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ABSTRACT

Precision medicine, as defined by individualized
therapeutic targeting of oncogenic mutations, has had
limited success in treating Multiple Myeloma (MM). FISH
cytogenetics and next generation sequencing (NGS) have
led to attempts of subtype classification, however this
minimally affects treatment decisions to date. Additionally,
identifying accurate and clinically available biomarkers to
signal drug sensitivities has proven difficult for MM. This
review discusses the previous attempts at precision
medicine in MM with an in-depth focus on BCL2 inhibition.
Next, select ongoing studies are reviewed including
discussing relevant biomarkers being utilized in current
clinical trials. Finally, we discuss potential future directions
for a promising treatment approach.
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INTRODUCTION

Precision medicine harnesses a patient's genomic data to
identify and attack tumor-specific vulnerabilities with
personalized therapies. This strategy requires the right
treatment and a reliable biomarker to identify cases that
will respond. There is no better example of the success of
precision medicine than in hematologic malignancies, e.g.,
IDH1/2 and FLT3 inhibitors in acute myeloid leukemia
(AML), BCR-ABL1 inhibitors for chronic myelogenous
leukemia (CML), and BTK inhibitors in non-Hodgkin
lymphoma (NHL), to name a few. Multiple myeloma (MM),
however, has not shared in such success. To date,
effective therapies in MM have targeted vulnerabilities in
plasma cell biology, such as high protein turnover or
overexpression of specific cell markers. Less success has
been had in targeting genetic subtypes of MM.

MM has historically been regarded as a single disease
despite a variety of clinical presentations and treatment
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outcomes. Although many patients with standard-risk
myeloma achieve nearly 10 years of event-free survival
after frontline therapy, ultra-high-risk patients may relapse
within 12 months'. This variation in clinical response
suggests that there are subgroups of myeloma that may
warrant individualized treatment. The difficulty in
developing precision medicine strategies for MM may be
due to the extreme heterogeneity between MM cases?**.
Even within a single case of MM, molecular events occur
in a branching pattern resulting in intra-clonal
heterogeneity leading to subclones with novel mutations
that may influence drug sensitivity®°. In the face of such
genetic complexity, little progress has been made in the
therapeutic targeting of oncogenic mutations in MM.
Instead, MM is currently treated like one disease, albeit
with some variation due to clinical variables like age and
fitness. FISH cytogenetics and next-generation
sequencing (NGS) have led to attempts of subtype
classification, however this minimally affects treatment
decisions to date. Additionally, utilizing biomarkers to
signal potential drug sensitivities has proved difficult’. This
narrative review describes the previous attempts, ongoing
studies, and future directions of precision medicine with
targeted therapies in MM. A literature search was
conducted in PubMed and Web of Science for articles
using the search terms “precision medicine” “multiple
myeloma” “targeted therapy” BCL2” “NGS” and related
keywords were used. Findings were synthesized
thematically to highlight targeted therapy trends in
multiple myeloma drug development.

BCL2 and t(11:14)

The t(11;,14)(913;932) is the most common chromosomal
translocation in MM occurring in 15-20% of cases®. The
translocation juxtaposes the cyclin D1 (CCND1) gene with
immunoglobulin heavy chain enhancer elements leading
to cyclin D1 overexpression promoting cell cycle
progression®.However, an understanding of the full
oncogenic functions is incomplete. MM cells with t(11;14)
can have unique clinical features such as
lymphoplasmacytoid morphology, CD20 expression, and
oligosecretory or free light chain only monoclonal protein
production’'2, MM cells with t(11;14) have also been
found to have a unique balance of BCL2 family of
proteins's.

The B-cell lymphoma-2 (BCL2) gene was so named from
its original identification as the portion of chromosome 18

s

involved in the t(14;18)(932;921) occurring in over 80% of
follicular lymphomas'. Subsequently multiple proteins
were identified in the BCL2 protein family to include both
anti-apoptotic and pro-apoptotic proteins. In  many
hematologic neoplasms, the overexpression of anti-
apoptotic BCL2 proteins is an important factor in survival
and drug resistance'®. The malignant plasma cells of MM
express at least 3 anti-apoptotic BCL2 family members:
BCL2, B-cell lymphoma extra-large (Bcl-xL), and myeloid
cell leukemia-1 (MCL1)'s. Most normal plasma cells and
most MM cells carry out anti-apoptotic signaling primarily
through MCL1 and are occasionally codependent on Bcl-
XL or BCL2". However, t(11:14) MM cells tend to have a
predominant dependence on BCL2 and a lower MCL1
expression resulting in a high BCL2 to MCL1 ratio, albeit
BCL2 dependence may exist in other myeloma subgroups
as well Figure 1. In preliminary studies of novel BCL2
inhibitors, cell death was demonstrated in the sub-group
of myeloma with a high BCL2/MCL1 ratio™.

