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1 | INTRODUCTION

The advent and widespread use of next-generation sequenc-
ing has revealed the full complexity of tumor heterogeneity and
its implication for cancer prognosis and therapeutic response.!
Multiple myeloma (MM), a clonal plasma cell disorder, is geneti-
cally complex and heterogeneous, with clonal diversity evolving
over the disease course.? Several studies have investigated the
genomic heterogeneity of relapsed/refractory MM (RRMM),3" but
few have explored the relationship between clonal heterogeneity
and types of prior therapies received, and the impact of the result-
ing differences in tumor biology on the outcomes seen with novel
therapies.

The phase 3 TOURMALINE-MM1 study compared the oral
proteasome inhibitor (Pl) ixazomib plus lenalidomide-dexameth-
asone (IRd) vs placebo-Rd in 722 patients with RRMM.® Results
from this study demonstrated a significant progression-free sur-
vival (PFS) benefit in the intent-to-treat (ITT) analysis. A subgroup
analysis showed that while IRd was associated with clinical benefit
compared with placebo-Rd, the greatest benefit was observed in
patients who had received 2 or 3 prior lines of therapy (LoT; 2/3LoT
patients) compared to patients who had received 1 prior LoT (1LoT
patients).” We therefore conducted analyses of RNA sequencing
(RNAseq) data from tumors collected during TOURMALINE-MM1
and investigated the molecular differences between tumors from
patients according to number and/or type of prior therapies.

In particular, we evaluated outcomes according to expression of
c-MYC. Increased expression of c-MYC is involved in MM pathogen-
esis/progression,8 making c-MYC one of the key genes deregulated
in MM. Translocations of c-MYC are present in approximately 15% of
patients with newly diagnosed MM (NDMM) and RRMM.2?%° Gene
expression studies indicate that the transcriptional signature of c-

MYC is present in 67% of primary MM but not in the pre-malignant

Results: The PFS benefit of IRd vs placebo-Rd was greater in patients with tumors
expressing high c-MYC levels (median not reached vs 11.3 months; hazard ratio [HR]
0.42; 95% Cl, 0.26, 0.66; P < .001) compared with in those expressing low c-MYC
levels (median 20.6 vs 16.6 months; HR 0.75; 95% Cl, 0.42, 1.2). Expression of c-MYC
in tumors varied based on the number and type of prior therapy received, with the
lowest levels observed in tumors of patients who had received 1 prior line of therapy
including SCT. These tumors also had higher expression levels of CD19 and CD81.

Conclusions: PFS analyses suggest that lenalidomide and ixazomib target tumors with
different levels of c-MYC, CD19, and CD81 expression, thus providing a potential ra-
tionale for the differential benefits observed in the TOURMALINE-MM1 study. This

trial was registered at www.clinicaltrials.gov as: NCT01564537

c-myc Proto-Oncogenes, multiple myeloma, mutation, progression-free survival, RNA

Novelty statement

1. What is the new aspect of your work? We explore the
hypothesis that the progression-free survival outcomes
observed in the phase 3 TOURMALINE-MM1 trial of ixa-
zomib-lenalidomide-dexamethasone (IRd) versus placebo-
lenalidomide-dexamethasone (placebo-Rd) in patients
with relapsed/refractory multiple myeloma are linked to
molecular differences between tumors in patients whose
disease has relapsed after various prior therapies.

2. What is the central finding of your work? Our analyses
show that tumors in patients whose disease has relapsed
after autologous stem cell transplantation tend to have
lower levels of c-MYC and higher levels of CD19 and
CD81 expression and that IRd and placebo-Rd target tu-
mors with different expression levels of these markers,
potentially explaining in part the differential progres-
sion-free survival benefits with IRd versus placebo-Rd
observed in the TOURMALINE-MM1 trial according to
number and type of prior therapies.

3. What s (or could be) the specific clinical relevance of your
work? Our results suggest that differences in cell matu-
rity add to the molecular heterogeneity observed in mul-
tiple myeloma and that selective pressure from treatment
may lead to more mature/differentiated tumors, thereby
impacting the relative magnitude of anti-myeloma effects

of therapies with different mechanisms of action.

condition monoclonal gammopathy of undetermined significance.!

Recent genetic evidence also suggests a novel role for c-MYC during

the first steps of hematopoietic stem cell differentiation,*? along
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with the B-cell receptor (BCR) complex, of which CD19, CD81,
and CD79A make up part of the co-receptor.'® Thus, differences in
c-MYC expression and level of cell maturity may be associated with

differential activity of agents and regimens.

