCL [79,80]. In the
first 30-patient study, 77% achieved a CR/CRu, and the 3-year PFS and OS were 63 and
86%, respectively, after a median follow up of 42 months [79]. When these results were
attempted to be confirmed in the cooperative group setting (E1405), consolidative
autologous stem cell transplantation was allowed in place of rituximab maintenance, and
rituximab consolidation was omitted [80]. The ORR was 95% and CR was achieved in 68%
of the 75 patients enrolled [80]. After a median follow up of 4.5 years, 3-year PFS and OS
were 72 and 88%, respectively, and there were no unexpected toxicities [80]. Bortezomib
has been combined with R-CHOP in a dose-escalation study in 76 treatment-naive patients
with DLBCL (n = 40) or MCL (n = 36). In the MCL cohort, the evaluable and intention-to-
treat (ITT) ORRs and CR/CRu rates were 91 and 81%, and 72 and 64%, respectively [81].
The 2-year PFS was 44%, and 2-year OS was 86% [81]. Based on marked synergism
observed between bortezomib and HDACIs in multiple preclinical studies in MCL [82-84]
and other NHL subtypes [85-87], clinical trials have explored bortezomib—H-DACI
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combinations in NHL. Synergism between Pls and HDACISs, best exploited clinically in MM
[88,89], stems from inhibition by Pls of NF-xB, which is induced by HDACIs and limits
their lethality, inhibition by HDACIs of aggresome formation, a physiologic response to
proteasome inhibition, inhibition of chaperone protein function by HDACIs, which adds to
the accumulation of misfolded proteins and ER stress caused by proteasome inhibition,
among other actions common to both classes of agents, such as induction of ROS, inhibition
of DNA repair, INK activation, stabilization/induction of endogenous CDK inhibitors,
upregulation of pro-apoptotic and downregulation of anti-apoptotic proteins. In early results
from a Phase Il trial of bortezomib and vorinostat in treatment-naive or previously treated
patients with MCL and patients with DLBCL who had received at least one prior systemic
therapy, ORRs of 47% in the MCL cohort and 12% in the DLBCL cohort were reported
[90]. A number of other bortezomib-containing combination regimens have been evaluated
in patients with newly diagnosed or relapsed/refractory MCL (Table 2).

7.2 Diffuse large B-cell lymphoma

In the bortezomib dose-escalation study in combination with R-CHOP, the ORR in the
DLBCL cohort (n = 40) was 100% among evaluable patients, and the rate of CR/CRu was
86% [81]. In the ITT analysis, the ORR was 88%, and 75% achieved a CR/CRu [81]. The 2-
year PFS and OS were 64 and 70%, respectively [81]. The authors concluded that
bortezomib added to R-CHOP was safe and could improve outcomes, particularly in non-
germinal center (non-GC) DLBCL [81]. In the relapsed/refractory setting, bortezomib has
been combined with gemcitabine [91] and with ifosfamide, cisplatin, etoposide, rituximab
and dexamethasone [92]; however, RRs did not meet predefined criteria in these studies.

7.3 Waldenstrom’s macroglobulinemia

The combination of bortezomib, dexamethasone and rituximab (BDR) has become a widely
used standard in the management of Waldenstrém’s macroglobulinemia (WM). In the
original report, bortezomib was administered on the standard dose and schedule (1.3 mg/m?
i.v.on days 1, 4, 8 and 11 every 21 days), dexamethasone (40 mg) was given orally on the
same days as bortezomib, and rituximab was given on day 11 in order to minimize the risk
of tumor flare [93]. Patients received four consecutive cycles for induction therapy and then
four more cycles, each given 3 months apart, for maintenance therapy [93]. Among 23
symptomatic, previously untreated patients, the ORR was 96% and the major RR was 83%
[93]. Responses occurred at a median of 1.4 months and 18 of 23 patients remained free of
disease progression at a median follow up of 22.8 months [93]. Subsequent studies have
explored the combination of weekly bortezomib (1.6 mg/m? on days 1, 8 and 15 every 28
days) and rituximab (375 mg/m?2 weekly in cycles 1 and 4 only of 6) in patients with
relapsed/refractory [94] and newly diagnosed [95] WM, with demonstration of significant
activity and minimal neurological toxicity (Table 3).