‘Anti- Apoptotic Proteins

Bcl-2
Mcl-1
Bcl-xL

Most Myeloma Cells t(11;14) Myeloma Cells

Figure 1. Most myeloma cells rely on MCL1 for anti-
apoptotic signaling. Myeloma cells harboring a t(11,14)
tend to have a predominant dependence on BCL2 and
lower MCL1 expression.

Venetoclax was the first selective BCL2 inhibitor utilized in
clinical practice. A phase 1 study of venetoclax in relapsed
or refractory MM (RRMM) showed that high expression of
BCL2 relative to MCL1 was associated with improved
response to venetoclax monotherapy™. However, to
overcome MCL1 activity, preclinical studies suggested that
dexamethasone and proteasome inhibitors could shift the
reliance on MCL1 to BCL2 in MM cells without a
t(1114)2021, The synergy seen with the combination of
venetoclax and bortezomib preclinically provided a
rationale to evaluate the combination of venetoclax,
bortezomib, and dexamethasone in all MM patients, not
just those with high BCL2 expression or t(11;14). The initial
phase 1 study evaluated the combination of venetoclax
with bortezomib and dexamethasone in 66 RRMM
patients. The study showed acceptable safety with an
overall response rate (ORR) of 67% with only 14% of
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patients having a known t(11;14)?2. These encouraging
results led to the phase 3 BELLINI trial which randomized
RRMM patients in a 2:1 fashion to venetoclax, bortezomib,
dexamethasone compared to bortezomib
dexamethasone. Patients had 1 to 3 prior lines of therapy
and were still sensitive to proteasome inhibitors®>. The
primary endpoint was progression-free survival (PFS).
Median PFS was significantly longer in the venetoclax
group (22.4 months 95% Cl 15.3 — NE) than in the placebo
group (11.5 months 95% Cl 9.6 — 15). However, the study
was halted early due to increased deaths in the
venetoclax arm and a decreased overall survival trend.
Such a detriment was not seen in the subgroup of patients
harboring a t(11,14) therefore further evaluation of
venetoclax was focused on the subgroup of patients with
1(11,14)%4,

A phase 1/2 study treated only patients with a t(11;,14)
RRMM with venetoclax and dexamethasone. In the phase
2 cohort, patients had a median of 5 prior lines of therapy
and achieved an ORR of 48%°. A phase 3 study was then
developed, the CANOVA trial, which enrolled only RRMM
patients with a t(11;14) and > 2 prior lines of therapy
randomizing patients to venetoclax and dexamethasone
or pomalidomide and dexamethasone. Despite selecting
only patients with t(11,14), the end results did not
demonstrate significant improvement in the venetoclax
dexamethasone arm. The prolonged median PFS of 9.9
months in the venetoclax arm was numerically longer than
the 5.8 months in the pomalidomide arm but the results
did not meet statistical significance (HR 0.823, 95% CI:
0.596 — 1136, p: 0.237). The ORR was higher in the
venetoclax arm (62% vs. 35%) and the median OS was
longer in the venetoclax arm (32.4 months vs. 24.5
months)(HR 0.697, 95% CI: 0.472 - 1.029, nominal p
0.067). Cross-over events were not reported. The median
time to next treatment was longer in the venetoclax arm
(21.2 months vs. 8.3 months)(HR of 0.546 (95% CI: 0.385-
0.776); nominal p-value of 0.001)?°. A post-hoc analysis
evaluating the responses in patients with BCL2 high gene
expression by RNAseq was conducted. The analysis
suggested that the ORR was higher in patients with high
BCL2 expression (3.7 log2 FPKM cutoff), however the
median PFS and median OS did not differ between
groups?’.

The story of venetoclax in MM identifies a common
challenge in precision medicine of requiring an accurate
biomarker to predict response. While both t(11;14) and
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and BCL2 expression may be a reasonable avenue to
identify patients that will respond to BCL2 inhibition,
clinical experience has proven to provide inconsistent
results. In the case of BCL2 expression, the co-expression
of other anti-apoptotic proteins such as MCL1 may limit
the utility of BCL2 IHC expression alone?®.

