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Abstract

Objectives: Evaluating potential relationships between progression-free survival
(PFS) and tumor gene expression patterns and mutational status was an exploratory
objective of the phase 3 TOURMALINE-MM1 study (NCT01564537) of ixazomib-
lenalidomide-dexamethasone (IRd) vs placebo-Rd in 722 patients with relapsed/re-
fractory multiple myeloma (MM).

Methods: We utilized gene expression and mutation data from screening bone mar-
row aspirates to identify tumors with non-canonical nuclear factor-xB (NF-xB) signal-
ing pathway activation.

Results: DNA/RNA sequencing data were available for 339 (47.0%)/399 (55.2%) pa-
tients; 49/339 (14.5%) patients had non-canonical NF-kB pathway gene mutations
(tumor-necrosis-factor receptor-associated factor 2, 3 [TRAF2, TRAF3], baculoviral-
inhibitor-of-apoptosis repeat-containing 2/3 [BIRC2/3]), and PFS was significantly
longer with IRd vs placebo-Rd in these patients (hazard ratio [HR] 0.23). In patients
with lower TRAF3 expression (median not reached vs 11 months, HR 0.47) and higher
NF-xB-inducing kinase (NIK) expression (median not reached vs 14 months, HR 0.45),
both associated with non-canonical NF-xB pathway activation, PFS was significantly
longer with IRd vs placebo-Rd. TRAF3 expression was decreased in patients harbor-
ing t(4;14) and 1921 amplification, suggesting increased non-canonical NF-kB path-
way activation.

Conclusions: Adding ixazomib to Rd provides clinical benefit in MM tumors with in-
creased non-canonical NF-kB pathway activity. This is a potential mechanism for ac-

tivity in 1g21 amplified high-risk tumors.

This trial was registered at www.clinicaltrials.gov as: NCT01564537.
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1 | INTRODUCTION

The nuclear factor-kxB (NF-xB) pathway has been implicated in the
development of several malignant disorders, including multiple my-
eloma (MM).! Dysregulation of NF-xB transcription factors due to
mutations in NF-kB-regulating genes is associated with MM disease
pathogenesis,® with frequent mutations in positive and negative
regulators of NF-xB seen in MM,? as highlighted in Figure 1. NF-xB
signaling is mediated by multiple different homo- or hetero-dimeric
transcription factors based on 5 key monomeric subunits, the most
prevalent being RelA:p50 and RelB:p52, through the canonical (clas-
sical) and non-canonical (alternative) pathways. In the former, sign-
aling is stimulated by various cytokine receptors and results in the
release of pre-existing NF-kB dimers, notably RelA:p50, that have
been sequestered in the cytoplasm by inhibitory IkB proteins. In the
latter, cell-differentiating and organogenic stimuli result in signal-
ing that triggers RelB NF-kB activation during immune cell matu-
ration.! Proteasomal cleavage of key regulatory intermediates is a
critical event in the activation of both pathways. In both pathways,
the regulatory intermediates—the inhibitory IxB proteins and the
p100 regulator of RelB—are degraded by the proteasome, enabling
translocation of NF-kB dimers to the nucleus®; thus, proteasome
inhibition can result in inhibition of NF-xB signaling.>*

Through these canonical and non-canonical pathways, NF-xB
signaling provides proliferation and survival signals in MML58
by mediating the expression of hundreds of downstream target
genes. NF-kB signaling plays an important role in signaling path-
ways that control both pro-inflammatory and pro-survival path-
ways and in critical supportive interactions between the MM cells
and the bone marrow microenvironment.! NF-kB pathway activa-
tion in MM can result from cell extrinsic signaling, as well as from
constitutive activation through mutations in key regulatory inter-
mediates or via epigenetic modifications that result in changes
in expression of key regulatory genes.>’” Overall, approximately
43.2% of MM tumors are thought to harbor an abnormality in this
pathway.®

