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The deletion of chromosome 17p (del(17p)) is considered a crucial prognostic factor at the time of diagnosis in patients with
multiple myeloma (MM). However, the impact of del(17p) on survival at different clonal sizes at relapse, as well as the pat-
terns of clonal evolution between diagnosis and relapse and their prognostic value, has not been well described. To address
these issues, we analyzed the interphase fluorescence in situ hybridization (iFISH) results of 995 newly diagnosed MM
(NDMM) patients and 293 patients with MM at their first relapse. Among these patients, 197 had paired iFISH data at diag-
nosis and first relapse. Our analysis of paired iFISH revealed that a minor clone of del(17p) at relapse but not at diagnosis
was associated with poor prognosis in MM (hazard ratio for median overall survival 1.64 vs. 1.44). Fifty-six and 12 patients
developed one or more new cytogenetic abnormalities at relapse, mainly del(17p) and gain/amp(1q), respectively. We clas-
sified the patients into six groups based on the change patterns in the clonal size of del(17p) between the two time points.
Patients who did not have del(17p) during follow-up showed the best outcomes, whereas those who acquired del(17p) dur-
ing their disease course, experienced compromised survival (median overall survival: 61.3 vs. 49.4 months; hazard ratio =1.64;
95% confidence interval: 1.06-2.56; P<0.05). In conclusion, our data confirmed the adverse impact of a minor clone of del(17p)
at relapse and highlighted the importance of designing optimal therapeutic strategies to eliminate high-risk cytogenetic

abnormalities (clinicaltrials gov. identifier: NCT04645199).

Introduction

Although there have been significant improvements in the
survival of patients with multiple myeloma (MM) over the
past decade, patient outcomes still vary, and high-risk
patients do not fully benefit from novel drugs.-® This can
be attributed, in part, to intra-tumor heterogeneity within
MM, where treatment only targets sensitive clones, and
chemo-resistant clones cannot be eliminated.*® In addi-
tion, clonal evolution induced by therapy or disease pro-
gression is a crucial determinant of patient outcomes in
MM.5" Recent single-cell studies have further revealed that
subclonal secondary genetic events, which are previously
undetectable at baseline, may become detectable during
follow-up.t® Cytogenetic abnormalities (CA), particularly
those detected by interphase fluorescence in situ hybrid-
ization (iFISH) at diagnosis, have become a crucial aspect

of risk stratification in MM.°" However, iFISH-based risk
stratification is often used as a static prognostic indicator,
and little attention has been paid to examining dynamic
changes in the genetic status, such as the number of CA
and risk status, from diagnosis to relapse in MM.

As a secondary high-risk CA, deletion of chromosome 17p
(del(17p)), especially in the high subclonal fraction, is as-
sociated with poor prognosis in MM.2® Although del(17p) is
detected in approximately 5-10% of newly diagnosed MM
(NDMM) patients,® its prevalence increases to more than
10% in patients at relapse,® mainly due to the emergence
of new clones with acquired del(17p) during follow-up.""
However, the impact of del(17p) at relapse on survival at
different clonal sizes remains unclear, despite the fact
that patients who acquire del(17p) during follow-up have
significantly shorter overall survival (OS) than controls.®™'®
Furthermore, the patterns of clonal evolution of del(17p)
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between diagnosis and relapse, and its prognostic value
are not fully understood.

In order to address these questions, we analyzed the paired
genetic profiles of 197 patients with MM at diagnosis and
first relapse, characterizing the impact of risk status, num-
ber of CA, and clonal evolution on their prognostic signifi-
cance between the two time points. We also assessed the
prognostic value of del(17p) at different clonal sizes, both
at baseline and relapse. In addition, we identified different
patterns of clonal evolution of del(17p) and evaluated their
influence on patient outcomes.