7.4 Follicular, marginal zone and other indolent lymphomas

In a trial of bortezomib monotherapy (1.5 mg/m? i.v. on days 1, 4, 8 and 11 of a 21-day
cycle) in 77 patients with previously treated FL, MCL, CLL/SLL, WM or marginal zone
lymphoma (MZL), 9 of 18 patients with FL responded, and 4 achieved CR, but the median
time to treatment response was 12 weeks for FL, whereas it was only 4 weeks for the other
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histological subtypes [96]. A randomized Phase 11 study comparing this schedule to weekly
administration (1.6 mg/m? on days 1, 8, 15 and 22 of a 35-day cycle) in patients with
recurrent or refractory FL found the latter schedule to be inferior in terms of RRs, although
this did not translate to a difference in overall outcomes [97]. A total of 94 patients with
advanced, previously untreated FL requiring therapy received bortezomib (1.3 mg/m?2 on
days 1 and 8) plus rituximab, cyclophosphamide, vincristine and prednisone on a Phase 11
trial [98]. The regimen was extremely well tolerated, and the ORR was 83%, with a 49%
CR/CRu rate and 34% PRs [98]. In the Phase 1l VERTICAL study, 63 patients with relapsed
or refractory FL received five 35-day cycles of bortezomib (1.6 mg/m?2 i.v. on days 1, 8, 15
and 22), bendamustine (90 mg/m?2 on days 1 and 2) and rituximab (375 mg/m? on days 1, 8,
15, and 22 of cycle one and day 1 of subsequent cycles) [99]. The ORR was 88% (53%
CRs), median DOR was 11.7 months and median PFS was 14.9 months [99]. A large (n =
676) Phase 11 trial recently compared bortezomib plus rituximab with rituximab alone in
relapsed FL [100]. Patients could be rituximab-naive or rituximab-sensitive [100]. After a
median follow up of 33.9 months, median PFS was 11 months in the rituximab group and
12.8 months in the bortezomib plus rituximab group, a much lower magnitude of clinical
benefit than expected [100]. Patients with PSMB1 P11A (G allele) and low CD68 expression
seemed to have significantly longer PFS and greater clinical benefit with bortezomib and
rituximab versus rituximab [101]. Table 4 summarizes the results of major Phase Il and 111
clinical trials of bortezomib in FL.

Two Phase Il studies have investigated bortezomib in mucosa-associated lymphoid tissue
lymphomas [102,103]. In the first study in 16 patients (14 previously untreated), the ORR
was 80% (43% CRs + 37% PRs), but toxicity was unexpectedly high at the dose used (1.5
mg/m? on days 1, 4, 8 and 11 every 21 days) [103]. Four patients had relapsed after a
median follow up of 23 months [103]. In the second larger study (n = 32) in relapsed or
refractory patients, the drug was given at a dose of 1.3 mg/m2 on days 1, 4, 8 and 11 in 21-
day cycles, and the ORR was 48% among 29 assessable patients [102]. The median DOR
had not been reached yet after a median follow up of 24 months [102].