While activation of the non-canonical NF-xB pathway is asso-
ciated with proliferative and pro-survival stimuli from the bone
marrow microenvironment, constitutive activation would be ex-
pected to decrease dependence of tumor cells on the bone mar-
row niche and thereby contribute to the pathogenesis of MM.¢
Mutations in key components of the non-canonical NF-xB path-
way have been identified in approximately 17% of MM,%¢ with
alterations in the expression of key regulatory intermediates oc-
curring through chromosomal deletions/amplifications as well as
epigenetic modifications.> For example, decreased expression
of tumor-necrosis-factor receptor-associated factor protein 3

(TRAF3) via chromosomal deletion and increased expression of

Novelty statement

1. What is the new aspect of your work? Our analyses
of the gene expression and mutation data generated in a
phase 3 clinical study in relapsed/refractory multiple my-
eloma patients are the first to demonstrate increased non-
canonical NF-xB pathway activation in a subset of 1g21
amplified tumors and suggest a potential correlation to
increased clinical benefit of ixazomib plus lenalidomide-
dexamethasone in these patients.

2. What is the central finding of your work? The addi-
tion of ixazomib to lenalidomide-dexamethasone provides
greater progression-free survival benefit in patients with
relapsed/refractory multiple myeloma who have tumors
with increased non-canonical NF-kB pathway activity, in-
cluding patients with high-risk abnormalities such as 121
amplification and t(4;14).

3. What is (or could be) the specific clinical relevance of
your work? Our results may offer an understanding of the
mechanisms underlying the observed clinical benefit of ix-
azomib in combination with lenalidomide-dexamethasone
in subgroups of relapsed/refractory multiple myeloma pa-
tients, including those with 1g21 amplification.

NF-kB-inducing kinase (NIK) via chromosomal amplification have
been shown to be associated with increased activation of the

non-canonical NF-kB pathway.>>®

Ixazomib, the first oral proteasome inhibitor,”*°

is approved
by healthcare authorities, in combination with lenalidomide-dexa-
methasone (Rd), for the treatment of MM patients who have re-
ceived at least 1 prior therapy.'*? Approval was based on the
multicenter, double-blind, placebo-controlled,
phase 3 TOURMALINE-MM1 study (NCT01564537),"% in which

the triplet regimen of ixazomib plus Rd (IRd) demonstrated a clin-

international,

ically meaningful and statistically significant progression-free
survival (PFS) benefit vs placebo-Rd, with a median PFS of 20.6
vs 14.7 months (hazard ratio [HR] 0.74, P = .012), while resulting
in limited additional toxicity. Consistent PFS benefit with IRd vs
placebo-Rd was demonstrated in prespecified subgroup analyses
of TOURMALINE-MM1,* with notable efficacy found in patients
with high-risk cytogenetics14 and pronounced effects seen in
more heavily pretreated patients.*’

The evaluation of potential relationships between PFS and tumor
gene expression patternsand mutational status in the NF-«xB pathway
was a prespecified exploratory objective of TOURMALINE-MML1. In

the analyses reported herein, we utilized gene expression profile and
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FIGURE 1 Frequent mutations in positive (green) and negative (red) regulators of the NF-kB pathway in MM. TRAF3 is an important
negative regulator and NIK an important positive regulator of the non-canonical NF-kB signaling pathway. Figure reproduced and adapted
under the Creative Commons Attribution License (CCBY 3.0; https://creativecommons.org/licenses/by/3.0/) from Demchenko & Kuehl,
Oncotarget 2010;1(1):59-68.2 MM, multiple myeloma; NF-kB, nuclear factor kappa B

mutation data to identify tumors with non-canonical NF-kB pathway
activation and analyzed its impact on PFS in patients with relapsed/
refractory MM who were treated with IRd or placebo-Rd in the
TOURMALINE-MM1 trial.