2 | METHODS
2.1 | Study design and patients

TOURMALINE-MM1 (NCT01564537) study design and clinical
results have been reported previously.® Briefly, 722 patients with
RRMM after 1-3 LoT were randomized to receive IRd or placebo-
Rd until disease progression or unacceptable toxicity. Bone marrow
aspirates were collected from patients at screening, and purified
CD138-positive cells were used for RNAseq. Data reported here are
from the first prespecified statistical analysis of PFS (median follow-

up ~15 months; range 13.6-15.4), as reported by Moreau et al.t

2.2 | Myeloma cell purification and RNA isolation

Bone marrow aspirate samples were collected at screening from pa-
tients enrolled in the trial for tumor gene expression analysis. CD138-
positive cells were isolated within 24-48 hours using the Miltenyi
CD138+ isolation kit according to the manufacturer's instructions.
Frozen CD138-positive cell pellets were then shipped to a different
laboratory 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 Broad Institute (Cambridge, MA) for se-
quencing. All RNA samples were quantified again using a Nanodrop
spectrophotometer (Thermo Scientific), and their integrity was as-
sessed using the Agilent Bioanalyzer and normalized before starting
the sequencing. The minimum Nanodrop and BioAnalyzer input re-
quirement was 2250 ng RNA and an RNA integrity number (RIN) 2 6.

2.3 | Gene expression profiling and QC steps

Whole transcriptome sequencing (RNAseq) of bone marrow-sorted
CD138-positive cells was performed as described in the Methods S1. The
purity of the MM samples was assessed, and samples with at least one
specific variable region isoform (either heavy or light chain) having more
than 90% of the reads mapped were automatically deemed as having high

purity and were used in the present analyses (“RNAseq population”).
2.4 | Gene expression analyses in the
RNAseq population

Details of the gene expression analyses in the RNAseq population
are provided in the Methods S1. c-MYC, CD19, CD81, and CD138

expression were evaluated by treatment arm and according to the
number (1 vs 2/3) and type (stem cell transplant [SCT] vs no SCT)
of prior therapies received. A multivariate analysis, using logistic
regression with stepwise selection, was performed to understand
the influence of different disease characteristics on c-MYC expres-
sion level among 1LoT patients. For subsequent analyses, patients
were dichotomized into two subgroups, defined as c-MYC-high and
c-MYC-low, using median c-MYC expression as the cutoff, or into
four subgroups based on c-MYC expression quartiles. Patients’ data
were analyzed based on median expression levels of CD19 and/or
CD81 (CD19-high vs CD19-low; CD81-high vs CD81-low). PFS was
analyzed in subgroups based on prior LoTs (1LoT, 2/3LoT) and by
whether patients had SCT in a prior line of therapy (1LoT-SCT, 1LoT-
noSCT, 2/3LoT-SCT, 2/3LoT-noSCT). All analyses were exploratory;

no correction for multiplicity of testing was done.

3 | RESULTS

3.1 | Baseline characteristics of patients with
RNAseq data

Of 419 samples collected, 399 were deemed of high purity for the
genomic analyses, and so RNAseq data were available for 399 of
722 (55.2%) patients enrolled in TOURMALINE-MM1, including 189
and 210 randomized to IRd and placebo-Rd, respectively (RNAseq
population). Baseline characteristics were similar between patients
with or without RNAseq data, including disease stage, performance
status, frequency of high-risk vs standard-risk cytogenetic abnor-
malities, prior LoTs, and prior exposure to immunomodulatory drugs
or Pls (Table S1).

3.2 | c-MYC expression levels differ between
patients with different numbers of prior LoT

Since cereblon is essential for lenalidomide activity in MM, we ini-
tially assessed if cereblon's expression level varied across patients
with different types and numbers of prior LoT and did not observe
any significant differences (data not shown). We then analyzed
c-MYC expression across these subgroups of patients, as prior ob-
servations had suggested that c-MYC activity was likely to increase
benefit in patients treated with bortezomib-based therapy.!! c-MYC
was significantly upregulated in tumors from 2/3LoT vs 1LoT patients
(P = .0275) (Figure 1A). Analysis of 1LoT patients according to prior
SCT showed that tumors from 1LoT-SCT patients had significantly
lower c-MYC expression levels vs those from 1LoT-noSCT patients
(P =.013) and vs those from 2/3LoT patients (P = .0019). No differ-
ences were observed between 1LoT-noSCT and 2/3LoT patients
(P=.71) (Figure 1B). Toinvestigate if other parameters were correlated
with lower c-MYC expression in tumors, we performed a multivariate
analysis and showed that the best predictor for c-MYC expression