However, the attempt at utilizing t(11;14) and/or BCL2 as
an avenue for precision medicine in MM is far from over.
An ongoing Phase 2 study is investigating the addition of
venetoclax to carfilzomib and dex (Kd) in t(11,14) positive
patients. An abstract in 2023 reported a 92% ORR in the
venetoclax Kd arm compared to 63% in the Kd arm?°.
Additional selective BCL2 inhibitors are being investigated
as well, such as sonrotoclax and lisaftoclax. Sonrotoclax
inhibits BCL2 at lower concentrations compared to
venetoclax in both biochemical and cellular assays.
BGB-11417-105 is an ongoing open-label phase 1b/2 dose
escalation study of sonrotoclax in patients with a t(11;14)
RRMM. As of March 25th, 2024, a total of 32 patients have
been treated at the recommended dose for expansion
(RDFE) of 640 mg in combination with dexamethasone.
Among 24 evaluable patients, the ORR was 75% (95% CI,
53-90%)%*. Lisaftoclax (APG-2575) is another selective
BCL2 being evaluated with other treatment combinations
in RRMM, not restricted to t(11;14)3'. Results from these
studies are eagerly awaited.

MCL1and 1q+

Other studies are attempting to circumvent the intrinsic
venetoclax resistance by adding additional inhibitors. As
discussed above, most myeloma cells rely on MCL1 for
anti-apoptotic properties thus preventing the reliance on
BCL2. Additionally, MCL1 dependency increases from
diagnosis to relapse as overexpression of MCL1 is
detected in 52% of patients at diagnosis and 81% at
relapse3?. MCL1 is a larger protein than BCL2 (40 kDa vs.
26 kDa) and has been indicated in myeloma
development®??*and venetoclax resistance®*. MCL1
resides on chromosome 1921332 which is a common
amplification or gain found in MM patients associated with
reduced survival*®. Therefore, MCL1 has been an
interesting potential target for MM. Early studies are
starting to look into MCL1 inhibitors such as tapotoclax
(AMG176), AZD5991%7, KS182¢ and S63845 however there
has been limited clinical success in other hematologic
malignancies to date®*°. A particular challenge has been
cardiotoxicity, however MCL1 inhibitors with a reduced
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half-life are trying to circumvent this issue*®“'. Attempts at
evading venetoclax resistance have not stopped at the
BCL2 family of proteins either. A recent preclinical study
by Okamoto et al. showed that an RSK/AKT/S6K inhibitor
could induce synergistic apoptosis with venetoclax*2.
Such novel therapeutic avenues have not made it into
clinical studies to date.

NRAS/KRAS Mutations

Oncogenic RAS signaling is among the most common
oncogenic drivers in human cancer and can be found in
40-60% of MM tumors?2“3, The RAS family, comprised of
KRAS, NRAS, HRAS are small GTPases that act as
molecular switches regulating downstream signaling such
as the mitogen-activated protein kinase (MAPK) pathway,
the phosphoinositide 3-kinase (PI3-K) or mTORC1
pathways. Within the MAPK pathway, RAS mutations lead
to downstream MEK activation which enhances survival,
proliferation, and migration of MM cells. RAS itself has
been historically difficult to target, so focus has been
made on the downstream effectors. When constitutively
active, both pathways may lead to uncontrolled cell
growth. The incidence of RAS mutations goes up with
more advanced/relapsed disease suggesting a role in
clonal evolution and treatment resistance®. Preclinical
evidence suggests that MAPK activation plays a role in
IMID resistance and MEK inhibition may reinstate IMiD
sensitivity*“.

Single-agent MEK inhibition has been explored in MM in
two small trials. One trial evaluated selumetinib in MM
patients unselected for RAS mutations and resulted in a
56% overall response rate (NCT01085214)4. Another
study treated KRAS, NRAS, or BRAF mutant MM patients
with trametinib and, despite selecting for RAS mutant
disease, only 1 of 12 patients achieved a response
(NCT01907815)*. Therefore, even in patients with a
known RAS mutation, single-agent activity is minimal at
best.