2 | METHODS
2.1 | Study design and patients

The design of the randomized, double-blind, placebo-controlled
TOURMALINE-MM1 study has been reported previously.'® Briefly,

722 patients with RRMM who had received 1-3 prior lines of therapy
were randomized (1:1) to receive IRd (n = 360) or placebo-Rd (n = 362)
until disease progression or unacceptable toxicity. All patients pro-
vided written informed consent. Patients received 28-day treatment
cycles comprising ixazomib 4.0 mg or matching placebo on days 1,
8, and 15, lenalidomide 25 mg on days 1-21 (dose adjusted to 10 mg
for patients with moderate renal impairment), and dexamethasone
40 mg on days 1, 8, 15, and 22. Randomization was stratified by
number of prior therapies, prior proteasome inhibitor exposure, and
International Staging System (ISS) disease stage. Per protocol, cut-
off values for defining the presence of high-risk cytogenetic abnor-

malities were based on the false-positive rates (technical cutoffs) of
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the Kreatech fluorescence in situ hybridization (FISH) probes used;
these were 5%, 3%, and 3% positive cells for del(17p), t(4;14), and
121 amplification (amp 1g21), respectively.* The primary endpoint
was PFS by independent review committee assessment; key sec-
ondary endpoints were overall survival (OS) and OS in patients with
del(17p). An exploratory study objective was to evaluate potential
relationships between treatment outcomes and somatic mutations,
as well as pathway activations, identified in patient tumor samples;
here, we report these exploratory analyses utilizing PFS data from
the first prespecified statistical analysis, as reported in the primary
manuscript, after a median follow-up of ~15 months.!® OS data were
not mature at this time, and follow-up is ongoing; hence, analyses
utilizing OS data are not reported herein.

2.2 | Sample collection

Bone marrow aspirate collection and processing was carried out as
described in another paper from TOURMALINE-MM1 published re-

1.1¢ Briefly, samples were collected at screen-

cently by Di Bacco et a
ing from patients enrolled in the trial for targeted sequencing and
for gene expression profiling of CD138-positive cells. All analyses
were done centrally at the Broad Institute, Cambridge, MA, as de-
scribed below. Following isolation of CD138-positive cells, frozen
pellets were shipped to LabCorp Research (Triangle Park, NC) for
DNA and RNA co-extraction using the Qiagen AllPrep DNA/RNA
kit. Extracted DNA and RNA were measured for quantity, quality,
and purity. Each sample was aliquoted in two vials, frozen at -80°C,
and shipped to the Clinical Research Sequencing Platform (CRSP)
at the Broad Institute (Cambridge, MA) for sequencing. All RNA
samples were quantified again using a Nanodrop spectrophotom-
eter (Thermo Scientific), and their integrity was assessed using the
Agilent Bioanalyzer and normalized before starting the sequencing.
The minimum Nanodrop and BioAnalyzer input requirement was
>250 ng RNA and an RNA integrity number (RIN) 26.

2.3 | RNA sequencing and analysis

The methodology for RNA sequencing (RNAseq) and analysis is re-
ported in the paper from TOURMALINE-MM1 published recently by
Di Bacco et al.*® Briefly, cDNA library preparation using 500 base-
pair (bp) cDNA was done using an automated variant of the lllumina
Tru-seq (Cat # RS-930-2001 and RS-122-2002) protocol; after en-
richment, libraries were quantified with quantitative polymerase
chain reaction (QPCR) and then pooled in equimolar ratios. Pooled
libraries were normalized and denatured prior to sequencing. After
quality control, a minimum of 50 million pair-end reads (~100 bp in
length) per sample were generated for 399 patients (55.2% of the in-
tent-to-treat population of 722 patients). Data were analyzed using
the Broad Picard Pipeline, which includes de-multiplexing and data
aggregation (TopHat 1.4.1). The reads were aligned to the Human
B37.3 reference sequence using the OSA2 aligner’ developed by
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the OmicSoft Corporation (now Qiagen). RPKM (reads per kilobase
of transcript per million mapped reads) values at both gene and tran-
script level were calculated using the RSEM® algorithm, and the

gene-level RPKM values were used for the expression analysis.

