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Simple Summary: Discussed here is a review of the changing landscape in the treatment of mantle
cell lymphoma (MCL) regarding the emergence and use of targeted therapy. Targeted therapy is
the use of small molecules designed to interrupt specific mechanisms within the cancer cell to exert
anti-tumor efficacy. Targeting such mechanisms relies upon our understanding of what makes a
cancer cell malignant. MCL is a difficult-to-treat lymphoid cancer that relies heavily upon constitutive
intracellular signaling, promoting its growth and survival. The mainstay of MCL treatment has been
to treat it with cytotoxic chemotherapy; however, targeted therapies have allowed for improved
treatment outcomes and continue to change the way we manage this disease. This review aims to
describe what targeted therapies are being utilized in MCL treatment and their mechanisms of action,
safety, and efficacy, as well as future directions for their use in MCL treatment.

Abstract: Mantle cell lymphoma (MCL) is a rare, heterogeneous B-cell non-Hodgkin’s lymphoma.
The standard front-line treatment utilizes chemotherapy, often followed by consolidation with an
autologous hematopoietic cell transplant; however, in most patients, the lymphoma will recur
and require subsequent treatments. Additionally, mantle cell lymphoma primarily affects older
patients and is frequently chemotherapy-resistant, which has further fostered the necessity for new,
chemotherapy-free treatment options. In the past decade, targeted therapies in mantle cell lymphoma
have been practice-changing as the treatment paradigm shifts further away from relying primarily
on cytotoxic agents. Here, we will review the pathophysiology of mantle cell lymphoma and discuss
the emergence of targeted, chemotherapy-free treatments aimed at disrupting the abnormal biology
driving its lymphomagenesis. Treatments targeting the constitutive activation of NF-kB, Bruton’s
Tyrosine Kinase signaling, and anti-apoptosis will be the primary focus as we discuss their clinical
data and toxicities. Our review will also focus primarily on the emergence and use of targeted
therapies in the relapsed/refractory setting but will also discuss the emergence of their use in
front-line therapy and in combination with other agents.
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1. Introduction

Mantle cell lymphoma (MCL) is a B-cell non-Hodgkin’s lymphoma (NHL), represent-
ing about 3–7% of all NHL cases in the United States [1,2]. The median age at diagnosis is
approximately 68 years old, highlighting the predominantly geriatric population of patients
with this disease [3]. Since MCL has traditionally been lumped into the category of the
slow-growing, more indolent NHLs, it also shares a unifying characteristic within this
group of malignancies: often manageable, sometimes on the scale of multiple years, yet
ultimately incurable. With that said, there is heterogeneity in pathophysiology and varying
degrees of how aggressive MCL may be presented.

On the spectrum of B-cell development, MCL typically originates from pre-germinal
B-cells as indicated by the lack of immunoglobulin heavy-chain variable region (IgVH) gene
somatic mutations in the most frequent, classic MCL subtype [4]. Of note, unmutated IgVH
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in chronic lymphocytic leukemia (CLL) has been associated with worse outcomes with
chemotherapy-based regimens [5–7]. There is a non-nodal subtype of MCL, however, with the
presence of IgVH somatic mutations and a better prognosis [8]. On the other end of the clinical
spectrum, two other less frequent subtypes, blastoid and pleomorphic MCL, tend to be more
aggressive with worse outcomes [9,10]. First-line treatment for MCL typically involves chemo-
immunotherapy: a combination of chemotherapy with rituximab, a monoclonal antibody
targeting the B-cell marker CD20 [11]. Patients with a more aggressive disease, however, have
poor outcomes with upfront chemo-immunotherapy. Although some MCL patients may have
favorable responses to upfront chemo-immunotherapy, producing disease control on the scale
of many years [12–14], MCL relapse is unfortunately expected, with the disease becoming less
chemo-sensitive in the relapsed/refractory (R/R) setting. Therefore, the development and im-
plementation of chemotherapy-free treatments in MCL have been crucial. Targeted therapies
represent a class of treatments that aim to disrupt specific mechanisms of pathophysiology in
cancer cells, resulting in cell death without the use of cytotoxic chemotherapy. The utility of
targeted therapies in MCL, therefore, hinges on our ability to understand MCL biology.

Abnormal Cylin D1 expression is a typical hallmark of MCL, usually manifested by
the chromosomal 11;14 translocation, which results in the MCL cells proceeding through a
steady march through the cell cycle, increasing proliferation [15]. MCL pathophysiology
is also marked by deletions or mutations in the ATM tumor suppressor gene, noted to be
present in nearly half of all new MCL cases [16,17], as well as mutations in TP53, noted
to be present in approximately 15% of new MCL cases [18,19]. Defects in DNA repair
response mechanisms further highlight the risk of chemotherapy resistance in this disease
and underpin the need for chemotherapy-free approaches. Furthermore, increased Bcl-2
expression, a protein in the family of anti-apoptotic proteins, is seen in the majority of
MCL cases [20]. Lastly, increased phosphoinositide 3 kinase (PI3K)/AKT signaling has
been linked to promoting MCL growth; PI3K/AKT signaling is linked to B-cell receptor
(BCR) signaling, Bruton’s Tyrosine Kinase (BTK) activity, and is constitutive nuclear factor-
kappa B (NF-kB) activation: all resulting in B-cell growth and survival [21,22]. While no
review can by any means be complete in this ever-evolving landscape, we attempted a
comprehensive review of targeted agents that have published clinical data.

2. Targeting NF-kB

NF-kB is a family of transcription factors with an essential role in the immune system,
notably in B-cell proliferation and survival [23]. Constitutive activation of this gene expression
has been tied to MCL pathophysiology, which has made it an early, attractive target in treating
MCL [24]. Bortezomib is a proteosome inhibitor that reversibly binds the beta subunit of the
20S proteasome, interrupting protein degradation. Preventing the degradation of IkB, a protein
that maintains NF-kB in an inactivated state in the cytoplasm, is the targeted mechanism by
which bortezomib primarily exerts its toxicity in MCL [25–27].

In the phase-two PINNACLE clinical trial, a total of 152 patients with R/R MCL were
treated with bortezomib at a dose of 1.3 mg/m2 (intravenous [IV] or subcutaneous) on days
1, 4, 8, and 11 of a 21-day cycle for as many as 17 cycles in total [28]. The overall response
rate (ORR) was 33%, and the complete response rate (CRR) was 8%. The median duration
of response (DOR) was 9.2 months, with the most common grade-three or higher adverse
events (AEs) being neuropathy (13%), fatigue (12%), and thrombocytopenia (11%) (Table 1).
Bortezomib has also been evaluated in combination with CHOP (cyclophosphamide, dox-
orubicin, vincristine, and prednisone) in the R/R setting in a phase-three study [29]. A total
of 46 R/R MCL patients were enrolled, half of whom received CHOP and the other half of
whom received bortezomib plus CHOP. In the bortezomib–CHOP arm, bortezomib was
given at a dose of 1.6 mg/m2 on days one and eight of a 21-day cycle for a maximum of eight
cycles. The ORR with the addition of bortezomib to CHOP was 82.6% compared to 47.8%
with CHOP alone; the CRR was 34.8% versus 21.7 with bortezomib–CHOP and CHOP, re-
spectively. The median overall survival (OS) was 35.6 months with bortezomib–CHOP and
11.8 months with CHOP (p = 0.01, Hazard Ratio [HR]-0.37). Bortezomib–CHOP, however,



Cancers 2024, 16, 1937 3 of 17

was associated with an elevated risk of grade-three or higher neutropenia, 30.4%, compared
to 19.6% with CHOP alone; nevertheless, grade-three or higher sensory neuropathy was
similar in both arms: 6.5% with bortezomib–CHOP and 4.3% with CHOP. Bortezomib is
currently FDA/EMA approved for relapsed MCL.

Table 1. Targeted Monotherapy in Relapsed/Refractory Mantle Cell Lymphoma.

Drug Study Number of
Patients

Median
Lines of
Therapy

ORR
(CR)

%

Median
DOR
(mos.)