level (above vs below the median) in 1LoT patients was prior SCT (no
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FIGURE 1 c¢-MYC expression by prior treatment exposure. A, Median c-MYC expression was significantly lower in 1LoT vs 2/3LoT
patients. B, Median c-MYC expression was significantly lower in 1LoT-SCT vs 1LoT-noSCT or 2/3LoT patients. No significant difference was
observed between 1LoT-noSCT and 2/3LoT patients. Overall P-values are analysis of variance F-test P-values, and pairwise comparison
P-value are two sample t test P-values). Solid black horizontal lines show the medians, dotted orange lines show the overall medians, boxes
show interquartile range, lines show range excluding outliers. LoT, line of therapy; SCT, stem cell transplantation [Colour figure can be

viewed at wileyonlinelibrary.com]

vs yes; odds ratio 2.296, P = .0018). Using c-MYC expression level
as a continuous dependent variable, linear regression analyses with
stepwise selection showed a strong correlation between c-MYC ex-
pression level and prior SCT (no vs yes; coefficient .696; P = .0015),
disease stage (I vs Il or lll; coefficient .510; P = .0282), and baseline
serum M-protein (coefficient .0270; P =.0001).

3.3 | Prognostic impact of c-MYC expression based
on treatment received
Since c-MYC is a known negative prognostic factor in MM, %1147
we assessed the impact of its expression on PFS in the RNAseq
population, dichotomized per median c-MYC expression level and
regardless of therapy (IRd and placebo-Rd patients pooled). Median
PFS was similar—18.5 vs 17.6 months—in the c-MYC-high vs c-MYC-
low groups (HR 0.99; 95% Cl, 0.73, 1.4; P > .05), suggesting that in
this population c-MYC expression did not per se have a negative
impact on outcome. Similar results were obtained in an analysis of
patients in the top vs bottom quartiles of c-MYC expression (me-
dian PFS 18.4 vs 15.7 months; HR 0.92; 95% Cl, 0.6, 1.4; P > .05)
(Figure 2A). PFS was then assessed based on c-MYC expression
level and study treatment. A statistically significant improvement
in PFS was seen in the c-MYC-high group with IRd vs placebo-Rd
(median PFS not reached vs 11.3 months; HR 0.42; 95% ClI, 0.26,
0.66; P < .001). In the c-MYC-low subgroup, median PFS was 20.6
vs 16.6 months for IRd vs placebo-Rd (HR 0.75; 95% Cl, 0.47, 1.2;
P > .05). While a PFS benefit with IRd vs placebo-Rd was observed
in both the c-MYC-high and c-MYC-low subgroups, the magnitude
of benefit was larger in the c-MYC-high subgroup (Figure 2A).
Baseline characteristics were similar between the c-MYC-high and
c-MYC-low subgroups (Table 1), except for a higher frequency of IgA

MM, higher rates of refractory and relapsed and refractory disease,

and a higher percentage of 2/3LoT patients in the c-MYC-high sub-
group. The overall rate of high-risk cytogenetics was similar between
subgroups; however, del(17p) appeared more common in the c-MYC-
high vs c-MYC-low subgroup (15% vs 9%), and t(4;14) appeared less
common (7% vs 14%), acknowledging the small patient numbers.

3.4 | PFS by c-MYC expression and prior
treatment exposure

Similar to what was reported previously for the ITT population,’
analyses of PFS in the RNAseq population according to prior therapy
showed that the PFS benefit with IRd vs placebo-Rd was greater in
2/3LoT patients (median not reached vs 12.9 months; HR 0.41; 95%
Cl, 0.24, 0.7; P < .001) compared to 1LoT patients (median 20.6 vs
15.7 months; HR 0.68; 95% Cl, 0.45, 1.0; P > .05). When 1LoT patients
were divided by prior SCT, a difference in PFS benefit was observed
only for 1LoT-noSCT patients. In this group, the median PFS with IRd
vs placebo-Rd was 18.5 vs 11.1 months (HR 0.43; 95% Cl, 0.24, 0.79;
P =.01; Figure 2B). When each prior therapy subgroup was stratified as
c-MYC-high or c-MYC-low (based on median c-MYC expression level),
the magnitude of PFS benefit with IRd vs placebo-Rd appeared greater
among the c-MYC-high vs c-MYC-low patient subgroups (based on the
respective HRs). While PFS with IRd and placebo-Rd was similar among
the c-MYC-high 1LoT-SCT patients, the PFS HR favored placebo-Rd in
the c-MYC-low 1LoT-SCT subgroup (Figure 2B). Notably, the longest
median PFS with placebo-Rd was observed in 1LoT-SCT patients.