2.4 | DNA sequencing and analysis

Somatic mutations were identified by sequencing both tumor and
matched-normal whole-blood samples from an individual patient
using a hybridization-based targeted MM-specific mutation panel
with >400x target mean coverage per sample on ~1200 genes. The
Broad Institute's MuTect pipeline (https://software.broadinstitute.

org/cancer/cga/mutect)*’

was used to identify both single-nucleo-
tide polymorphisms (SNPs) and insertion-deletions (indels), which
were then subject to additional filtering. Specifically, mutations were
annotated by the SNPEff program (http://snpeff.sourceforge.net/),
and only those annotated as “Coding” in the “Effect” field were re-
tained. Samples with high contamination of non-myeloma cells and
samples with more than 0.5% tumor material in normal tissue sam-
ples were removed. For quality filtering of the results, only SNPs
with read depth (DP) at the mutation position in the sample of 2100
and a Phred-scaled quality score (QUAL) for the assertion made in
alternative allele of 2100 were retained; indels and those SNPs be-
longing to a list of manually curated important genes in MM were not
subject to this filtering process.

2.5 | Statistical analysis

Based on DNA sequencing (DNAseq) data, patients were stratified
for analysis according to the presence or absence of genetic mu-
tations in the four genes (TRAF2, TRAF3, baculoviral-inhibitor-of-
apoptosis repeat-containing 2/3 [BIRC2/3]) known to be negative
regulators of the non-canonical NF-xB pathway via regulation of NIK
protein stability.>® Based on RNAseq data, TRAF3 and NIK mRNA
expression were evaluated, and patients were dichotomized for
analysis into “high” or “low” expression groups, based on the global
median across treatment arms. A NF-kB,, index was developed
based on RNA expression of 10 NF-kB target genes (CD40, CIAP,
CYLD, LTBR, NFKB1, NFKB2, NIK, TACI, TRAF2, TRAF3), utilizing the

sum of the 10 expression levels in the log2 scale,>20

and patients
were dichotomized for analysis into “high” or “low” NF-xB,, index
groups, based on the global median, as well as grouped into quartiles
based on NF-kB,, index.

PFS was evaluated with IRd and placebo-Rd within patient
groups defined by NF-xB pathway mutation status, TRAF3 expres-
sion, NIK expression, and NF-kB,, index. PFS was assessed using
Kaplan-Meier methodology, and comparisons were reported as
hazard ratios (HR) with 95% confidence intervals (Cl). The log-rank
test was used to determine statistical significance between pairs
of survival curves. For comparisons of more than 2 PFS curves, the

score test was used to calculate the P value to test for significance in
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overall difference among the curves, under the proportional hazard
assumption.

3 | RESULTS
3.1 | Patients

RNAseq data were available for 399 (55.2%) patients (189 IRd, 210
placebo-Rd), and DNAseq data were available for 339 (47.0%) pa-
tients (166 IRd, 173 placebo-Rd) of the 722 patients in the ITT popu-
lation. Baseline characteristics of patients with and without genomic
sequence data were comparable (Tables S1 and S2).