Median
PFS

(mos.)
Most Common Grade ≥ 3 AEs Reference

Bortezomib Phase II 152 2 33 (8) 9.2 NR Neuropathy (13%), Fatigue
(12%), Thrombocytopenia (11%) [28]

Lenalidomide Phase II 26 3 31 (8) 22.2 3.9
Neutropenia (62%),

Thrombocytopenia (42%),
Anemia (15%)

[30]

Lenalidomide Phase II 57 3 35 (12) 16.3 8.8
Neutropenia (46%),

Thrombocytopenia (30%),
Anemia (13%)

[31]

Lenalidomide Phase II 134 3 28 (8) 16.6 4.0
Neutropenia (43%),

Thrombocytopenia (28%),
Anemia (11%)

[32]

Idelalisib Phase I 40 4 40 (5) 2.7 3.7

Elevated AST/ALT (20%),
Diarrhea (17.5%), Decreased

Appetite (15%),
Neutropenia (10%)

[33]

Parsaclisib Phase II 1
Diarrhea (13.9%), Neutropenia

(8.3%), Hypokalemia (3.7%),
Colitis (3.7%)

[34]

BTKi
pre-treated 53 30 (2) NR NR

BTKi-naïve 53 70 (16) 12.1 13.6

Ibrutinib Phase II 111 3 67 (23) 17.5 13.0

Neutropenia (17%),
Thrombocytopenia (13%),

Anemia (11%), Hemorrhage
(6%), Atrial Fibrillation (5%)

[22,35]

Ibrutinib Phase III 139 2 72 (19) NR 14.6

Neutropenia (13%),
Thrombocytopenia (9%),

Anemia (8%), Atrial
Fibrillation (4%)

[36]

Ibrutinib Meta-
Analysis 370 2 70 (27) 21.8 12.5 Not reported [37,38]

Acalabrutinib Phase II 124 2 81 (40) NR NR Neutropenia (10%), Anemia
(9%), Pneumonia (5%) [39]

Zanubrutinib Phase II 86 2 84 (68) 19.5 22.1
Neutropenia (20%),
Pneumonia/Lung

Infection (9.3%)
[40]

Pirtobrutinib Phase I/II 3

Infections (17.1%), Neutropenia
(13.4%), Thrombocytopenia

(6.7%), Hemorrhage (4%), Atrial
Fibrillation/Flutter (1%)

[41]

BTKi
pre-treated 90 58 (20) 21.6 7.4

BTKi-naïve 14 86 (36) NR NR

Venetoclax Phase I 28 3 75 (21) NR 14.0 Anemia (15%), Neutropenia
(11%), Thrombocytopenia (9%) [42]

Venetoclax Retrospective 20 3 53 (18) 3.2 8.1
Pneumonia (15%),

Thrombocytopenia (5%),
Hemorrhage (5%), Sepsis (5%)

[43]
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Given the activity of bortezomib in the R/R setting, it was studied in a front-line setting
in conjunction with chemo-immunotherapy. The phase-three LYM-3002 study compared
front-line R-CHOP (rituximab plus CHOP) with the regimen VR-CAP (vincristine being
replaced by bortezomib) in 487 newly diagnosed MCL patients [44]. The progression-free
survival (PFS) with VR-CAP versus R-CHOP was 24.7 months and 14.4 months, respectively
(p < 0.001, HR-0.63). The CRR was 53% with VR-CAP and 42% with R-CHOP. OS at 4 years
was 64% and 54% in VR-CAP and R-CHOP, respectively (p = 0.17, HR-0.80), underscoring
the superior efficacy of VR-CAP over CHOP. VR-CAP, however, was shown to produce
more significant hematologic toxicities. Grade-three or higher neutropenia was 85% in
VR-CAP versus 67% with R-CHOP, while grade-three or higher thrombocytopenia was
57% with VR-CAP and 6% with R-CHOP.

Another means of targeting the NF-kB pathway in MCL is the use of lenalidomide.
Lenalidomide, a chemical analog of thalidomide, has been shown to exert multiple anti-
cancer mechanisms; however, it is classically considered an immunomodulatory agent due to
its effect on NK cells, dendritic cells, anti-tumor T cells, and the tumor microenvironment [45].
It has been shown to inhibit the activation of IkB kinase (IKK), which, in turn, prevents the
induction of genes stimulated by NF-kB [46]. Lenalidomide monotherapy was assessed in a
phase-two study among 15 patients with R/R MCL who had received a median number
of four prior lines of therapy [47]. Lenalidomide was given at a dose of 25 mg orally once
daily on days 1–21 of a 28-day cycle for up to 52 weeks. The ORR was 53%, with a CRR
of 33%. The median DOR was 13.7 months, and the median PFS was 5.6 months. The
most common grade-three or higher AEs were neutropenia (40%), thrombocytopenia (33%),
and leukopenia (27%) (Table 1). Lenalidomide is currently FDA/EMA approved for use in
relapsed MCL.

Lenalidomide monotherapy was also assessed in a phase-two study involving a
total of 26 patients with R/R MCL [30] treated at the standard dose of 25 mg orally
daily on days 1–21 of a 28-day cycle for a total of six cycles. It was then followed by
lenalidomide maintenance therapy in patients with a response at a dose of 15 mg daily
on days 1–21 of a 28-day cycle until the progression of the disease or toxicity issues. The
ORR was 31%, and the CRR was 8%. The median PFS was 14.6 months, and the DOR
was 22.2 months. Lenalidomide monotherapy was also assessed in the NHL-003 study,
in which it was given to a total of 57 patients with R/R MCL at a dose of 25 mg orally
daily on days 1–21 of 28-day cycles until disease progression or toxicity issues [31]. The
ORR was 35%, and the CRR was 12%. The median PFS was 8.8 months, and the median
DOR was 16.3 months. The EMERGENCE trial studied lenalidomide monotherapy in a
larger population of 134 patients with R/R MCL who had previously failed bortezomib
treatment [32], resulting in an ORR of 28% and a CRR of 8%. The median PFS was 4 months,
and the median DOR was 16.6 months (Table 1).

Lenalidomide was compared to the investigator’s choice of therapy in a randomized
phase-two study, in which 254 patients with R/R MCL received lenalidomide or a choice of
rituximab, gemcitabine, fludarabine, chlorambucil, or cytarabine [48]. Lenalidomide was
given at a dose of 25 mg orally daily on days 1–21 of a 28-day cycle until the progression
of the disease or toxicity issues. Patients had received a median of two previous lines of
therapy, and the median age of the enrolled patients was 68.5. Lenalidomide was shown to
have a significantly improved PFS compared to the investigator’s choice: 8.7 months versus
5.2 months (p = 0.004, HR-0.61). Lenalidomide combined with rituximab has significant
activity in treatment-naïve MCL. A phase-two study was performed in which 38 treatment-
naïve MCL patients were enrolled to receive lenalidomide at a dose of 20 mg orally daily
for days 1–21 of a 28-day cycle for a total of 12 cycles; the dose was increased to 25 mg
after cycle one if there were no dose-limiting toxicities [49]. Lenalidomide was continued
at a dose of 15 mg daily on days 1–21 of a 28-day cycle for up to an additional 24 cycles.
Rituximab was given at a dose of 375 mg/m2 during weeks 1–4, 13, 21, 29, 37, and 45 for
a total of nine doses. During the maintenance phase, rituximab was given every 8 weeks
for up to an additional 24 cycles. The ORR was 92%, and the CRR was 64%. The 3-year
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PFS and OS rates were 80% and 90%, respectively. Responses were durable, resulting in a
5-year estimated PFS and OS rate of 64% and 77%, respectively [50].