A number of trials have explored bortezomib, primarily in combination, in patients with
indolent B-NHLs of varying histologies. In a community-based, single-agent Phase |1 study,
59 patients with relapsed or refractory indolent lymphoma received bortezomib according to
the FDA-approved dose and schedule for up to eight cycles; responders could receive four
additional cycles, while maintenance was optional [104]. A total of 1 patient obtained a CR,
3aCRu, 3aPR, 34 SD and 12 obtained progressive disease (PD) [104]. Median survival
was 27.7 months, median PFS and TTP each 5.1 months, and median event-free survival
was 1.8 months [104]. Modest activity was noted against FL and MZL [104]. A multicenter,
randomized Phase 11 study evaluated weekly (1.6 mg/m? on days 1, 8, 15 and 22 every 5
weeks for 3 cycles) or twice-weekly (standard schedule, 5 cycles) bortezomib in
combination with rituximab (375 mg/m? weekly for 4 weeks) in 81 relapsed or refractory
patients with these two histological subtypes [105]. The weekly combination regimen
seemed better tolerated, and efficacy was comparable between the two arms [105]. Several
other Phase |1 studies of bortezomib plus rituximab have been conducted, both in the
frontline [106] and relapsed/refractory [107,108] settings in patients with FL, MCL or WM.
Unexpectedly high toxicity, particularly neurologic, was observed with twice-weekly
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administration of bortezomib in conjunction with rituximab in previously treated patients
[107,108], whereas neurotoxicity was minimal in a frontline trial in predominantly FL
patients that employed weekly dosing [106]. A multicenter, Phase 11 trial evaluated the
combination of bendamustine (90 mg/m? on days 1 and 4), bortezomib (1.3 mg/m? on days
1, 4, 8 and 11) and rituximab (375 mg/m? on day 1) given for six 28-day cycles in 30
patients with relapsed or refractory indolent lymphoma or MCL [109]. The ORR was 83%
among 29 evaluable patients, with 15 CRs. With a median follow up of 24 months, 2-year
PFS was 47% [109]. Bortezomib synergizes with the CDK inhibitor flavopiridol (alvocidib)
at multiple levels (e.g., inhibition of NF-xB, JNK activation, downregulation by flavopiridol
of anti-apoptotic Mcl-1, the proteasomal degradation of which is blocked by bortezomib,
and counteraction of flavopiridol-induced downregulation of the endogenous CDK inhibitor
p21 by bortezomib [110,111]), and a Phase | trial of this combination in recurrent or
refractory B-cell neoplasms (MM, indolent lymphoma and MCL) reported an ORR of 44%
(12% CR + 31% PR [112]). Clinical trial results with bortezomib in indolent lymphoma are
listed in Table 5.

7.5 T-cell lymphomas

Bortezomib was studied in patients with relapsed or refractory cutaneous T-cell lymphoma
(CTCL) or PTCL-not otherwise specified (PTCL-NOS) with isolated skin involvement in a
small study (n = 15) [113]. The ORR was 67% among 12 assessable patients, with 2 (17%)
CRs and 6 (50%) PRs, whereas the remaining 4 patients had PD [113]. Bortezomib was also
combined with CHOP in a Phase |1 study in 46 patients with PTCLs of various histological
subtypes [114]. The ORR was 76% and the CR rate was 65%; 3-year OS and PFS were 47
and 35%, respectively [114]. Patients with PTCL-NOS, angioimmunoblastic T-cell
lymphoma and ALCL accounted for the vast majority of responses, whereas those with
extranodal natural killer/T-cell lymphoma, nasal type responded poorly [114].

8. Safety and tolerability

Peripheral neuropathy, often painful, is the most important toxicity of bortezomib
encountered in clinical practice; bortezomib-induced peripheral neuropathy (BIPN) occurred
in 37 — 44% of patients on MM clinical trials [115]. BIPN is usually, but not always,
reversible on treatment cessation, and the cumulative bortezomib dose is its single most
important predictor [115]. BIPN is usually sensory, distal, symmetric and affects the feet
more than the hands, although orthostatic hypotension from dysautonomia can occur in
about 10% of patients [116,117]. In the noninferiority trial that led to the approval of
bortezomib administration by the s.c. route, peripheral neuropathy of any grade, grade = 2
and grade = 3, was all significantly less common with s.c. than with i.v. administration [26].
Rates of BIPN may also be significantly reduced by once-weekly administration of
bortezomib while preserving efficacy, at least in patients with MM [118]. In the setting of B-
NHL, RRs were inferior in some monotherapy studies with weekly compared with twice-
weekly administration, although overall outcomes were similar [97,119], while efficacy was
similar between the two schedules in other studies that also used rituximab [105,107], with
better tolerability for weekly dosing observed in a large, multicenter, randomized Phase 11
study [105] that prompted weekly administration of bortezomib in combination with
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rituximab in the Phase 111 trial versus rituximab alone in FL [100]. Other major adverse
effects of bortezomib include gastrointestinal toxicity such as diarrhea or constipation,
fatigue and neutropenia and thrombocytopenia [116], the latter due to a transient, reversible,
inhibition of platelet release from megakaryocytes [120]. Herpes zoster reactivation is a
well-recognized complication of bortezomib treatment, and concomitant antiviral
prophylaxis is highly recommended [116,121]. Intriguingly, a bortezomib-induced non-
necrotizing cutaneous vasculitis may portend a better clinical response in some patients with
B-NHL and should not necessarily prompt cessation of drug [122].