Methods

Patient database and study population

The patients included in this study were sourced from the
MM database of the National Longitudinal Cohort of He-
matological Diseases (NICHE, clinicaltrials gov. Identifier:
NCT04645199). The inclusion criteria required patients to
have MM, as defined by the International Myeloma Working
Group consensus' and to have the necessary iFISH data,
including testing for gain/amp(1q), del(17p), del(13q), and
immunoglobulin heavy chain (IgH) rearrangement. MM pa-
tients diagnosed between January 2014 and June 2021 were
included in this study. A total of 995 patients with NDMM
and 293 patients with their first relapse were identified,
with median follow-up times of 76 and 85 months from
diagnosis, respectively. For acquired CA, we identified 197
patients with paired iFISH results at diagnosis and first
relapse. Patients who did not experience relapse by the
end of the follow-up period were excluded from the paired
dataset. Patients were allocated to either immunomodulat-
ing drug-based or proteasome inhibitor-based induction, as
previously described.”® After at least four cycles of induc-
tion with a minimum partial response, patients underwent
either first-line autologous stem cell transplant (ASCT) or
two additional cycles of consolidation treatment. Response
assessments were performed according to International
Myeloma Working Group consensus criteria.”® Post-in-
duction minimal residual disease (MRD) was assessed by
multiparameter flow cytometry as previously reported.”™®
MRD sensitivity threshold was between 10-* to 10-5. All the
patients provided informed consent in compliance with
the Declaration of Helsinki. This study was approved by
the local Institutional Ethics Committees of the Institute
of Hematology and Blood Diseases Hospital, Chinese Acad-
emy of Medical Science & Peking Union Medical College
(certificate: 11T2020023-EC-1).

Interphase fluorescence in situ hybridization testing at
diagnosis and relapse

The iFISH technique used in this study has been previously
described. Bone marrow (BM) aspirate samples anticoag-
ulated with EDTA were collected, and CD138* plasma cells
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(PC) were isolated using CD138* magnetic beads (Miltenyi
Biotec, Paris, France). iFISH analysis for CA included del(13q),
del(17p), gain/amp(1q), t(11;14)(q13;932), t(4;14)(p16.3;932),
and t(14;16)(g932;923) in 200 interphase nuclei. The cut-off
values for del(17p), gain/amp(1q), del(13qg), and transloca-
tions were previously reported to be 50%, 20%, 10%, and
10%, respectively.® Patients with del(17p), t(4;14), or t(14;16)
were categorized as having high-risk CA,° whereas those
without these CA were considered standard-risk.

Statistical analysis

This study aimed to investigate the association between
CA and survival outcomes in patients with MM. We de-
fined progression-free survival (PFS) as the duration from
diagnosis to the date of death, first progression, or last
follow-up. OS was calculated from diagnosis to the date
of death or last follow-up. In order to account for time
bias, we conducted post-relapse landmark PFS and OS
analysis. PFS2, the time from diagnosis to progression of
second-line treatment, was defined based on previous
studies.?® We used the Kaplan-Meier method to analyze
survival data, and differences in survival were evaluated
using the log-rank test. Hazard ratios (HR) and 95% confi-
dence intervals (Cl) were calculated using the Cox regres-
sion model. Multivariable Cox stepwise proportional models
were developed to assess the variables with significant
impact on survival in the univariable analyses, including
age, post-induction response, International Staging System
(ISS) stage, post-induction MRD status, transplantation,
and del(17p) at relapse. Continuous variables were com-
pared using either Student’s t test or Mann-Whitney U test
based on the variables’ distributional statistics. The 2 test
or Fisher’s exact test was used to assess the statistical
significance of categorical variables between the different
groups. A two-sided P value of less than 0.05 was consid-
ered statistically significant. All statistical analyses were
performed using SPSS (version 26.0; IBM, Chicago, IL, USA)
and R (version 4.2.0; R Foundation, Vienna, Austria).

Results

The presence of high-risk cytogenetic abnormalities at
relapse exerts a greater adverse impact on multiple
myeloma compared with their presence at diagnosis
This study enrolled 995 NDMM patients and 293 MM pa-
tients experienced their first relapse. Patients in these
two cohorts are shown in the Online Supplementary Table
S1. All patients underwent iFISH testing for gain/amp(1q),
del(17p), del(13q), and IgH rearrangements. Gain/amp(1q)
was observed in 220% of malignant PC in nearly half of the
patients at diagnosis (457/995, 46%), making it the second
most frequent cytogenetic event (Figure 1A). However, at
relapse, gain/amp(1q) was observed in 63% of the patients
and was the most frequent event (Figure 1B). The distri-
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bution of each cytogenetic event in the two datasets is
summarized in Table 1. We also observed del(17p) (present
in at least 50% of malignant PC) in 6% (63/995) of patients
at the time of diagnosis (Figure 1A), but this percentage
increased to 17% at relapse (Figure 1B). However, the fre-
quency of del(13q) and IgH translocations was comparable
between the two groups (Table 2).