3.5 | Characteristics of 1LoT-SCT patients

To understand if any baseline characteristics of 1LoT-SCT pa-
tients might have influenced the differential PFS benefit with
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FIGURE 2 c¢-MYC as prognostic factor in RNAseq population. A, c-MYC level did not appear to be a negative prognostic factor in the
population analyzed. A significant difference in outcome was observed when treatment arm was included in the analysis. A significant
difference in PFS with IRd vs placebo-Rd was observed only in c-MYC-high patients. B, PFS with IRd vs Rd according to prior therapy and
by high or low c-MYC expression level. Cl, confidence interval; HR, hazard ratio; IRd, ixazomib-lenalidomide-dexamethasone; ITT, intent-
to-treat; LoT, line of therapy; PFS, progression-free survival; Rd, lenalidomide-dexamethasone; RNAseq, RNA sequencing; SCT, stem cell
transplantation [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Baseline patient characteristics and TOURMALINE-
MM1 treatment information in patients with RNAseq data
(N = 399) by c-MYC expression subgroup

c-MYC-high c-MYC-low
(n=199) (n = 200)
Age, years, n (%)
<65 89 (45) 95 (48)
>65, <75 75 (38) 81 (41)
>75 35(18) 24 (12)
ECOG PS, n (%)
0 97 (49) 94 (47)
1 89 (45) 86 (43)
2 10 (5) 16 (8)
Missing S 4
Measurable disease, n (%)
SPEP only 109 (55) 96 (48)
UPEP only 22 (11) 34 (17)
SPEP and UPEP 47 (24) 42 (21)
FLC only 17(9) 25(13)
Not measurable 4(2) 3(2)
MM subtype, n (%)
1gG 115(58) 116 (58)
IgA 46 (23) 24 (12)
Other 12 (6) 13 (7)
Missing 26 47
ISS stage?, n (%)
lorll 166 (83) 174 (87)
11l 33(17) 26 (13)
Cytogenetics, n (%)
Standard risk 138 (69) 135 (68)
High risk 47 (24) 45 (23)
del(17) 30 (15) 17 (9)
t(4;14) 13(7) 27 (14)
t(14;16) 4(2) 1(1)
Not available 14 (7) 20 (10)
Prior lines®, n (%)
1 106 (53) 128 (64)
20r3 93 (47) 72 (36)
Prior LoT®, n (%)
1 112 (56) 129 (65)
SCT 51 (26) 79 (40)
No SCT 61 (31) 50 (25)
2 64 (32) 48 (24)
SCT 41 (21) 27 (14)
No SCT 23 (12) 21(11)
3 23 (12) 23(12)
SCT 10 (5) 13(7)
No SCT 13(7) 10 (5)

(Continues)

TABLE 1 (Continued)

c-MYC-high c-MYC-low
(n=199) (n=200)
Time from SCT, months, n (%)

<12 8(4) 6(3)

212, <24 19 (10) 20 (10)

224, <36 19 (10) 35(18)

236, <48 23(12) 20 (10)

248 33(17) 38(19)

Missing 97 81

MM status, n (%)¢

Relapsed 142 (71) 165 (83)

Refractory 22 (11) 17 (9)

Relapsed and refractory 35(18) 18 (9)

Prior PI, n (%)

Exposed 136 (68) 139 (70)

Naive 63(32) 61 (31)

Refractory 15 (8) 5(3)
V-refractory 5(3) 1(1)

Prior IMID, n (%)

Exposed 120 (60) 115 (58)
T-exposed 97 (49) 96 (48)
R-exposed 26 (13) 27 (14)

Naive 79 (40) 85 (43)
T-naive 102 (51) 104 (52)
R-naive 173 (87) 173 (87)

Refractory 33(17) 14 (7)
T-refractory 32 (16) 14 (7)
R-refractory 0 0

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group
performance status; FLC, free light chain; IgG/A, immunoglobulin

G/A; IMiD, immunomodulatory drug; IRd, ixazomib-lenalidomide-
dexamethasone; ISS, International Staging System; LoT, lines of therapy;
MM, multiple myeloma; PI, proteasome inhibitor; R, lenalidomide; Rd,
lenalidomide, dexamethasone; RNAseq, RNA sequencing; SCT, stem cell
transplantation; SPEP, serum protein electrophoresis; T, thalidomide;
UPEP, urine protein electrophoresis; V, bortezomib.

@Per stratification.

PPer Sponsor review.

“Relapsed’ includes patients who had relapsed from at least 1

previous treatment but were not refractory to any previous treatment;
‘Refractory’ includes patients who were refractory (disease progressed
on or within 60 d of last study drug) to at least 1 prior line of therapy;
‘Relapsed and refractory’ includes patients who relapsed from at least

1 previous treatment and additionally were refractory to at least 1
previous treatment; ‘Primary refractory’ is a subgroup of ‘refractory’
patients who never responded to prior therapy.