9. Regulatory affairs

The initial US (fast track) approval of bortezomib occurred in 2003 based on data from the
Phase II SUMMIT [22] and CREST [123] trials in patients with relapsed/refractory MM.
Approval in Europe followed in 2004. Subsequently, the drug obtained regular approval in
2005 based on the findings of the Phase 111 APEX trial, in which it significantly improved
RRs, TTP and survival in 669 patients with relapsed MM compared to high-dose
dexamethasone [23]. As discussed above, FDA approval for use in patients with relapsed
MCL [73] followed in 2006 when the Phase 1l PINNACLE trial showed a RR of 33% in 155
patients with previously treated MCL [24]. The drug is not approved in Europe for this
indication. The Phase 11 VISTA trial in 682 previously untreated transplant-ineligible
patients with MM led to the approval of bortezomib in combination with melphalan and
prednisone (VMP) for the upfront treatment of MM in 2008 [25]. The drug was approved for
s.c. administration in 2011 after an open-label, randomized (2:1), Phase 111 study in 222
bortezomib-naive patients with relapsed MM demonstrated noninferiority (compared to i.v.
administration) with significantly less peripheral neuropathy [26].

In 2012, the FDA granted accelerated approval to carfilzomib (Kyprolis™, Onyx, formerly
PR-171), a cell-permeable tetrapeptide epoxyketone that irreversibly and selectively inhibits
the chymotrypsin-like site of the proteasome, for the treatment of patients with relapsed/
refractory MM [124]. A number of other Pls, some reversible and others irreversible,
administered via oral or i.v. routes, are currently in various phases of development in an
effort to overcome mechanisms of resistance to bortezomib inherent to the proteasome itself
[125]. Millennium Pharmaceuticals is actively pursuing the development of ixazomib
(MLN9708), an oral, reversible PI, and Phase Il trials in both relapsed/refractory
(NCT01564537) and newly diagnosed (NCT01850524) patients with MM are underway.

10. Conclusion

Although currently registered in the USA only for MCL, bortezomib has clear activity in
multiple NHL subtypes, including FL, WM, MZL, DLBCL and CTCL. Much attention has
been focused on bortezomib in non-GC DLBCL. In WM, the BDR regimen represents a
standard of care. The combination of bortezomib, bendamustine and rituximab is highly
efficacious in indolent lymphoma, particularly FL. Rational combinations likely hold the key
to further optimizing the therapeutic potential of bortezomib in NHL.
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11. Expert opinion