Combination therapy involving MEK inhibitors has also
been explored in MM. One trial has evaluated MEK
inhibition cobimetinib +/- venetoclax +/- atezolizumab
(NCT03312530)#. There were no responses seen in the
cobimetinib single agent arm despite having about 50% of
the patients with RAS mutations. There were some
responses in the cobimetinib + venetoclax arms but in
patients with t(11,14) so the activity could have been
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primarily due to venetoclax. Trametinib is also being
explored in combination with mezigdomide in the ongoing
Phase 1/2 CA057-003 Trial (cohort C). Preliminary results
from the efficacy-evaluable population showed a 75%
ORR*%,

Recent preclinical data suggests that the inhibition of both
MEK and the mammalian Target of Rapamycin (mMTORC)
pathways is needed to Iimpede RAS-dependent
pathogenic signaling in MM cells®®. In KRAS or NRAS
dependent cell lines, mTORC1 was found to be active
downstream of RAS. However, inhibition of mTORC1 alone
enhanced reliance on MEK signaling. Therefore, MEK and
mTOR inhibition were required to halt oncogenic signaling.
A new study will be exploring the efficacy and safety of
combining a MEK inhibitor with an mTOR inhibitor
(NCT06876142).

In  parallel with  pathway-targeted approaches,
immunotherapeutic strategies have also been explored to
directly target RAS-mutated myeloma. TGO1, a peptide-
based vaccine composed of mutant RAS epitopes, has
been evaluated in a phase I/ll study in patients with
relapsed/refractory MM or high-risk smoldering MM
harboring KRAS or NRAS mutations. Preliminary results
reported that the vaccination led to increased TGO1-
specific T-cell responses in approximately one-third of
evaluable patients, although no objective clinical
responses have yet been observed=°.

BRAF V600E Mutation

BRAF mutations are another targetable mutation found in
myeloma. While less frequent than RAS, BRAF V600E
mutations can be found in 4 to 8% of RRMM patients®’. In
melanoma and hairy cell leukemia targeting BRAF V600E
with a combination of a MEK inhibitor and BRAF inhibitor is
more effective than using a BRAF inhibitor alone.
Stemming from that principal, a combination approach
with a MEK inhibitor (binimetinib) and a BRAF inhibitor
(encorafenib) was evaluated in a Phase 2 study for
patients with  RRMM and BRAF V600E mutations
(NCT02834364)°2. Out of 12 patients treated, the ORR
was 83.3%, suggesting merit in a targeted precision
medicine approach in MM. Interestingly in this study, the
authors note that despite the high ORR, patients relapsed
quickly, and emerging resistance to therapy was driven by
RAS mutations.
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t(4;,14): MMSET and FGFR3

The t(4;14) is the second most common translocation
found in 10-15% of patients with MM®54  This
translocation can result in the simultaneous stimulation of
two oncogenes: the fibroblast growth factor receptor 3
(FGFR3) gene and the multiple myeloma SET domain
containing protein (MMSET) (also known as the
nuclearreceptor SET domain protein 2 — NSD2) gene. This
is a unique example of an IgH translocation stimulating two
oncogenic genes on reciprocal translocations®®. On the
derivative chromosome 4 [der(4)], the transcription of the
MMSET domain comes under the control of the IgH super
enhancer. On the derivative chromosome 14 [der(14)], an
IgH enhancer stimulates the transcription of the FGFR3
locus (Figure 2).

Chromosome 4p Chromosome 14q

([ N-I-N

-] [Eu | MMSET
der(14)

Figure 2: The t(4;14) translocation results in stimulating
two oncogenic genes on reciprocal translocations. On the
derivative chromosome 4 {der(4)], the transcription of the
MMSET domain becomes under control of the IgH super
enhancer. On the derivative chromosome 14 [der(14)], an
IgH enhancer stimulates the transcription of the FGFR3
locus. FGFR3 (fibroblast growth factor receptor 3),
MMSET (multiple myeloma SET domain containing
protein) Eu (IgH enhancer)

FGFR3 MMSET

> MMSET

FGFR3 <«— | FGFR3

MMSET is a histone 3 lysine 36 methyltransferase which
becomes overexpressed and leads to the transcription of
pro-cancer genes. KTX1001 is an oral inhibitor of MMSET
(multiple myeloma SET domain containing protein) that is
under investigation for patients with  t(4;14)
(NCT05651932).