In order to further investigate this, we compared the num-
ber of CA detected by iFISH in each patient. The results
demonstrated that patients at relapse carried more CA than
those at diagnosis, especially for two or more CA detected
using iFISH (69% vs. 54%; P<0.001; Figure 1C). Additionally,
when comparing patients with fewer than two CA to those
carrying more than two CA, it was observed that patients
with fewer than two CA exhibited a longer OS from the
time of diagnosis (at diagnosis: 68.5 vs. 41.0 months, HR
=1.83; 95% CI: 1.44-2.32; P<0.001; at relapse: 62.3 vs. 38.7
months, HR=1.60; 95% ClI: 115-2.23; P=0.005) (Figure 1D).
In order to gain a better understanding of the prognostic
relevance of high-risk CA at relapse, we examined 197 patients
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with paired iFISH results at both diagnosis and first relapse
(Figure 2A). The baseline characteristics of the patients are
presented in the Online Supplementary Table S2. In summary,
45% of the patients had ISS stage 3, 88% had at least one CA
detected by iFISH, and 33% of patients in this cohort exhibited
high-risk aberrations at baseline. Additionally, del(17p) was
observed in 7% (14/197) of patients at diagnosis and in 18%
(36/197) of the patients at first relapse, using a cutoff value
of 50% (Online Supplementary Table S2). Consistent with
our previous findings,® patients with high-risk CA, whether
detected early at diagnosis or later at relapse, experienced
inferior outcomes (Figure 2B). Moreover, the presence of high-
risk aberrations at relapse had a greater adverse effect on
MM than those present at diagnosis (first 0OS: HR=1.79; 95%
Cl: 1.25-2.57 vs. HR=1.56; 95% Cl: 1.08-2.25).

Longitudinal interphase fluorescence in situ
hybridization reveals a clonal selection of secondary
cytogenetic abnormalities

The paired iFISH results of each patient at diagnosis and
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Figure 1. The prognostic significance of high-risk cytogenetic abnormalities that are present at diagnosis or at relapse. (A) Upset
plots of cytogenetic abnormalites (CA) detected by interphase fluorescence in situ hybridization (iFISH) at diagnosis. (B) Upset
plots of CA detected by iFISH at relapse. (C) Rates of the number of CA in multiple myeloma (MM) patients detected at diagnosis
and relapse. "*P<0.001, by two-sided 2 test. (D) Kaplan-Meier analysis of overall survival (OS) for patients with <2 CA or >2 CA at
diagnosis or at relapse. NS: not significant; **P<0.001, by two-sided log-rank test.
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relapse were evaluated, and our findings demonstrated that
the newly acquired CA at relapse were primarily secondary
cytogenetic events, including del(17p) and gain/amp(1q),
whereas no obvious changes in the clonal architecture
of del(13q) were observed (Figure 3A). Compared with the
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number of CA detected by iFISH at diagnosis, MM showed
an increased number of CA at relapse (Figure 3B). While
most patients had the same number of CA between the
two time points, few patients (56, 11, and 1) developed one,
two, and three new CA, respectively, at relapse (Figure 3C).

Table 1. The distributions of cytogenetic abnormalities by probes of 995 patients in the diagnosis dataset and 293 patients in the

relapse dataset.

At diagnosis
0-10% 10.5-20%  20.5-50%
517/995 39/995 81/995
Del(13q) (52.0) (3.9) (8.1)
Gainfamp(1) 382/995 52/995 75/995
P19 (48.8) (5.2) (7.5)
884/995 17/995 31/995
Del(17p) (88.8) (1.7) (3.1)
416/995 21/995 53/995
IgH rearrangement (41.8) 2.1) (5.3)
_ 687/835 4/835 13/835
t(4;14) (82.2) (0.4) (1.6)
_ 694/827 8/827 10/827
RS (83.9) (1.0) (1.2)
_ 806/832 0/832 3/832
t(14;16) (96.8) (0) (0.4)
_ . 726/824 4/824 7/824
t(14; undefined) (88.1) 0.5) (0.8)