3. BTK Inhibitors

Targeting Bruton’s Tyrosine Kinase (BTK), an integral player in stimulating B-cell
growth and proliferation as part of the B-cell receptor signaling cascade, has dramatically
shifted the treatment paradigm of B-cell malignancies further into the ‘chemotherapy-free’
approach. Ibrutinib, the first-in-class BTK inhibitor established in MCL, was evaluated first
in the R/R setting. Ibrutinib was designed to covalently bind the cysteine residue (C481) of
the active site of the ATP binding region of BTK, thereby inhibiting its kinase function [51].
The first major study in MCL was a multi-center, phase-two trial in which 111 patients
with R/R MCL were given fixed continuous doses of oral ibrutinib at a dose of 560 mg
daily until the progression of the disease or issues with toxicity. The median age of the
patients enrolled was 68, having received a median of three prior lines of therapy [22,35].
The ORR was 67%, and the CRR was 23%, with a median DOR of 17.5 months. The
most frequent AEs of the patients included diarrhea (54%), fatigue (50%), nausea (33%),
and dyspnea (32%). About 6% of the patients experienced atrial fibrillation (Afib) of
any grade, most of which were grades three–four. The most common grade-three or
-four infectious AEs included pneumonia (8%), urinary tract infections (4%), and cellulitis
(3%). Grade-three or -four bleeding events were hematuria (2%) and subdural hematoma
(2%). Regarding hematologic AEs, 22% of patients experienced thrombocytopenia, 19%
experienced neutropenia, and 18% experienced anemia of any grade (Table 1).

To further validate the profound efficacy of ibrutinib in R/R MCL, ibrutinib was
compared to temsirolimus in the R/R setting in a multi-center, phase-three study among
patients with R/R disease [36]. Temsirolimus is an inhibitor of the mTOR pathway and has
been utilized in R/R MCL, given its reported ORR of 22% in these patients [52]. A total
of 139 patients were randomized to receive 560 mg oral ibrutinib daily, and 141 patients
were randomized to receive IV temsirolimus (175 mg on days 1, 8, and 15 of cycle one and
75 mg on days 1, 8, and 15 of the following 21-day cycles). The median age of the patients in
the trial was 68, having received a median of two prior lines of therapy. The PFS among
the patients receiving ibrutinib was 14.6 months vs. 6.2 months in the temsirolimus arm
(p < 0.0001, HR-0.43). Ibrutinib also had fewer grade-three or higher AEs, and fewer people
stopped the drug due to AEs. This study further solidified the BTK inhibitor as the new
standard in R/R MCL. A pooled analysis of ibrutinib in R/R MCL, which included a total
of 370 patients and a 3.5-year follow-up, again underscored this drug’s practice-changing
efficacy in the R/R space. The ORR was 69.7%, and the CRR was 27%, with a median DOR
of 21.8 months [37,38]. Of note, patients with the blastoid MCL subtype appeared to have a
lower ORR (50%) compared to the non-blastoid subtype (67.8%) as well as a lower DOR
(8.5 versus 18.5 months, respectively) and PFS (5.1 months versus 14.6 months, respectively).

To improve upon ibrutinib’s AE profile, second-generation BTK inhibitors, such as
acalabrutinib and zanubrutinib, were developed with the underlying concept that newer
generation BTK inhibitors while targeting the same cysteine residue on BTK as ibrutinib,
should have more target selectivity associated with less off-target side effects [53–55].
Acalabrutinib was first assessed in R/R MCL as part of a phase-two trial, in which it was
given at a dose of 100 mg orally, twice a day, to a total of 124 patients until progression of
the disease or issues with toxicity. The median age was 68, with patients having received
a median of two prior lines of therapy [39]. The ORR was 81%, and the CRR was 40%.
The most frequent grade-three or higher AEs were neutropenia (10%), anemia (9%), and
pneumonia (5%). The most common grade-one and -two AEs were headache (38%),
diarrhea (31%), fatigue (27%), and myalgia (21%). Importantly, there were no cases of
Afib and only a single case of a grade-three or higher bleeding event. Zanubrutinib was
evaluated in R/R MCL as part of a phase-two trial including a total of 86 patients; the drug
was given at a dose of 160 mg twice a day orally until disease progression or issues with
toxicity. The median age was 60.5, with patients having received a median of two prior
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lines of therapy. The ORR was 84% and the CRR was 68.6%. The most frequent grade-three
or higher AEs were neutropenia (19.8%) and pneumonia (9.3%). Significant bleeding events
were rare (3%), and there were no reported cases of Afib [40] (Table 1). Of note, there
have been no head–head comparisons of acalabrutinib, zanubrutinib, or ibrutinib in an
MCL clinical trial; with that said, the strong efficacy and, namely, side-effect profiles of
acalabrutinib and zanubrutinib have established these drugs as the preferred choice over
the first generation ibrutinib. Furthermore, in CLL, another B-cell malignancy, both agents
showed at least similar, if not superior, efficacy to ibrutinib with an improved side-effect
profile, particularly regarding cardiac adverse events [56–58].

Given the practice-changing success of BTK inhibitors in treating R/R MCL, it was
therefore of interest to establish a BTK inhibitor with efficacy in MCL following the treat-
ment failure of ibrutinib, acalabrutinib, or zanubrutinib, all of which bind the same cysteine
residue on BTK. A common acquired mutation in CLL, which confers resistance to BTK
inhibitors, is C481S, in which the cysteine residue is replaced by serine, thereby interfering
with the drug’s interaction with BTK [59]. The novel, non-covalent BTK inhibitor pirtobruti-
nib has emerged as a means of targeting BTK following the treatment failure of these classic
BTK inhibitors. Because pirtobrutinib does not bind BTK at the C481 residue, the binding
site of the classic BTK inhibitors, and the site of the C481S mutation [59], it is effective in
targeting both mutant C481S BTK and wild-type BTK. Because of this particular mechanism
of BTK inhibitor resistance best described in CLL, pirtobrutinib was assessed in R/R MCL
patients previously treated with a BTK inhibitor. In the phase-one/two BRUIN study,
90 patients with R/R MCL were treated with pirtobrutinib, all of whom were previously
treated with a BTK inhibitor. The ORR was 58%, and the CRR was 20%, with a median DOR
of 21.6 months. Grade-three or higher AEs were hemorrhage (3.7%) and Afib (1.2%) [41]. Of
note, only 3% of patients discontinued the treatment due to AEs. The study also included
14 BTK-inhibitor-naïve patients. Among these patients, the ORR was 85.7% and the CRR
was 35.7% (Table 1). Pirtobrutinib was thereby established as being safe and effective in
MCL following initial BTK inhibitor failure. The FDA has since approved pirtobrutinib
in R/R MCL after at least two lines of systemic treatment, including a BTK inhibitor. The
EMA has also approved the use of pirtobrutinib in relapsed MCL.

Given the practice-changing success of BTK inhibitors in R/R MCL treatment, their
use in the front-line setting has also been assessed. The SHINE trial was a randomized
phase-three trial comparing bendamustine–rituximab (BR) vs. Ibrutinib plus BR (I-BR) in
front-line MCL therapy [60]. BR was given for a total of six 28-day cycles; bendamustine
was given at a dose of 90 mg/m2 on days 1–2; rituximab was given at a dose of 375 mg/m2

on day one; ibrutinib was given at a dose of 560 mg orally daily until disease progression
or unacceptable side effects. Maintenance rituximab was given every 8 weeks for an
additional 12 doses in patients achieving a response to treatment. Enrolled patients were
65 or older with a median age of 71. The median PFS in the I-BR group was 80.6 months,
and 52.9 months in the BR group (p = 0.01; HR-0.75); however, the OS was similar in both
groups. Although a significant PFS benefit was noted with the addition of ibrutinib to BR,
it remains unclear whether combination therapy of a BTK inhibitor with BR is superior
to sequential treatment with a BTK inhibitor as a second-line therapy following disease
progression after BR.