3.2 | Analysis of PFS by mutation status

Overall, 49 of 339 patients (14.5%) with DNAseq data had muta-
tions in TRAF2, TRAF3, and BIRC2/3, including 28 of 166 IRd patients
(16.9%) and 21 of 173 placebo-Rd patients (12.1%). These genes
are known to play a role in the negative regulation of the non-ca-
nonical NF-xB pathway by regulating NIK protein stability.»>¢ NIK
is targeted for proteasomal degradation by the activity of a protein
complex comprising TRAF3, TRAF2, and BIRC2/3 proteins. In turn,
TRAF3 and TRAF2 are degraded and NIK rescued from constitutive
destruction through non-canonical stimuli; p100 is then marked by
NIK for proteasome processing, leading to activation of the non-
canonical pathway. Loss-of-function mutations in these genes are
known to result in increased NF-xB activity. Kaplan-Meier analyses
of PFS in the DNAseq population according to mutation status, over-
all and with IRd and placebo-Rd, are shown in Figure 2. In a pooled
analysis across treatment groups, there was no significant difference
in PFS between patients with vs without NF-xB pathway mutations
(HR 1.2, median 17.5 months vs not reached; Figure 2A).

Further analysis of PFS according to mutation status and treat-
ment received demonstrated a significant impact on PFS (P =.00082;
Figure 2B). Median PFS was not reached in both IRd subgroups and
in the placebo-Rd wild-type subgroup but was 9 months in the sub-
group of placebo-Rd patients with mutations. PFS was significantly
longer with IRd vs placebo-Rd in patients with non-canonical NF-xB
pathway mutations (HR 0.20), and the presence of non-canonical
NF-kB pathway mutations conferred significantly shorter PFS with
placebo-Rd compared to the wild-type subgroup (HR 2.5; Figure 2B).
There were no significant differences in PFS with IRd by mutation
status (HR 0.59; 95% Cl, 0.25, 1.4; mutation vs wild-type, P = .22) or
between the IRd and placebo-Rd wild-type subgroups (HR 0.83; 95%
Cl, 0.53, 1.3; IRd wild-type vs placebo-Rd wild-type, P = .39).

3.3 | Analysis of PFS by mRNA expression

Kaplan-Meier analyses of PFS in the RNAseq population according

to expression of TRAF3, a negative regulator of the non-canonical

NF-kB pathway, are shown in Figure 3. In a pooled analysis across
treatment groups, with patients dichotomized around the global
median TRAF3 expression level, PFS was significantly longer among
patients with higher vs lower TRAF3 expression (HR 0.65, median 21
vs 14 months; Figure 3A).

Further analysis of PFS according to TRAF3 expression and treat-
ment received demonstrated significant differences between groups
(P =.000031; Figure 3B). Median PFS with IRd was not reached and
21 months in patients with lower and higher levels of TRAF3 expres-
sion, respectively, and with placebo-Rd the respective medians were
11 and 20 months. PFS was significantly longer with IRd vs place-
bo-Rd in patients with lower TRAF3 expression levels (HR 0.45), and
PFS was significantly longer with placebo-Rd among patients with
higher vs lower TRAF3 expression (HR 0.54; Figure 3B). There were
no significant differences in PFS with IRd by TRAF3 expression (HR
0.87;95% Cl,0.52, 1.5; low vs high TRAF3 expression, P = .61) or be-
tween the IRd and placebo-Rd subgroups with higher TRAF3 expres-
sion levels (HR 0.71; 95% Cl, 0.44, 1.1; IRd vs placebo-Rd, P = .15).

Kaplan-Meier analyses of PFS in the RNAseq population accord-
ing to expression of NIK, a positive regulator of the non-canonical
NF-xB pathway, dichotomized around the global median, are shown
in Figure 4A. NIK expression and treatment received demonstrated an
overall significantimpact on PFS (P =.00081). Median PFS with IRd was
not reached and 18 months in patients with higher and lower levels of
NIK expression, respectively (HR 0.56), and with placebo-Rd the me-
dian PFS was 16 and 13 months in these subgroups, respectively. PFS
was significantly longer with IRd vs placebo-Rd in patients with higher
NIK expression levels (HR 0.41; Figure 4A). There were no significant
differences in PFS with placebo-Rd according to NIK expression (HR
1.0; 95% Cl, 0.70, 1.6; NIK-high vs NIK-low, P = .82), or between IRd
and placebo-Rd in patients with lower levels of NIK expression (HR
0.76; 95% Cl, 0.50, 1.2; IRd vs placebo-Rd, P = .22).