FGFR-3 is a growth factor receptor that can activate RAS
signaling and is frequently overexpressed in MM due to
t(4;,14) and rarely gene amplifications®*°¢. Erdafitinib is a
small molecule inhibitor of the fibroblast growth factor
receptor (FGFR) which is a tyrosine kinase. Erdafitinib is
currently FDA approved for bladder cancer with an FGFR3
or FGFR2 alteration. A trial was initiated evaluating

e

erdafitinib with dexamethasone in RRMM but was
terminated due to low patient accrual (NCT02952573).
The study investigators did report on one patient with IgA
lambda t(4:14) positive RRMM who, despite clinically
progressing, was found to have elimination of the FGFR3-
mutant subclone after treatment. The patient’s clinical
progression was due to the expansion of a preexisting
clone with loss of chromosome 17p*’. A story that once
again emphasizes the challenging heterogenous sub-
clonal nature of MM.

Utilizing an Umbrella Trial for
Genomically Guided Therapies

The Myeloma Developing Regimens Using Genomics
(MyDRUG) study is a multicenter, umbrella-style precision
medicine trial designed to evaluate genomically guided
therapies in patients with functionally high-risk multiple
myeloma (MM) (NCT03732703). Functionally high-risk
disease is defined by early relapse following frontline
therapy, occurring within three years after autologous
stem cell transplantation or within eighteen months in
patients who did not undergo transplantation. The study
aims to determine whether targeting dominant genomic
alterations earlier in the disease course can improve
outcomes in this high-risk population.

MyDRUG assigns patients to molecularly defined
treatment arms based on the presence of a =30%
mutational burden in predefined genomic alterations. Each
arm combines a targeted agent with a common myeloma
backbone of ixazomib, pomalidomide, and
dexamethasone. The six investigational cohorts include:
CDKN2C deletion treated with abemaciclib; FGFR3
alterations treated with erdafitinio; KRAS or NRAS
mutations treated with cobimetinib; BRAF V600E
mutations treated with cobimetinib; IDH2 mutations
treated with enasidenib; and t(11;14) translocation treated
with venetoclax (Table 1).

Preliminary clinical activity has been reported from the
RAS-mutated cohort. An abstract presented at the 2022
ASCO Annual Meeting described outcomes in seven
patients with a median of one prior line of therapy®®. Six
patients achieved a response, including four partial
responses and two very good partial responses. While
these findings suggest promising activity, interpretation is
limited by the small sample size and single-arm design,
making it difficult to isolate the contribution of the targeted
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Table 1. Most myeloma cells rely on MCL1 for anti-apoptotic signaling. Myeloma cells harboring a t(11;14) tend to have a
predominant dependence on BCL2 and lower MCL1 expression.

Table 1: Outcome by Risk Group (n=130)

agent beyond the active backbone regimen.
Nonetheless, these early efficacy and safety signals
support continued investigation and provide a rationale
for future randomized studies.

CONCLUSION

Despite many valiant efforts, currently there are no FDA
approved therapies for molecularly defined subsets of
multiple myeloma. Numerous precision medicine
strategies have been evaluated in the relapsed and
refractory setting as discussed above, and their limited
success underscores the biological complexity and
clonal heterogeneity of advanced disease. Precision
medicine strategies may ultimately prove more effective
when deployed earlier in the disease course, before
extensive clonal evolution and therapeutic resistance
have occurred. This review focused on targeted
therapies as precision medicine, however other
strategies, such as tailoring treatment to disease
response or minimal residual disease, is another such
example of precision medicine in MM®°. Nevertheless,
encouraging signals, such as the improved PFS with
venetoclax in t(11;14) patients or the high ORR with
encorafenib and binimetinib in BRAF V600E mutated
myeloma provide a glimmer of hope that molecularly
targeted approaches may yet play a role in selected
patients. Potentially the correct biomarker is not
genetically based but found via gene expression or
proteomic profiling. Evaluating protein expression and
signaling states can distinguish MM subtypes that look
similar genomically but behave very differently clinically.
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Tools like phosphoproteomics can identify active kinases
even when no obvious mutation is present®®. This may
help explain why patients with the same cytogenetic risk
can respond very differently to the same therapy.
Regardless of the biomarker discovered,we need to find
ways to overcome the resistance that can quickly occur to
targeted therapy. MM remains incurable and there
remains a need for novel treatment approaches. Precision
medicine may hold the key to cure, but success will likely
require the correct combination of multiple targeted
agents and ability to select the right patient at the right
time. Undoubtedly, for targeted therapies to work in
relapsed refractory MM, a multi-agent personalized
approach will be needed.
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