IRd vs placebo-Rd, we compared the baseline characteristics of
1LoT-SCT patients to those of 1LoT-noSCT and 2/3LoT patients
combined (Table S2). We found that 1LoT-SCT patients had bet-

ter prognostic features compared with the rest of the RNAseq
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population: more of them had an Eastern Cooperative Oncology
Group performance status of 0 (65% vs 39%); they were younger
(65% vs 37% aged < 65 years); fewer had renal involvement (5%
vs 17%); fewer had tumors with high-risk cytogenetics features
(del(17), t(4;14), and t(14;16); 18% vs 25%); slightly more of
them had stage | or Il disease (89% vs 83%); and the frequency
of patients with relapsed-only (non-refractory) MM was higher
(93% vs 70%). Notably, the majority of 1LoT-SCT patients (71%)
had received SCT 2 24 months prior to TOURMALINE-MM1
study entry, indicating that they had not relapsed shortly after

transplantation.

3.6 | Gene expression analyses identified markers of
early differentiation in 1LoT-SCT patients

We compared RNAseq data from 1LoT-SCT patients to pooled
data from 1LoT-noSCT and 2/3LoT patients to evaluate differ-
ences at the molecular level. As shown in Table 2, the 10 most
differentially expressed genes were the immunoglobulin heavy
constant delta and epsilon genes, IGHD and IGHE (3.57 and 2.08
fold higher), components of the BCR complex (CD19, CD81, CD79A)
(1.97, 1.51, and 1.54 fold higher), and genes involved in different
steps of cell maturation (PAX5, VPREB1, IGLL1) (1.54, 1.81, and
1.68 fold higher). All these genes were significantly upregulated in
1LoT-SCT patients, while c-MYC expression was significantly lower
(0.65 fold lower).

3.7 | 1LoT-SCT patients demonstrated higher
levels of CD19 and CD81 expression

Pairwise comparison of CD19 or CD81 expression showed statistically
significantly higher expression of both markers in 1LoT-SCT patients.
CD19 expression was significantly higher in 1LoT-SCT vs 1LoT-noSCT
(P<.001)or 2/3LoT patients (P =.0079); no difference was observed be-
tween 1LoT-noSCT and 2/3LoT (P = .11) patients (Figure 3A). Similarly,
CD81 expression was higher in 1LoT-SCT vs 1LoT-noSCT (P = .006) or
2/3LoT (P = .02) patients, with no difference between 1LoT-noSCT and
2/3LoT patients (P = .55) (Figure 3B). We also looked at CD138 expres-
sion levels and, while we did not see any significant difference between
the three groups of patients (Figure S1), we observed lower CD138
expression among patients with tumors with high CD19 or CD81 ex-
pression (P = .00155) (Figure S2). Analyses of CD19 and CD81 expres-
sion in patients in the top and bottom quartiles of c-MYC expression,
independent of line of therapy, confirmed the inverse correlation of
these markers. CD19, CD81, and CD79A expression was significantly
greater in tumors from patients in the lowest vs highest c-MYC expres-
sion quartile (P = .0164, P = .00114, and P = .0223, respectively), inde-
pendent of the number or type of prior therapies (Figure 3C). These
data suggest that tumors displaying these molecular characteristics are
present throughout the RNAseq population but are more frequent in
1LoT-SCT patients.

3.8 | Lenalidomide and ixazomib appear to target
tumors at different stages of maturation

To further understand how different molecular features influence
the activity of IRd and placebo-Rd, we stratified patients based on
median c-MYC, CD19, or CD81 expression and evaluated PFS with
IRd and placebo-Rd in each subgroup. PFS with IRd appeared longer
among patients with c-MYC-high vs c-MYC-low tumors (median not
reached vs 20.6 months; HR0.72; 95% Cl,0.43,1.2; P> .05) and those
with CD19-low vs CD19-high (median not reached vs 21.4 months;
HR 0.85; 95% Cl, 0.51, 1.4; P > .05) or CD81-low vs CD81-high (me-
dian not reached vs 18.5 months; HR 1.5; 95% Cl, 0.87, 2.5; P > .05),
although the differences were not statistically significant (Figure 4).
In contrast, PFS with placebo-Rd appeared shorter among c-MYC-
high vs c-MYC-low patients (median 11.3 vs 16.6 months; HR 1.3;
95% Cl, 0.9, 2.0; P > .05) and longer among CD19-high vs CD19-
low (median 17.5 vs 11.1 months; HR 0.6; 95% Cl, 0.4, 0.91; P = .05)
and CD81-high vs CD81-low (median not reached vs 11.1 months;
HR 0.51; 95% Cl, 0.33, 0.7); P = .01) patients, although the differ-
ence between c-MYC groups was not significant (Figure 4). Taken
together, these data suggest that IRd and placebo-Rd target tumors
at different stages of maturation, with placebo-Rd performing better
in less mature tumors (low levels of c-MYC and high levels of CD19
or CD81 expression). Conversely, IRd appeared more beneficial in
more mature tumors (high levels of c-MYC and low levels of CD19
or CD81 expression).