The initial data of the TRIANGLE trial have also recently been presented, which
have shown that the use of ibrutinib in the front-line setting of MCL treatment may be
an acceptable alternative to utilizing a front-line consolidative autologous hematopoietic
stem cell transplant (HSCT) [61]. In this study, previously untreated advanced-stage MCL
patients were treated in one of three arms: (1) three cycles of R-CHOP/R-DHAP (alternating
cycles of R-CHOP on cycles two, four, and five with R-DHAP on cycles one, three, and
six [rituximab with dexamethasone, high dose cytarabine and cisplatin]) followed by
autologous HCT with no ibrutinib (Arm A), (2) three cycles of R-CHOP/R-DHAP with
concomitant ibrutinib and 2 years of maintenance ibrutinib (Arm I), and (3) three cycles
of R-CHOP/R-DHAP with concomitant ibrutinib followed by autologous HCT and then
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2 years of maintenance with ibrutinib (Arm A+I). In each treatment arm, ibrutinib was
given at a dose of 560 mg orally daily. Of note, all treatment arms included maintenance
rituximab. After a median follow-up of 31 months, Arm A did not show superiority over
Arm-I regarding failure-free survival (FFS): the 3-year FFS was 72% (Arm A) vs. 86% (Arm
I) (p = 0.9979, HR-1.77). Additionally, Arm A+I was superior to Arm A regarding the 3-year
FFS: 88% and 72%, respectively (p = 0.0008, HR-0.52). Importantly, there were no significant
differences between grade-three or higher AEs in the arms that added ibrutinib to upfront
R-CHOP/R-DHAP chemotherapy; however, there were more grade-three or higher AEs in
arms utilizing the 2-year ibrutinib maintenance during that treatment period: neutropenia
44% (Arm A+I), 17% (Arm A), and 23% (Arm I); infections 25% (Arm A+I), 13% (Arm A),
and 19% (Arm I). Overall survival was similar in all arms; however, the follow-up has been
too short to assess the OS endpoint, and a peer-reviewed manuscript is still pending.

Although both the SHINE and TRIANGLE trials utilized ibrutinib in the front-line set-
ting, it is important to note that ibrutinib is no longer on the U.S. market for MCL, given the
improved safety profile of acalabrutinib and zanubrutinib (acalabrutinib and zanabrutinib
are FDA-approved for MCL; acalabrutinib is EMA approved for MCL); therefore, data from
these studies will need to be extrapolated with the safety profile of the second generation
BTK inhibitors in mind. It will also be important to establish whether the efficacy of ibrutinib
in the TRIANGLE study is driven primarily by the concomitant use of ibrutinib with upfront
chemotherapy or the 2-year maintenance therapy with ibrutinib.

Ibrutinib without CIT has also been assessed in the front-line setting in combination
with rituximab among older MCL patients [62]. In this phase-two study, 50 newly diag-
nosed MCL patients with a median age of 71 were enrolled; ibrutinib was given at a dose of
560 mg orally daily in 28-day cycles until disease progression or toxicity issues; rituximab
was given at a dose of 375 mg/m2 once weekly for cycle one, followed by day one for
cycles 3–8. After cycle eight, rituximab was given every 2 months for up to 2 years. The
ORR was 96%, and the CRR was 71%. The 3-year median PFS and OS were 87% and 94%,
respectively. Another phase-two study also assessed the combination of ibrutinib with
rituximab in a front-line MCL setting [63]. A total of 50 patients with a median age of
65 were given ibrutinib and rituximab in a similar fashion as the previously mentioned
phase-two study; however, ibrutinib was discontinued after 2 years of treatment in the case
of sustained, undetected minimal residual disease (MRD). The ORR was 84%, and the CRR
was 80%. Longer-term follow-up and survival data are still pending. Lastly, a multi-center,
real-world analysis from the United Kingdom assessed front-line ibrutinib with or without
rituximab in untreated MCL [64]. Of the 104 patients assessed, the ORR was 71.2%, and
the CRR was 20.2%. Of note, the ORR was higher among the patients receiving ibruti-
nib with rituximab as opposed to just ibrutinib alone: 78.7% versus 64.9%, respectively.
Of the 39 patients with high-risk disease (TP53 mutation/deletion, p53 overexpression,
blastoid/pleomorphic subtype or Ki67 > 30%), the ORR was 59%, and the CRR was 20.5%.

4. BCL-2 Inhibitor

B-cell lymphoma-2 (Bcl-2) is a member of the family of anti-apoptotic proteins. It is
frequently relied upon in B-cell lymphomas for allowing uncontrolled growth and prolifer-
ation [42]. The Bcl-2 homology domain-3 (BH-3) on Bcl-2 is essential in Bcl-2′s function in
anti-apoptotic signaling. The Bcl-2 inhibitor, venetoclax, is a BH-3 mimetic compound and
is a potent inhibitor of Bcl-2 function, resulting in apoptosis of aberrant B-cell lymphoma
cells [42]. Venetoclax has been most widely studied in the R/R of MCL treatment.

A phase-one study by Davids et al. assessed venetoclax in 28 R/R MCL patients, all
of whom had never been treated with a prior BTK inhibitor [43]. The ORR was 75%, with
a CRR of 21%. The median age of the patients enrolled was 72 years old, with patients
receiving a median of three prior lines of therapy. The estimated PFS was 14 months. All
MCL patients in the trial were treated in the dose-escalation cohort, reaching daily target
doses of 200–1200 mg venetoclax orally until the progression of the disease or toxicity
issues. The dose of 800 mg orally daily was deemed the safest dose sufficient to achieve a
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strong response. A retrospective study also assessed venetoclax as monotherapy among
20 patients with R/R MCL, all of whom had previously failed with a BTK inhibitor [65].
The median age of the patients in this study was 69 years, with a median number of three
lines of previous treatment. The ORR was 53%, and the CRR was 18%. The median PFS
in this on-BTKi-naïve population was significantly lower at 3.2 months, and the median
DOR was 8.1 months (Table 1). Finally, a retrospective study assessed the use of venetoclax
monotherapy among 50 patients with R/R MCL, in addition to outcomes among 16 patients
with the combination of venetoclax and a BTK inhibitor [66]. Of the 67 total patients who
could be assessed for a response (including venetoclax monotherapy and in combination
with a BTK inihibitor), the ORR was 40%, and the CRR was 16%. The median PFS and
OS were 2.8 months and 9.5 months, respectively, and slightly longer among the patients
who concomitantly received a BTK inhibitor (Table 1). Of note, venetoclax is not currently
FDA/EMA approved for MCL. The combination of targeted therapies will be discussed in
more detail in a section to come.

5. PI3K Inhibitors

The increased PI3K signaling in MCL cells has also been evaluated as a means of
producing a targeted therapy approach [67]. Idelalisib, an oral PI3kδ inhibitor, was assessed
in a phase-one study among 40 patients with R/R MCL [33]. Idelalisib was given orally
at doses ranging from 50 mg to 350 mg, either daily or twice daily, and continued for
48 weeks in the dose escalation phase and indefinitely in the cohort expansion phase. The
patients enrolled had a median age of 69 and had received a median of four prior lines of
therapy. The ORR was 40%, and the CRR was 5%, with a median DOR of 2.7 months and a
median PFS of 3.7 months. The 1-year PFS rate was 22%. The most common grade-three or
higher AEs were AST/ALT elevation (20%), diarrhea (17.5%), decreased appetite (15%),
and neutropenia (10%) (Table 1).

Parsaclisib, a selective PI3kδ inhibitor, was assessed in a phase-two study in R/R
MCL [34]. A total of 53 patients who were BTK-inhibitor-naïve were enrolled, in addition
to 53 patients who had previously been treated with a BTK inhibitor. Parsaclisib was given
at a dose of 20 mg orally for 8 weeks, followed by a dose of 20 mg orally once weekly
or a dose of 2.5 mg orally daily. Among the BTK-inhibitor-naïve patients, the ORR was
70.1%, and the CRR was 15.6%, with a median DOR of 12.1 months. The cohort involving
patients previously treated with a BTK inhibitor was closed early due to a lack of clinical
benefit during the interim analysis. Regarding toxicity, 62% of all treated patients had a
grade-three or higher AE. The most common grade-three or higher AEs included diarrhea
(13.9%), neutropenia (8.3%), hypokalemia (3.7%), and colitis (3.7%) (Table 1). The lack of
benefits among the patients previously treated with a BTK inhibitor poses an issue given
the favorable side-effect profile and efficacy of BTK inhibitors in this disease and their use
in early lines of therapy. There are currently no FDA-approved PI3K inhibitors for MCL.