Further analysis of PFS among patients in the highest and low-
est quartiles of NIK expression, according to treatment received,
also demonstrated an overall significant impact on PFS (P = .00481;
Figure 4B). Median PFS with IRd was not reached and 18 months
in patients in the highest and lowest NIK expression quartiles, re-
spectively, and with placebo-Rd the respective medians were 16 and
13 months. PFS was significantly longer with IRd vs placebo-Rd in
patients in the highest NIK expression quartile (HR 0.36), as well as
among patients in the highest vs lowest NIK expression quartiles in
the IRd group (HR 0.42; Figure 4B). There were no significant differ-
ences in PFS between IRd and placebo-Rd in patients in the lowest
NIK expression quartile (HR 0.85; 95% Cl, 0.47, 1.5; IRd vs place-
bo-Rd; P = .577) or between the highest and lowest NIK expression
quartiles in the placebo-Rd group (HR 1.0; 95% Cl, 0.58, 1.8; P = .90).

3.4 | Analysis of PFS by NF-«B target
gene expression

Values for the NF-kB,, index, based on RNA expression levels of

2,520

10 NF-xB target genes, were determined for all patients in the
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FIGURE 2 PFS according to NF-kB mutation status. Kaplan-Meier analysis of PFS in the DNAseq-evaluable population (A) according to
presence (mut) or absence (WT) of mutations in the non-canonical NF-kB pathway, and (B) with IRd and placebo-Rd according to mutation
status. Cl, confidence interval; HR, hazard ratio; IRd, ixazomib-lenalidomide-dexamethasone; mut, NF-kB pathway mutation; NF-xB, nuclear
factor kappa B; NR, not reached; PFS, progression-free survival; Rd, placebo-lenalidomide-dexamethasone; WT, wild-type NF-kB pathway

RNAseq-evaluable population, with higher index values indicating
greater non-canonical NF-kB pathway activation. Kaplan-Meier anal-
yses of PFS according to NF-kB, , index values are shown in Figure 5.

With patients dichotomized around the global median NF-kB,
index value, the PFS benefit with IRd vs placebo-Rd was greater
among patients with higher NF-KBlO index values (HR 0.49; median
20.6 vs 17.5 months) than among those with lower NF-xB,, index
values (HR 0.65; median 21.4 vs 13.2 months), with the difference
not reaching statistical significance in the latter group. Similarly, the

PFS benefit with IRd vs placebo-Rd was greater among patients in

the highest quartile of NF-kB,, index values (HR 0.34; median 20.6
vs 10.2 months) than among those in the lowest quartile (HR 0.66;
median 18.5 vs 12.6 months).

3.5 | mRNA expression and PFS in patients with
high-risk cytogenetic abnormalities

In the TOURMALINE-MM1 study, IRd demonstrated a significant PFS
benefit vs placebo-Rd in an expanded high-risk group of patients defined
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FIGURE 3 PFS according to TRAF3 expression. Kaplan-Meier analysis of PFS in the RNAseq-evaluable population (A) based on TRAF3
expression, dichotomized as TRAF3-high and TRAF3-low based on the global median and (B) with IRd and placebo-Rd according to TRAF3
expression. Cl, confidence interval; HR, hazard ratio; IRd, ixazomib-lenalidomide-dexamethasone; NR, not reached; PFS, progression-free
survival; Rd, placebo-lenalidomide-dexamethasone; RNAseq, RNA sequencing

as those with del(17p), t(4:14), t(14;16), and/or amp 1q21.} The associa-
tion between level of TRAF3 expression and the presence of the high-
risk cytogenetic abnormalities del(17p), t(4;14), and amp 1g21 is shown
in Figure 6. (Due to the small number of patients—1%—with t(14,16)
in the IRd arm of TOURMALINE-MM1,* this translocation was not
included in the present analysis). Compared with patients with stand-
ard-risk cytogenetics, expression of TRAF3 was significantly higher in
patients with del(17p) (P = .0013) and significantly lower in patients with
amp 1921 (P = .0000012). Expression of TRAF3 was also lower in pa-
tients with t(4;14) compared to patients with standard-risk cytogenet-

ics, but the difference was not statistically significant (P = .099).