4 | DISCUSSION

MM is a complex disease demonstrating clear evidence of substan-
tial clonal heterogeneity, with different clones coexisting in the
same patient.!® Next-generation sequencing studies have shown the
complexity of MM at the genetic level, with changes in chromosome
numbers, genetic translocations, and genetic mutations. However,
evidence is emerging that the clonal cells that constitute the disease
are not homogenously mature plasma cells.®

The MYC signaling pathway is of great interest in MM.2? MYC ab-
normalities are typically characterized by complex rearrangement of
the proto-oncogene ¢-MYC,?° which encodes a transcription factor
that regulates cell proliferation, growth, protein translation, metab-
olism, and apoptosis.21 Several studies have also suggested an in-
volvement of c-MYC during the expansion of committed progenitors
in the adult hematopoietic system,'? thereby playing a role in the
differentiation of B cells.?>2% During this process, c-MYC appears to
control the expression of specific integrins, regulating the balance
between self-renewal and differentiation by modulating the migra-
tion and/or adhesion of hematopoietic stem cells.}?

Data from TOURMALINE-MM1 have shown a different magni-
tude of PFS benefit between 1LoT and 2/3LoT patients.” Using the
RNAseq dataset from the study, we uncovered molecular differ-
ences between tumors of patients who relapsed post-SCT vs those

who relapsed after prior therapies not including SCT.
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1LoT-SCT patients  1LoT-noSCT and 2/3LoT patients
(n=130) (n=269)

Gene Mean expression Mean expression

IGHD 29.92 8.38

CD19 2.51 1.27

CD22 0.95 0.55

MYC 74.39 114.45

IGHE 1.79 0.86

CD81 27.57 18.32

PAX5 1.36 0.89

VPREB1 0.39 0.21

CD79A 138.61 89.96

IGLL1 1.31 0.78

TABLE 2 Top 10 differentially
expressed genes that are associated with

t test . . .

cell maturation. Gene expression profile
Fold change P-value X

of 1LoT-SCT patients vs 1LoT-noSCT
3.57 .0000 and 2/3LoT patients with RNAseq data,
1.97 0001 pooled across TOURMALINE-MM1
174 0006 treatment arms
0.65 .0014
2.08 .0015
1.51 .0034
1.54 .0108
1.81 .0110
1.54 .0123
1.68 .0145

Abbreviations: LoT, line of therapy; RNAseq, RNA sequencing; SCT, stem cell transplantation.

After excluding cereblon expression as responsible for the dif-
ferential activity of IRd vs placebo-Rd, we focused our attention on
c-MYC. The rationale for evaluating c-MYC expression in tumors
was provided by observations that c-MYC plays a role in Pl-induced

cell death?*2°

and by a prior analysis suggesting that patients with
tumors expressing higher levels of c-MYC derive relatively greater
benefit from Pl therapy with bortezomib.'* We initially demon-
strated that median c-MYC levels were significantly higher in 2/3LoT
vs 1LoT patients and that within 1LoT patients the lowest levels were
observed among 1LoT-SCT patients (Figure 1). This observation was
strengthened by results from a multivariate analysis that showed the
best predictor for c-MYC expression levels within 1LoT patients was
indeed receiving SCT as part of frontline therapy.

Progression-free survival in c-MYC-high vs c-MYC-low patients,
with IRd and placebo-Rd groups pooled, appeared similar. However,
c-MYC-high patients had a larger magnitude of PFS benefit with IRd
vs placebo-Rd than c-MYC-low patients (Figure 2A), confirming the
previous observation that tumors with high c-MYC expression ap-
pear to benefit from Pl-based therapy.11 Baseline characteristics of
c-MYC-high vs c-MYC-low patients appeared well balanced, except
for a higher frequency of IgA MM, higher rates of refractory and
relapsed and refractory disease, a higher percentage of 2/3LoT pa-
tients, and a higher rate of del(17p) in the c-MYC-high group (Table 1).
These data suggest the presence of more aggressive disease within
the high c-MYC group, in agreement with other reports.?