Bortezomib, the prototypical first-in-class Pl, has clearly established an important role in the
treatment of multiple B- and T-cell malignancies, including NHL. It offers several practical
and theoretical advantages over other classes of chemotherapeutic agents, both conventional
and more novel, that is, its unique target (i.e., the proteasome), the potential for therapeutic
selectivity, the ability to inhibit the NF-xB pathway and its relatively non-myelosuppressive
toxicity profile. Until and unless other Pls are definitively shown to be superior to
bortezomib in respect to improved tolerability or increased activity, it is very likely to
continue to be prescribed well into the future in diseases for which it has earned approval,
that is, MM and MCL. However, it is also very likely to be used in other forms of NHL for
which approval has not yet been granted, but where it appears to have significant activity,
such as WM, indolent NHL, non-GC-DLBCL and PTCL, primarily in combination with
other cytotoxic agents. The major impact that this agent is likely to have stems from its
ability to disrupt a variety of cytoprotective signaling pathways and, in so doing, it lowers
the threshold for apoptosis induction in NHL cells by other agents or regimens, for example,
CHOP or dose-adjusted infusional etoposide, prednisone, vincristine, cyclophosphamide and
doxorubicin. Consequently, in the future, physicians are most likely to prescribe bortezomib
in combination with established NHL regimens, possibly in genetically defined NHL
subtypes found to be most susceptible to its actions (e.g., ABC-DLBCL). Despite the
success of bortezomib in NHL to date, many questions remain to be addressed, and which
could have tangible effects on its future use and development. For example, will next-
generation Pls, for example, carfilzomib, shown to be active in bortezomib-resistant
myeloma, demonstrate similar efficacy or advantages in the setting of NHL? Will orally
active and putatively less neurotoxic Pls such as ixazomib prove equally or more effective
than bortezomib in NHL, and eventually supplant it? The major questions to be addressed
include defining the mechanism of action of bortezomib in NHL, which will be critical for
its optimal use in the future. Answers to these questions will undoubtedly have a critical
impact on the extent of bortezomib use in NHL over the next 5 — 10 years. Finally, the
ultimate use of bortezomib or analogous agents in NHL in the future will also depend on the
development of new therapeutic strategies, particularly those involving other, more
specifically targeted agents rather than standard cytotoxic regimens. For example, rational
strategies combining bortezomib with BTK inhibitors, for example, ibrutinib (BTK signals
downstream to NF-xB and this may be a particularly effective strategy against DLBCL as
well as MCL [126]), CDK inhibitors (e.g., pan-CDK inhibitors such as alvocidib, or
CDKa4/6 inhibitors, e.g., palbociclib), HDACIs or BH3-mimetics, for example, ABT-199
(via JNK activation and ER stress induction [127]), are likely to emerge in the coming years,
and could have a significant impact on the therapeutic landscape for bortezomib in NHL in
the foreseeable future.
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Figure 1. Mechanisms of proteasomeinhibitor lethality
Modified with permission from [39].

Bad: Bcl-2-associated death promoter; Bim: Bcl-2 interacting mediator of cell death;
DNMT1: DNA methyltransferase 1; ER: Endoplasmic reticulum; FLIP: FLICE-like
inhibitory protein; IAP: Inhibitor of apoptosis; JNK: c-Jun N-terminal kinase; ROS:
Reactive oxygen species; TRAIL: TNF-related apoptosis-inducing ligand; UPR: Unfolded
protein response.
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Table 1

Major Phase Il studies of bortezomib monotherapy in mantle cell lymphoma.
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Ref. Bortezomib dose and schedule No. of patients No. of prior Results
therapies
[24,76] 1.3 mg/m? on days 1, 4, 8, 11 (every 21 155 treated, 141 1 (median) 33% ORR, 8% CR/CRu,

days)

[77] 1.3 mg/m? on days 1, 4, 8, 11 (every 21
days)

[78] 1.5 mg/m? on days 1, 4, 8, 11 (every 21
days) *

assessable for response

29 (13 previously
untreated)

40

0in13,1in11,2in5

median TTP 6.7 months,
median OS 23.5 months,
median DOR 9.2 months

46.4% ORR, 1 CRu, median
DOR 10 months

47% ORR (5 CRs)

*
Dose reductions to 1.3 and 1.1 mg/m2 were allowed.

CR: Complete response; CRu: Unconfirmed complete response; DOR: Duration of response; ORR: Overall response rate; OS: Overall survival;

TTP: Time to progression.
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Major Phase Il trials of bortezomib-based regimens in Waldenstrém’s macroglobulinemia.

Ref.  Bortezomib combination studied = Bortezomib dose and schedule No. of patients

Results

[93] BDR 1.3 mg/m2on days 1, 4, 8, 11, every 23 (previously untreated)
21 days, dexamethasone 40 mg on
same days, rituximab 375 mg/m? on

day 11

193] Bortezomib and rituximab 1.6 mg/m? on days 1, 8, 15, every 26 (previously untreated)
28 days

[941  Bortezomib and rituximab ¥ 1.6 mg/m?2 on days 1, 8, 15, every 37 (relapsed or refractory)
28 days

ORR 96%, 3 CRs, median
time to response 1.4 months,
18 of 23 free of progression
at median f/u of 22.8 months

88% ORR, 1 CR and 1 near
CR

81% ORR, 2 CR/near CRs,
median TTP 16.4 months

*
Rituximab given at a dose of 375 mg/m2 weekly in cycles 1 and 4.

BDR: Bortezomib, dexamethasone, rituximab; CR: Complete response; f/u: Follow up; ORR: Overall response rate; TTP: Time to progression.
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