4 | DISCUSSION

The findings of these analyses of PFS among patients with RRMM
enrolled in the phase 3 TOURMALINE-MM1 study show that the
addition of ixazomib to Rd provides clinical benefit in MM patients
with tumors with increased non-canonical NF-xB pathway activ-
ity. Specifically, increased IRd activity was seen in patients with low
TRAF3 expression and with high NIK expression, both of which have
been previously reported to be associated with activation of the non-
canonical NF-kB pathway®%2°; of note, our findings showed an over-

all association between low TRAF3 expression and poor prognosis.
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FIGURE 4 PFS according to NIK expression. Kaplan-Meier analysis of PFS with IRd and placebo-Rd in the RNAseqg-evaluable population
based on (A) NIK expression, dichotomized as NIK-high and NIK-low based on the global median, and (B) NIK expression by quartile,
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Increased IRd activity was also seen in patients with loss-of-function
mutations in genes that negatively regulate the non-canonical NF-xB
pathway. Furthermore, with regards to the findings showing increased
IRd activity in patients with higher NF-kB,, index values indicating
greater non-canonical pathway activity, it should be noted that the
genes in this index may also be upregulated by the canonical NF-xB
pathway. Given the regulation of the non-canonical pathway by pro-
tein degradation, being able to correlate gene and protein expression
would have contributed greatly to the current analysis. However, we

were not able to evaluate protein expression in this study due to the

lack of appropriate samples. Inhibition of non-canonical NF-«xB signal-
ing has long been acknowledged as a key component of the mecha-
nism of action of proteasome inhibition in MM.3* The first-in-class
agent bortezomib has been shown to inhibit inducible NF-xB activity
but paradoxically also to enhance constitutive NF-xB activation via
the canonical pathway. In fact, other proteasome inhibitors have also
shown similar activation of the canonical NF-xB pathway though the
exact mechanism underlying this is unclear.?%?2

There is evidence of significant cross-talk between the canonical

and non-canonical pathways, especially through NIK activation,?°
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though our data suggest that ixazomib might be able to blunt this
NIK-mediated enhancement of the canonical pathway. It has been

proposed that dual inhibition of the canonical and non-canonical

pathways is required for full inhibition of NF-xB activity, and this has
been suggested as a treatment strategy.?>?* Indeed, studies combin-

ing bortezomib and IKKB-targeted inhibitors have shown synergistic
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increases in cytotoxicity in breast cancer cells.?® Similarly, combining

20.26.27 \yith canonical pathway inhibitors has

a specific NIK inhibitor
also been suggested as a potential treatment strategy.?®

Our findings are consistent with previous reports of enhanced
activity of bortezomib in MM patients with low TRAF3 expression,®
that is, with constitutive activation of the non-canonical NF-xB
pathway. However, to our knowledge this is the first analysis that
demonstrates the specific differential activity imparted by addition
of a proteasome inhibitor to treatment in the setting of non-canon-
ical NF-xB pathway activation in a large, randomized, placebo-con-
trolled, phase 3 study in RRMM patients.

This is also the first analysis to demonstrate specific activa-
tion of the non-canonical NF-kB pathway in the context of two
different high-risk cytogenetic abnormalities. Our findings from
the TOURMALINE-MM1 study demonstrated that tumors bearing
t(4;14) had decreased TRAF3 expression, which was an expected
observation based on previously reported genome-wide screening
analyses in 91 MM patients with cytogenetic abnormalities.?’ In
these studies, TRAF3 was identified as one of the genes affected by
homozygous deletions in the 14932.32 chromosome location, which
were seen in 7.7% of patients.?’ However, our data also provide the
novel observation that MM tumors bearing the amp 1g21 abnor-
mality are associated with decreased TRAF3 expression, potentially
resulting in increased non-canonical NF-xB pathway activity. The
mechanism underlying the decreased TRAF3 expression in amp
1921 patient tumors needs to be further explored.