6. Combined Targeted Therapies

Given the promise of utilizing targeted therapies in MCL in both the R/R and front-line
setting, a major area of interest has been assessing regimens that combine different targeted
therapies to optimize treatment efficacy. This may be particularly important for high-risk
diseases that we traditionally associate with inherent chemotherapy resistance, such as
TP53 abnormal MCL [19]. The combination of bortezomib and ibrutinib was assessed
in a phase-one/two study involving a total of 58 patients (9 patients in the phase-one
study and 49 in the phase-two component) with R/R MCL [68]. All patients were given
ibrutinib and bortezomib treatment-naïve. The median age of enrolled patients was 71, and
enrolled patients could not have failed more than two previous lines of therapy. Of note,
nearly three-quarters of patients in this trial had at least one high-risk feature: a blastoid
or pleomorphic subtype, p53 overexpression, TP53 mutations/deletions, or Ki-67 > 30%.
Bortezomib was given at a dose of 1.3 mg/m2 subcutaneously on days 1, 4, 8, and 11 during
six 21-day cycles; ibrutinib was concomitantly given orally daily at 560 mg until disease
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progression or toxicity issues. The ORR was 82%, and the CRR was 22%; this increased
to an ORR of 87% and a CRR of 42% during ibrutinib maintenance. The median DOR
was 22.7 months, and the median PFS was 18.6 months. The most common grade-three
or higher AEs included thrombocytopenia in 16.4% of patients, neutropenia in 11% of
patients, lung infections in 10.9% of patients, and peripheral sensory neuropathy in 9.1% of
patients (Table 2).

Table 2. Combined Targeted Therapy in Relapsed/Refractory and Treatment-Naïve Mantle
Cell Lymphoma.

Combination
Regimen Study Number of

Patients
Treatment-

Naïve

ORR
(CR)

%

Median
DOR
(mos.)

Median
PFS

(mos.)
Most Common Grade ≥ 3 AEs Reference

Bortezomib,
Ibrutinib Phase I/II 58 No 82 (22) 22.7 18.6

Thrombocytopenia (16%),
Neutropenia (11%), Lung

Infections (11%),
Neuropathy (9%)

[34]

Ibrutinib,
Venetoclax Phase II 23 No 71 (62) NR 29.0

Neutropenia (33%),
Thrombocytopenia (17%),

Anemia (12%), Diarrhea (12%),
Atrial Fibrillation (8%)

[68,69]

Ibrutinib,
Venetoclax Phase III 134 No 81 (62) 42.1 31.8

Neutropenia (31%), Pneumonia
(13%), Thrombocytopenia

(13%), Anemia (10%), Atrial
Fibrillation (5%)

[70]

Ibrutinib,
Venetoclax,

Obinutuzumab
Phase I/II 24 No 71 (67) NR NR

Neutropenia (71%),
Thrombocytopenia (54%),
Hypophosphatemia (29%),

Lymphopenia (24%)

[71]

15 Yes 93 (86) NR NR

Acalabrutinib,
Venetoclax,
Rituximab

Phase I 21 Yes 100
(90) NR NR Infection (38.1%),

Neutropenia (33.3%) [72]

Lenalidomide,
Venetoclax,
Rituximab

Phase II 28 Yes 96 (86) NR NR
Neutropenia (75%),

Thrombocytopenia (61%),
Anemia (32%)

[73]

Zanubrutinib,
Venetoclax,

Obinutuzumab
Phase II 25 Yes 95 (88) NR NR

Neutropenia (12%),
Infusion-Related Reaction (8%),

COVID-19 (8%)
[74]

Combining a BTK inhibitor with venetoclax also seemed like a natural choice, given
the strong efficacy and good safety profiles of both agents. The AIM study was a phase-two
study that assessed the combination of ibrutinib with venetoclax among 23 patients with
R/R MCL [69,70]. Ibrutinib was initiated first as monotherapy at a dose of 560 mg orally
daily for weeks 1–4; venetoclax was added during week five initially at a dose of 50 mg
orally daily, which proceeded to a ramp-up schedule to a final dose of 400 mg orally daily.
The study protocol was later amended to allow for the dose escalation of venetoclax to
800 mg orally daily after week 16 if a complete response (CR) had not occurred. Both
drugs were continued until disease progression or toxicity issues. The ORR and CRR in
week 17 were 71% and 62%, respectively. Of note, nearly half of the patients enrolled had
TP53 gene mutations/deletions. The most common grade-one/two AEs included diarrhea
(83%), fatigue (75%), nausea/vomiting (71%), hemorrhage (54%), and musculoskeletal
pain (50%). The most common grade-three or higher AEs included neutropenia (33%),
thrombocytopenia (17%), anemia (12%), diarrhea (12%), tumor lysis syndrome (8%), and
Afib (8%) (Table 2).

The SYMPATICO phase-three study compared ibrutinib monotherapy with the com-
bination of ibrutinib and venetoclax in patients with R/R MCL. A total of 134 patients
received the combination of ibrutinib/venetoclax, and a total of 133 patients received
ibrutinib monotherapy. The median age of the patients in the trial was 68. Ibrutinib was
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given until the progression of the disease or issues with toxicity, and venetoclax was given
for up to 2 years; otherwise, the doses and treatment schedule were the same as described
in the AIM study. The safety lead-in phase showed an ORR of 81% and a CRR of 62%
with the combination regimen. Preliminary data have also shown an improvement in the
median PFS with the ibrutinib/venetoclax regimen over ibrutinib, 31.9 months versus
22.1 months, respectively (p = 0.0052, HR-0.65) [71]. Grade-three or higher AEs included
neutropenia (31%), pneumonia (13%), thrombocytopenia (13%), anemia (10%), diarrhea
(8%), leukopenia (7%), and Afib (5%) (Table 2).

Furthermore, the triplet regimen of ibrutinib, venetoclax, and obinutuzumab (anti-
CD20 monoclonal antibody) was assessed in the phase-one/two OASIS study, which
included both treatment-naïve MCL patients and R/R patients [72]. A total of 24 patients
with R/R MCL patients were assessed; ibrutinib was given at a fixed dose of 560 mg daily
for at least two years until disease progression or toxicity issues. Obinutuzumab was given
at a dose of 1 g IV on days 1, 8, and 15 of cycle one and then day one of only cycles 2–8
followed by every 2 months until cycle 23. Three predetermined doses of venetoclax
were used in combination with venetoclax and ibrutinib: 400 mg/day, 600 mg/day, and
800 mg/day. A dose of 400 mg/day of venetoclax was chosen to complete the trial and be
used in the triplet regimen. At the end of cycle two, the ORR was 84%, and the CRR was
37%; by the end of cycle six, the ORR was 71%, and the CRR was 67%. The median age
of the patients was 66, and the median number of the previous lines of therapy was one.
Grade-three or higher neutropenia occurred in 71% of patients, thrombocytopenia in 54%
of patients, lymphopenia in 24% of patients, and hypophosphatemia in 29% of patients.
Of note, this study also included a cohort of 15 treatment-naïve patients who received
ibrutinib, venetoclax, and obinutuzumab. By the end of cycle two, the ORR was 93%,
and the CRR was 80%; by the end of cycle six, the ORR was 93%, and the CRR was 86%.
MRD testing was utilized using a polymerase chain reaction (PCR) assay targeting either
the clonal immunoglobulin H (IgH) rearrangement or the t(11;14) (q13;q32) translocation
(10−5 sensitivity). MRD negativity was achieved in 71.5% of patients with R/R disease
and in 100% of patients with a treatment-naïve disease, further highlighting the depth of
response achieved (Table 2).

Regarding treatment-naïve patients, another triplet regimen of acalabrutinib, vene-
toclax, and rituximab was evaluated in 21 MCL patents as part of a phase-one study [74].
Acalabrutinib was given at a dose of 100 mg orally twice daily until disease progression or
toxicity issues; rituximab was given IV at a dose of 375 mg/m2 on day one of a 28-day cycle
for a total of six cycles; of note, rituximab was continued as maintenance among treatment
responders for up to two years. Venetoclax was started daily on cycle two with a 5-week
ramp-up period to 400 mg/daily and continued for two years. The ORR was 100% and the
CRR was 90%. With a median follow-up of 25.8 months, the median DOR and median PFS
were not reached (Table 2). Of note, MRD testing using the clonoSEQ® peripheral blood
assay was utilized, which demonstrated that 14 of 16 evaluable patients for MRD achieved
an MRD-negative status (10−6 sensitivity level) at least once during treatment.