The observation that c-MYC expression level differed based on
the number/type of prior LoTs and that PFS benefit was larger with
IRd vs placebo-Rd in c-MYC-high patients, supports the hypothesis
that the differential PFS benefit observed in TOURMALINE-MM1
could be due in part to differences in c-MYC expression levels be-
tween patient subgroups. We therefore evaluated PFS with IRd
vs placebo-Rd in ¢-MYC-high and c-MYC-low patients and based
on prior LoTs. The analysis showed that 1LoT-noSCT and 2/3LoT
patients had the largest magnitude of PFS benefit with IRd vs pla-
cebo-Rd, while in 1LoT-SCT patients PFS was similar (Figure 2B).
This suggests that the smaller PFS benefit observed with IRd vs

placebo-Rd in 1LoT patients in TOURMALINE-MM1 might have
been driven by the 1LoT-SCT subgroup (this group represented 65%
of 1LoT patients). Additionally, while PFS with IRd appeared inde-
pendent of c-MYC level (c-MYC-high vs c-MYC-low: median 21.4 vs
20.6 months in 1LoT-SCT, median 18.5 vs 17 months in 1LoT-noSCT,
not reached vs not reached in 2/3LoT patients), we observed differ-
ences in PFS with placebo-Rd among 1LoT-noSCT (c-MYC-high vs
c-MYC-low: median 9.69 vs 12.2 months) and 2/3LoT (median 11.3
vs 14.1 months) patients. Notably, the 1LoT-SCT subgroup appeared
to have the longest PFS with placebo-Rd, independent of c-MYC ex-
pression, suggesting that the greater PFS benefit with IRd vs place-
bo-Rd in TOURMALINE-MM1 in 1LoT-noSCT and 2/3LoT patients
might have been driven by reduced activity of placebo-Rd in these
subgroups. This finding is supported by a recent report suggesting
high c-MYC expression as a potential mechanism of resistance to
lenalidomide activity in MM.?’

We next looked at the baseline characteristics of 1LoT-SCT pa-
tients compared to 1LoT-noSCT and 2/3LoT patients. We found that
1LoT-SCT patients had better prognostic features, including a lower
proportion of elderly patients, better performance status, a lower
rate of high-risk cytogenetics, and a higher rate of relapsed-only
(non-refractory) disease. A high proportion of 1LoT-SCT patients
(71%) received SCT 2= 24 months prior to TOURMALINE-MM1 study
entry, suggesting that they did not have an early, aggressive relapse
post-SCT (Table S2). It is well-known that quality and durability of
response post-SCT are important factors associated with long-term
outcome.?® Patients with early relapse have more aggressive MM
and shorter PFS and overall survival?®>?° compared to those with re-
lapse >1 year post-SCT, who have a more indolent disease biology.3!

Although high c-MYC levels are associated with increased tumor
sensitivity to IRd, this did not appear to be the case in 1LoT-SCT
patients, as PFS was similar with IRd and placebo-Rd (Figure 2B).
We compared RNAseq data between 1LoT-SCT patients and 1LoT-
noSCT and 2/3LoT patients, and the immunoglobulin heavy con-
stant delta and epsilon genes, IGHD and IGHE, components of the
BCR complex (CD19, CD81, CD79A),*% and genes involved in different
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steps of cell maturation (PAX5,%23 VPREB1,%® IGLL1%%) were among
the 10 most differentially expressed genes. These genes were sig-
nificantly overexpressed in 1LoT-SCT patients’ tumors, while c-MYC
was downregulated (Table 2). The presence of high CD19 levels
in 1LoT-SCT patients was unexpected, although minor subsets of
CD19-positive cells have been observed previously®>2¢ in a dis-
ease predominantly comprising CD19-negative mature plasma cells.
These CD19-positive cells tend to be found in circulation; it is possi-
ble that these cells were collected with blood during screening bone
marrow sampling. It has been reported that levels of CD19-positive
cells in the peripheral blood are significantly higher in MM patients
vs healthy donors.” Cell numbers are low during induction and high-
dose treatment but appear to increase post-SCT, when a simultane-
ous rise in CD19 cells and CD19 mRNA is detected.®® Interestingly,
these cells have less differentiated phenotypes and appear to make

up a drug-resistant, clonogenic disease reservoir.3?-4!