Previous subgroup analyses of the TOURMALINE-MM1 study
have demonstrated that IRd has substantial differential activity vs
placebo-Rd in patients with high-risk cytogenetic abnormalities,
including those with del(17p), t(4;14), and t(14;16), resulting in a
median PFS of 21.4 vs 9.7 months (HR 0.543, P = .021).14 A similar
benefit was demonstrated in an expanded high-risk subgroup that
incorporated patients with amp 1g21.}* More broadly, prior studies
have suggested that proteasome inhibitors have specific activity in
patients with high-risk cytogenetics,?>%! including t(4;14),°%% and
indeed the International Myeloma Working Group consensus on the
treatment of patients with high-risk cytogenetics recommends the
use of a triplet regimen comprising a proteasome inhibitor, lenalido-
mide or pomalidomide, and dexamethasone.3! Our data suggest that
the ability of ixazomib to inhibit the non-canonical NF-kB pathway is
one of the mechanisms contributing to the activity of IRd in patients
bearing t(4;14) and amp1qg21. In particular, decreased TRAF3 expres-
sion in the context of amp1g21 might define a subset of tumors that
are exquisitely dependent on the non-canonical NF-xB pathway for
survival and are thus responsive to IRd. By contrast, placebo-Rd ap-
peared to be unable to overcome the adverse prognostic impact of
amp 1921 in the context of low TRAF3 expression levels, possibly
associated with its lack of inhibitory activity in the context of consti-
tutive non-canonical NF-kB pathway signaling.

Our analysis has a number of limitations. DNAseq and RNAseq
data were obtained from only 47.0% and 55.2% of patients, respec-
tively, in the TOURMALINE-MM1 ITT population, suggesting a

potential for patient selection bias. However, baseline patient and
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disease characteristics—including age, disease stage, performance
status, and relative proportions of patients with high-risk versus
standard-risk cytogenetics—were comparable between patients
with or without DNAseq data and RNAseq data, as shown in the
supplementary tables. A limitation of the targeted sequencing ap-
proach that we employed for these analyses is that we were unable
to evaluate copy number changes and chromosomal deletions, alter-
ations frequently observed in TRAF3 and NIK genes; additionally, as
previously noted, we were not able to evaluate protein expression
due to a lack of appropriate samples. Other future directions for re-
search in this area include conducting similar analyses in patients
receiving ixazomib in combination with agents other than lenalid-
omide, as well as determining whether similar effects are seen in
patients with newly diagnosed MM.

In conclusion, our analysis of DNAseq data from RRMM patients
enrolled in the TOURMALINE-MM1 trial demonstrated that 14.5%
harbored mutations in the non-canonical NF-xB pathway. The pres-
ence of these mutations was associated with specific significant
PFS benefit with IRd vs placebo-Rd. Similarly, analyses of RNAseq
data showed specific PFS benefit with IRd in patients with low
TRAF3 expression or high NIK expression, both markers of elevated
non-canonical NF-kB pathway activity. Decreased TRAF3 expres-
sion was seen in tumors with t(4;14) and amp 1g21 abnormalities,
providing a potential rationale for the activity of IRd in these high-
risk patients. Together with the findings reported in the article from
TOURMALINE-MM1 published recently by Di Bacco et al,*® our
results from these exploratory endpoints of TOURMALINE-MM1
provide hypothesis-generating data that offer insights into potential
markers associated with more substantial benefit from the addition
of ixazomib to Rd in patients with RRMM.
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