Furthermore, the triplet regimen zanubrutinib, obinutuzumab, and venetoclax (BOVen)
have been assessed in a phase-two trial involving 25 treatment-naïve MCL patients, all of
whom had TP53 mutations [73]. The median age of the patients enrolled was 65. Zanubru-
tinib was given at a dose of 160 mg orally twice daily, starting on day one of a 28-day cycle;
obinutuzumab was given at a dose of 1000 mg on day 1 (or split on days 1–2), day 8, and
day 15 of cycle one followed by day 1 of cycles 2–8; venetoclax ramp-up started on day one
of cycle three to a target dose of 400 mg orally daily. At the end of cycle 24, zanubrutinib and
venetoclax were able to be discontinued if MRD-negative complete remission was achieved.
MRD was assessed via a peripheral blood clonoSEQ® assay. The preliminary data have
shown that the ORR was 95% with a CRR of 88%. The one-year PFS rate was 84%, and
the OS rate was 100%. The most common AEs were low grade, including diarrhea (52%),
neutropenia (28%), infusion-related reactions (24%), thrombocytopenia (20%), and rashes
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(20%); grade-three or higher AEs included neutropenia (12%), infusion-related reactions
(8%), and COVID-19 (8%).

Finally, a phase-two study assessed the combination of lenalidomide, venetoclax,
and rituximab in 28 treatment-naïve patients [75]. Lenalidomide was given at a dose of
20 mg orally daily on days 1–21 of a 28-day cycle; venetoclax was started on day eight
of cycle one at a dose of 50 mg and escalated weekly to a dose of 400 mg orally daily;
rituximab was given IV weekly during cycle one and then on day one on the following
cycles. This triplet therapy was given for a total of up to 12 cycles. An amendment allowed
patients to transition to maintenance after cycle six if in CR by imaging in conjunction
with an undetectable MRD, followed by maintenance therapy in which venetoclax was
continued for one year at the same 400 mg orally daily dose; lenalidomide was reduced
to 10 mg and continued for two years, and rituximab was given every 2 months for a
planned 36 months. The ORR was 96%, and the CRR was 86%. This study also utilized
MRD testing via the clonoSEQ® assay to assess the depth of response: 86% of patients
achieved an MRD-negative status. The most common grade-three or higher AEs were
neutropenia (75%), thrombocytopenia (61%), anemia (32%), and tumor lysis syndrome
(14%). The median PFS and DOR were not reached at the median patient follow-up of
27.5 months (Table 2).

The promising efficacy of combination targeted therapies in the front-line setting
is particularly appealing for patients for whom suboptimal outcomes with cytotoxic
chemotherapy are expected, such as TP53 abnormal MCL or blastoid/pleomorphic sub-
types. However, this will ultimately need to be taken into consideration with the potentially
practice-changing preliminary data presented from the TRIANGLE study [61] regarding
optimal sequences and the combination of treatments in the MCL treatment algorithm.

7. Future Directions

While preliminary efficacy and safety profiles of combined targeted therapies for MCL
are enticing, and data on long-term toxicities and durability are maturing, the exploration
of synergies when combining such therapies with the emerging novel immunotherapies in
MCL is the next frontier. For example, the TARMAC study looked to assess the combination
of fixed-duration ibrutinib with chimeric antigen receptor T-cell (CAR-T) therapy (CTL019,
investigational form of tisagenlecleucel) in MCL [76]. Pre-clinical data have demonstrated
the added benefit of a BTK inhibitor with CAR-T in improving CAR-T efficacy; ibrutinib
has been shown to improve CAR-T cell expansion in vivo and improve T-cell fitness [77,78].
The TARMAC study involved 20 patients with R/R MCL in which ibrutinib, 560 mg orally
daily, was started prior to leukapheresis and continued for a minimum of 6 months after
CAR-T administration (tisagenlecleucel). Patients had received a median of two lines of
past therapy, half of the enrolled patients had received a prior BTK inhibitor, and half had
TP53 mutations. At 4 months post CAR-T infusion data, 80% of patients demonstrated
a CR; the estimated 12-month PFS was 75%. The efficacy of the regimen was similar in
patients irrespective of prior BTK inhibitor therapy or TP53 mutation status. A total of 75%
of the patients developed cytokine release syndrome (CRS); 55% of patients developed
grade-one or -two CRS, and 20% experienced grade-three CRS; 10% of patients developed
grade-one or -two neurotoxicity. In addition to CAR T-cell therapies, multiple bispecific
antibodies are being explored in MCL.

Apart from assessing the synergy of targeted therapies with novel immunotherapies,
the optimal sequencing of these will need clarification. Furthermore, other promising novel
compounds in the MCL treatment space have emerged. Targeting the mucosa-associated
lymphoid tissue lymphoma translocation protein 1 (MALT1), a protein essential in B-cell
receptor signaling and NF-kB activation, with MALT1 inhibitors is currently under inves-
tigation [79,80]. Targeting cyclin-dependent kinase-9 (CDK9) in mantle cell lymphoma is
also being explored as a means of overcoming treatment resistance in MCL [81]. Given the
inherent degree of DNA repair deficiencies in MCL, poly(ADP-ribose) polymerase-1 (PARP-1)
inhibitors have been thought of as promising targets in producing synthetic lethality based on
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PARP-1′s role in DNA repairs. Pre-clinical data have suggested modest activity of PARP-1
inhibitors in MCL with limited data on efficacy in human trials [82–84]. Exploring PARP-1
inhibitors further as monotherapy or in combination with other agents could be of interest.
Induced myeloid leukemia cell differentiation proteins (MCL-1), another member in the family
of anti-apoptotic proteins with Bcl-2, is also another attractive target in blocking anti-apoptotic
signaling in MCL [85–87]; however, there may be safety concerns with MCL-1 inhibitors due
to potential cardiotoxicity based on early trial data [88].

Receptor tyrosine kinase-like orphan receptor 1 (ROR1) is a cell-surface signaling
protein associated with de-differentiated states in malignancy, as well as increased survival
and proliferation [89]. Zilovertamab vedotin (ZV) is an antibody–drug conjugate (ADC)
that binds ROR1 and delivers a microtubule cytotoxic payload to tumor cells. ZV was
assessed in a first-in-human phase-one study in which it was given every 3 weeks until
disease progression among patients with R/R hematologic malignancies. Of the 15 patients
with R/R MCL, it showed an ORR of 47% and a CRR of 20% [60,90]. These early data
warrant further investigation in the MCL pipeline.

Another antibody–drug conjugate, polatuzumab, has promising activity in MCL. Po-
latuzumab is a CD79-directed antibody coupled to a monomethyl-auristatin E (MMAE)
payload with significant activity in other B-cell lymphomas. A phase-one study of po-
latuzumab enrolled 95 patients in separate dose-escalation cohorts for NHL and CLL
plus NHL and CLL specific expansion cohorts at the recommended phase-two dose of
polatuzumab with or without rituximab; this study included seven patients with R/R
MCL. Four patients with R/R MCL were treated with a single-agent polatuzumab, all
of whom achieved a PR (ORR 100%). Of the three patients treated with both rituximab
and polatuzumab, two had a PR, and one had a stable disease (ORR 67%) [91]. When
combined with the CD20xCD3 bispecific antibody Mosunetuzumab, it resulted in an ORR
of 75% and a CRR of 70%. CR rates were 75% and 70% in 20 patients with R/R MCL who
had received at least two prior lines of therapy [92]. Polatuzumab is currently being ex-
plored as a monotherapy and in combination with other agents in MCL in several ongoing
clinical trials.