T
¢-MYC expression,
highest quartile
n=99
median = 6.07

T
c-MYC expression,
lowest quartile
n =100
median = 7.29

c-MYC e;xpression,
highest quartile
n=99
median = 3.81

In our dataset, CD19 and CD81 expression was inversely cor-
related with CD138 expression, a marker of B cell maturity*
(Figure S2), further supporting the hypothesis of the presence of
immature tumor cells in 1LoT-SCT patients. While CD19, CD81,
and CD79A were significantly overexpressed in 1LoT-SCT patients’
tumors, no differences were observed between 1LoT-noSCT and
2/3LoT patients (Figure 3A/B). Importantly, CD19 and CD81 ex-
pression appeared to be inversely correlated with c-MYC expression
across all subgroups analyzed (Figure 3C). This observation suggests
that subsets of these less mature, CD19-positive and CD81-positive
tumors might be present in all MM patients, independent of prior
therapy, but that the size of these subsets depends on prior therapy
received, with the largest proportion observed in 1LoT-SCT patients.

Analyses of PFS with IRd and placebo-Rd activity according to
c-MYC, CD19, or CD81 expression levels (Figure 4) showed pro-
longed PFS with placebo-Rd in patients with tumors with higher
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. Median PFS HR
Subgroup Comparison n (months) (95% Cl) P value
IRd ¢c-MYC-high 105 Not reached 0.72 > 05 =
c-MYC-low 84 20.6 (0.43,1.2)
CD19-high 85 21.4 0.85 - 05 .
CD19-low 104 Not reached (0.51, 1.4)
CD81-high 95 18.5 1.5 > 05 .
CD81-low 94 Not reached (0.87,2.5)
-MYC-high 100 1.3 13 |
Placebo-Rd ¢ 05 ——
c-MYC-low 110 16.6 (0.9, 2) z
CD19-high 105 17.5 0.6 % .
CD19-low 105 1.1 (0.4,0.91)
CD81-high 96 Not reached 0.51 -
CD81-low 114 11.1 (0.33,0.77) i
T T T T 1
035 050 071 1.0 15 20

**, P=.001," P=.01

HR

FIGURE 4 Differential activity of IRd and placebo-Rd between patients with tumors with high vs low expression of c-MYC, CD19, and
CD81. While PFS with IRd did not differ significantly between these expression subgroups, PFS was significantly shorter with placebo-Rd in
patients with tumors expressing low vs high levels of CD19 and CD81. Cl, confidence interval; HR, hazard ratio; IRd, ixazomib-lenalidomide-
dexamethasone; PFS, progression-free survival; Rd, lenalidomide-dexamethasone [Colour figure can be viewed at wileyonlinelibrary.com]

CD19 and CD81 expression, as well as low c-MYC expression. We
could therefore hypothesize that in TOURMALINE-MM1 the Rd
component of therapy targeted tumors with a less mature pheno-
type, while ixazomib targeted clonal populations with a more ma-
ture/differentiated phenotype, consistent with higher proteasomal
stress.*® The differential distribution of less mature tumor cells
among patients with different prior therapies might in part explain
the differential magnitude of PFS benefit with IRd vs placebo-Rd in
TOURMALINE-MML1. Interestingly, previous reports have alluded to
a preferential targeting of plasma cell precursors by lenalidomide,
suggesting that resistance could be associated with the selection of
mature plasma cell subclones.** Similarly, it has been suggested that
bortezomib preferentially kills mature cells and that resistance is as-
sociated with the emergence of dedifferentiated MM cells.*®

It has been reported that immunoglobulin secretion increases
with the differentiation of plasma cells, while proteasome activity
decreases.***” Following differentiation, cells have higher levels of
ubiquitin-conjugated proteins and lower free ubiquitin levels, sug-
gesting that differentiated, more mature MM cells are under prote-
asomal stress as a consequence of the imbalance between greater
workload and lower proteasomal capacity.*® This imbalance is
thought to explain the exquisite sensitivity of MM cells to Pls. 484
In our study, a trend toward lower M-protein levels in 1LoT-SCT pa-
tients was observed (data not shown), supporting prior observations
of less mature tumors in this subgroup.

While these data provide some explanations for the differential
PFS benefit of IRd vs placebo-Rd in TOURMALINE-MM1, we rec-
ognize that our analyses have some limitations, including the small
numbers of patients in each of the subgroups. Although we con-

ducted a multivariate analysis incorporating various baseline disease

characteristics, our analysis did not account for all the molecular
subtypes, as these data were not collected in TOURMALINE-MM1;
for example, c-MYC expression has been shown to be associated
with hyperdiploidy.” In addition, in the context of clonal evolution
in MM, it would have been of value to incorporate data from bone
marrow aspirates taken at diagnosis or earlier in the disease course;
however, these data were not available. Thus, while our analyses
have enabled the development of hypotheses to help understand
TOURMALINE-MM1 findings, it is important to emphasize that
more detailed prospective studies, with larger sample sizes and lon-
ger follow-up (to capture clonal changes), and addressing additional
parameters of potential differential prognostic relevance, are re-

quired to validate and extend the clinical relevance of our findings.
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