An emerging new mechanism of targeted therapy involves proteolysis-targeting
chimera (PROTAC) molecules. PROTAC molecules are compounds designed to result
in the degradation of target proteins in cancer cells, offering a new approach to the targeted
precision of cancer treatment. The molecules bind two ligands: a target protein of interest
and E3 ubiquitin ligase. The PROTAC thereby facilitates the ubiquitylation of the target
protein and subsequent degradation by the proteosome [93]. PROTAC molecules aiming
to degrade BTK in B-cell malignancies are making their way into clinical trials and offer
a potential new tool for treating MCL [94]. Of note, early data on a first-in-human trial
of a BTK degrader presented at ASH 2023 have demonstrated safety and efficacy among
heavily pre-treated B-cell NHL [95]. Given the degree of DNA damage repair abnormalities
in MCL, utilizing a mouse double minute 2 homolog (MDM2) degrader in MCL treatment
could also be of interest as a means of boosting p53 cell-cycle arrest and apoptosis [96].

8. Conclusions

The emergence and use of targeted therapies in MCL treatment have changed the
paradigm by which we manage this difficult disease. Targeted therapies have become the
standard in an R/R setting and are making their way into front-line MCL treatment. In the
years to come, it will be important to optimize their use in combination with other targeted
therapies, novel immunotherapies, and chemotherapy. Determining which patients may
benefit most from specific regimens will help shape our treatment algorithms. Specifically,
identifying which patients may gain the most from a chemotherapy-free approach will be
of the utmost importance. For this, molecular classification and the use of MRD testing to
determine high-risk diseases and identify a suboptimal response early currently hold the
most promise. The optimal sequence by which we use these new therapies or combination
therapies will require a thorough consideration of their toxicity profiles and goals in
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improving overall survival. The standardization of MRD testing will also need to be
established. Lastly, other novel targeted therapies in clinical development have yet to make
their mark on this patient population and will need to be integrated into the treatment
algorithm as more data on these treatments emerge. One thing, though, is for certain,
which is that the landscape in the treatment for MCL has irreversibly changed for the better
with the advent of multiple agents that can biologically target the underlying oncogenic
mechanisms at play in MCL.
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71. Wang, M.; Jurczak, W.; Trněný, M.; Belada, D.; Wrobel, T.; Ghosh, N.; Keating, M.-M.; van Meerten, T.; Fernandez Alvarez,
R.; von Keudell, G.; et al. Ibrutinib Combined with Venetoclax in Patients with Relapsed/Refractory Mantle Cell Lymphoma:
Primary Analysis Results from the Randomized Phase 3 Sympatico Study. Blood 2023, 142, LBA-2. [CrossRef]

72. Le Gouill, S.; Morschhauser, F.; Chiron, D.; Bouabdallah, K.; Cartron, G.; Casasnovas, O.; Bodet-Milin, C.; Ragot, S.; Bossard, C.;
Nadal, N.; et al. Ibrutinib, obinutuzumab, and venetoclax in relapsed and untreated patients with mantle cell lymphoma: A
phase 1/2 trial. Blood 2021, 137, 877–887. [CrossRef] [PubMed]

73. Kumar, A.; Soumerai, J.; Abramson, J.S.; Barnes, J.A.; Caron, P.; Chabowska, M.; Devlin, M.; Dogan, A.; Falchi, L.; Garcia, R.N.; et al. A
Multicenter Phase 2 Trial of Zanubrutinib, Obinutuzumab, and Venetoclax (BOVen) in Patients with Treatment-Naïve, TP53-Mutant
Mantle Cell Lymphoma. Blood 2023, 142, 738. [CrossRef]

74. Wang, M.; Robak, T.; Maddocks, K.J.; Phillips, T.; Smith, S.D.; Gallinson, D.; Calvo, R.; Wun, C.-C.; Munugalavadla, V.; Jurczak, W.
Acalabrutinib Plus Venetoclax and Rituximab in Patients with Treatment-Naïve (TN) Mantle Cell Lymphoma (MCL): 2-Year Safety
and Efficacy Analysis. Blood 2022, 140, 6477–6479. [CrossRef]

75. Phillips, T.J.; Bond, D.; Takiar, R.; Kump, K.; Kandarpa, M.; Boonstra, P.; Mayer, T.L.; Nachar, V.; Wilcox, R.A.; Carty, S.A.; et al.
Adding venetoclax to lenalidomide and rituximab is safe and effective in patients with untreated mantle cell lymphoma. Blood
Adv. 2023, 7, 4518–4527. [CrossRef] [PubMed]

76. Minson, A.; Hamad, N.; Cheah, C.Y.; Tam, C.; Blombery, P.; Westerman, D.; Ritchie, D.; Morgan, H.; Holzwart, N.; Lade, S.; et al.
CAR T cells and time-limited ibrutinib as treatment for relapsed/refractory mantle cell lymphoma: The phase 2 TARMAC study.
Blood 2024, 143, 673–684. [CrossRef] [PubMed]

77. Ruella, M.; Kenderian, S.S.; Shestova, O.; Fraietta, J.A.; Qayyum, S.; Zhang, Q.; Maus, M.V.; Liu, X.; Nunez-Cruz, S.; Klichinsky, M.;
et al. The Addition of the BTK Inhibitor Ibrutinib to Anti-CD19 Chimeric Antigen Receptor T Cells (CART19) Improves Responses
against Mantle Cell Lymphoma. Clin. Cancer Res. 2016, 22, 2684–2696. [CrossRef] [PubMed]

78. Gill, S.; Vides, V.; Frey, N.V.; Hexner, E.O.; Metzger, S.; O’Brien, M.; Hwang, W.T.; Brogdon, J.L.; Davis, M.M.; Fraietta, J.A.; et al.
Anti-CD19 CAR T cells in combination with ibrutinib for the treatment of chronic lymphocytic leukemia. Blood Adv. 2022, 6, 5774–5785.
[CrossRef] [PubMed]

79. Wimberger, N.; Ober, F.; Avar, G.; Grau, M.; Xu, W.; Lenz, G.; Menden, M.P.; Krappmann, D. Oncogene-induced MALT1 protease
activity drives posttranscriptional gene expression in malignant lymphomas. Blood 2023, 142, 1985–2001. [CrossRef]

80. Hassin, O.; Oren, M. Drugging p53 in cancer: One protein, many targets. Nat. Rev. Drug Discov. 2023, 22, 127–144. [CrossRef]
81. Lee, W.; Jiang, V.C.; Zhang, T.C.; Yan, F.F.; Cai, Q.S.; McIntosh, J.; Liu, Y.; Wang, M.L. The Selective CDK9 Inhibitor VIP152

Overcame Therapeutic Resistance in Mantle Cell Lymphoma. Blood 2023, 142, 2821. [CrossRef]
82. Williamson, C.T.; Kubota, E.; Hamill, J.D.; Klimowicz, A.; Ye, R.; Muzik, H.; Dean, M.; Tu, L.; Gilley, D.; Magliocco, A.M.; et al.

Enhanced cytotoxicity of PARP inhibition in mantle cell lymphoma harbouring mutations in both ATM and p53. EMBO Mol.
Med. 2012, 4, 515–527. [CrossRef] [PubMed]

https://doi.org/10.1182/blood-2022-163018
https://doi.org/10.1200/JCO.21.01797
https://www.ncbi.nlm.nih.gov/pubmed/34797699
https://doi.org/10.1200/JCO.21.02321
https://www.ncbi.nlm.nih.gov/pubmed/35030036
https://doi.org/10.1182/bloodadvances.2023011152
https://www.ncbi.nlm.nih.gov/pubmed/38127279
https://doi.org/10.3324/haematol.2018.198812
https://doi.org/10.1182/bloodadvances.2022008916
https://www.ncbi.nlm.nih.gov/pubmed/36809796
https://doi.org/10.1038/nrc3860
https://www.ncbi.nlm.nih.gov/pubmed/25533673
https://doi.org/10.1016/j.eclinm.2023.102221
https://doi.org/10.1056/NEJMoa1715519
https://doi.org/10.1182/blood-2019-126619
https://doi.org/10.1182/blood-2023-191921
https://doi.org/10.1182/blood.2020008727
https://www.ncbi.nlm.nih.gov/pubmed/33181832
https://doi.org/10.1182/blood-2023-180069
https://doi.org/10.1182/blood-2022-157595
https://doi.org/10.1182/bloodadvances.2023009992
https://www.ncbi.nlm.nih.gov/pubmed/37013954
https://doi.org/10.1182/blood.2023021306
https://www.ncbi.nlm.nih.gov/pubmed/37883795
https://doi.org/10.1158/1078-0432.CCR-15-1527
https://www.ncbi.nlm.nih.gov/pubmed/26819453
https://doi.org/10.1182/bloodadvances.2022007317
https://www.ncbi.nlm.nih.gov/pubmed/35349631
https://doi.org/10.1182/blood.2023021299
https://doi.org/10.1038/s41573-022-00571-8
https://doi.org/10.1182/blood-2023-175035
https://doi.org/10.1002/emmm.201200229
https://www.ncbi.nlm.nih.gov/pubmed/22416035


Cancers 2024, 16, 1937 17 of 17

83. Pratt, G.; Yap, C.; Oldreive, C.; Slade, D.; Bishop, R.; Griffiths, M.; Dyer, M.J.S.; Fegan, C.; Oscier, D.; Pettitt, A.; et al. A multi-centre
phase I trial of the PARP inhibitor olaparib in patients with relapsed chronic lymphocytic leukaemia, T-prolymphocytic leukaemia
or mantle cell lymphoma. Br. J. Haematol. 2018, 182, 429–433. [CrossRef] [PubMed]

84. Soumerai, J.D.; Zelenetz, A.D.; Moskowitz, C.H.; Palomba, M.L.; Hamlin, P.A., Jr.; Noy, A.; Straus, D.J.; Moskowitz, A.J.; Younes, A.;
Matasar, M.J.; et al. The PARP Inhibitor Veliparib Can Be Safely Added to Bendamustine and Rituximab and Has Preliminary
Evidence of Activity in B-Cell Lymphoma. Clin. Cancer Res. 2017, 23, 4119–4126. [CrossRef]

85. Khoury, J.D.; Medeiros, L.J.; Rassidakis, G.Z.; McDonnell, T.J.; Abruzzo, L.V.; Lai, R. Expression of Mcl-1 in mantle cell lymphoma is
associated with high-grade morphology, a high proliferative state, and p53 overexpression. J. Pathol. 2003, 199, 90–97. [CrossRef]

86. Prukova, D.; Andera, L.; Nahacka, Z.; Karolova, J.; Svaton, M.; Klanova, M.; Havranek, O.; Soukup, J.; Svobodova, K.; Zemanova, Z.;
et al. Cotargeting of BCL2 with Venetoclax and MCL1 with S63845 Is Synthetically Lethal In Vivo in Relapsed Mantle Cell Lymphoma.
Clin. Cancer Res. 2019, 25, 4455–4465. [CrossRef] [PubMed]

87. Dengler, M.A.; Teh, C.E.; Thijssen, R.; Gangoda, L.; Lan, P.; Herold, M.J.; Gray, D.H.; Kelly, G.L.; Roberts, A.W.; Adams, J.M. Potent
efficacy of MCL-1 inhibitor-based therapies in preclinical models of mantle cell lymphoma. Oncogene 2020, 39, 2009–2023. [CrossRef]

88. Yuda, J.; Will, C.; Phillips, D.C.; Abraham, L.; Alvey, C.; Avigdor, A.; Buck, W.; Besenhofer, L.; Boghaert, E.; Cheng, D.; et al.
Selective MCL-1 inhibitor ABBV-467 is efficacious in tumor models but is associated with cardiac troponin increases in patients.
Commun. Med. 2023, 3, 154. [CrossRef]

89. Kipps, T.J. ROR1: An orphan becomes apparent. Blood 2022, 140, 1583–1591. [CrossRef]
90. Jiang, V.C.; Liu, Y.; McIntosh, J.; Jordan, A.A.; Leeming, A.; Chen, Z.; Jessen, K.A.; Lannutti, B.J.; Wang, M. Targeting ROR1 Using

the Antibody Drug Conjugate Vls-101 in Aggressive Mantle Cell Lymphoma. Blood 2020, 136, 33. [CrossRef]
91. Palanca-Wessels, M.C.; Czuczman, M.; Salles, G.; Assouline, S.; Sehn, L.H.; Flinn, I.; Patel, M.R.; Sangha, R.; Hagenbeek, A.;

Advani, R.; et al. Safety and activity of the anti-CD79B antibody-drug conjugate polatuzumab vedotin in relapsed or refractory
B-cell non-Hodgkin lymphoma and chronic lymphocytic leukaemia: A phase 1 study. Lancet Oncol. 2015, 16, 704–715. [CrossRef]
[PubMed]

92. Wang, M.L.; Assouline, S.; Kamdar, M.; Ghosh, N.; Naik, S.; Nakhoda, S.K.; Chavez, J.C.; Jia, T.; Pham, S.; Huw, L.-Y.; et al. Fixed
Duration Mosunetuzumab Plus Polatuzumab Vedotin Has Promising Efficacy and a Manageable Safety Profile in Patients with
BTKi Relapsed/Refractory Mantle Cell Lymphoma: Initial Results from a Phase Ib/II Study. Blood 2023, 142, 734. [CrossRef]

93. Bekes, M.; Langley, D.R.; Crews, C.M. PROTAC targeted protein degraders: The past is prologue. Nat. Rev. Drug Discov. 2022,
21, 181–200. [CrossRef] [PubMed]

94. Dobrovolsky, D.; Wang, E.S.; Morrow, S.; Leahy, C.; Faust, T.; Nowak, R.P.; Donovan, K.A.; Yang, G.; Li, Z.; Fischer, E.S.; et al.
Bruton tyrosine kinase degradation as a therapeutic strategy for cancer. Blood 2019, 133, 952–961. [CrossRef] [PubMed]

95. Seymour, J.F.; Cheah, C.Y.; Parrondo, R.; Thompson, M.C.; Stevens, D.A.; Lasica, M.; Wang, M.L.; Kumar, A.; Trotman, J.; Alwan, M.;
et al. First Results from a Phase 1, First-in-Human Study of the Bruton’s Tyrosine Kinase (BTK) Degrader Bgb-16673 in Patients (Pts)
with Relapsed or Refractory (R/R) B-Cell Malignancies (BGB-16673-101). Blood 2023, 142, 4401. [CrossRef]

96. Marcellino, B.K.; Yang, X.; Umit Kaniskan, H.; Brady, C.; Chen, H.; Chen, K.; Qiu, X.; Clementelli, C.; Herschbein, L.; Li, Z.; et al.
An MDM2 degrader for treatment of acute leukemias. Leukemia 2023, 37, 370–378. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/bjh.14793
https://www.ncbi.nlm.nih.gov/pubmed/28643365
https://doi.org/10.1158/1078-0432.CCR-16-3068
https://doi.org/10.1002/path.1254
https://doi.org/10.1158/1078-0432.CCR-18-3275
https://www.ncbi.nlm.nih.gov/pubmed/31004002
https://doi.org/10.1038/s41388-019-1122-x
https://doi.org/10.1038/s43856-023-00380-z
https://doi.org/10.1182/blood.2021014760
https://doi.org/10.1182/blood-2020-137660
https://doi.org/10.1016/S1470-2045(15)70128-2
https://www.ncbi.nlm.nih.gov/pubmed/25925619
https://doi.org/10.1182/blood-2023-174956
https://doi.org/10.1038/s41573-021-00371-6
https://www.ncbi.nlm.nih.gov/pubmed/35042991
https://doi.org/10.1182/blood-2018-07-862953
https://www.ncbi.nlm.nih.gov/pubmed/30545835
https://doi.org/10.1182/blood-2023-180109
https://doi.org/10.1038/s41375-022-01735-6

	Introduction 
	Targeting NF-kB 
	BTK Inhibitors 
	BCL-2 Inhibitor 
	PI3K Inhibitors 
	Combined Targeted Therapies 
	Future Directions 
	Conclusions 
	References