At relapse
N=293
>50.5% 0-10% 10.5-20% 20.5-50% >50.5%
358/995 136/293 12/293 30/293 115/293
(36.0) (46.4) (4.1) (10.2) (39.2)
382/995 94/293 15/293 25/293 159/293
(38.4) (32.1) (5.1) (8.5) (54.3)
63/995 215/293 12/293 15/293 51/293
(6.3) (73.4) (4.1) (5.1) (17.4)
505/995 116/293 4/293 15/293 158/293
(50.8) (39.6) (1.4) (5.1) (53.9)
131/835 212/259 0/259 4/259 43/259
(15.7) (81.9) (0) (1.5) (16.6)
115/827 211/257 2/257 4/257 40/257
(13.9) (82.1) (0.8) (1.6) (15.6)
23/832 245/259 0/259 1/259 13/259
(2.8) (94.6) (0) (0.4) (5.0)
87/824 225/257 0/257 3/257 29/257
(10.6) (87.6) (0) (1.2) (11.3)

at(14; undefined): patients with an undefined abnormality of the 14932 loci not corresponding to one of the above 3 described common trans-
locations. CA: cytogenetic abnormality; Del: deletion, amp: amplification; IgH: immunoglogulin heavy chain.

Table 2. Patient characteristics of 995 patients in the diagnosis dataset and 293 patients in the relapse dataset.

& NDMM
Characteristics N=995
Male, N (%) 587 (59)
Age in years, median (range) 60 (29-83)
ISS stage Ill, N (%) 390 (39)
Cytogenetics, N/N (%)

Del(13q)? 478/995 (48)
Gain/amp(1qg)® 457/995 (46)
Del(17p)° 63/995 (6)

IgH rearrangement® 579/995 (58)
t(4;14) 148/835 (18)
t(11;14) 133/827 (16)
t(14;16) 26/832 (3)

t(14;undefined)® 98/824 (12)
At least 1 CA by iFISH 807/995 (81)
High-risk CA 231/836 (28)

RRMM
N=293 P
167 (57) 0.587
57 (34-77) 0.687
132 (45) 0.084
157/293 (54) 0.109
184/293 (63) <0.001
51/293 (17) <0.001
177/293 (60) 0.542
47/259 (18) 0.950
46/257 (18) 0.556
14/259 (5) 0.130
32/257 (12) 0.896
263/293 (90) 0.004
105/266 (39) <0.001

abedThe cutoff value for del(17p), gain/amp(1q), del(13q), and IgH translocations were set at 50%, 20%, 10% and 10%, respectively. ¢t(14; unde-
fined): patients with an undefined abnormality of the 14932 locus that did not correspond to 1 of the above 3 described common transloca-
tions. fHigh-risk CA: presence of t (4;14), t(14;16), and/or del(17p). CA: cytogenetic abnormality; ISS: International Staging System; Del: deletion;
amp: amplification; IgH: immunoglogulin heavy chain; iFISH: interphase fluorescence in situ hybridization; NDMM: newly diagnosed multiple

myeloma; RRMM: relapsed/refractory multiple myeloma.
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Death or last follow-up

Median survival
Standard-risk High-risk Standard-risk High-risk

HR (95%Cl) P

1st PFS 132/132 65/65 20.5 16.7 = 1.26 (0.93, 1.70) 0.133
2nd PFS  100/131 52/63 13.9 9.8 = 1.29 (0.92, 1.80) 0.139
1st OS 75/132 46/65 63.5 38.3 = 1.56 (1.08, 2.25) 0.019
2nd OS 74/131 44/63 27.2 17.4 He— 1.48 (1.02, 2.16) 0.039
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2nd PFS  84/113 68/81 13.8 9.6 e 1.42 (1.03, 1.96) 0.033
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2nd OS 59/113 59/81 27.2 7.7 F=— 1.83(1.27,2.63) 0.001
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Figure 2. Survival outcomes in patients with different risk statuses identified by paired interphase fluorescence in situ hybrid-
ization examinations at diagnosis and relapse. (A) Diagram of different clinical endpoints used in the study. (B) Forest plots of
hazard ratio (HR) for median survival in patients with standard-risk versus high-risk cytogenetic abnormalites (CA) at diagnosis
(upper) and relapse (lower). PFS: progression-free survival; OS: overall survival; Cl: confidence interval.

Furthermore, IgH rearrangement and chromosomal trans-
locations into Ig loci are the founder cytogenetic events in
MM. And our results did not indicate any significant changes
in IgH-related CA at relapse.

We identified a total of 62 patients who maintained at
standard-risk, 20 patients who evolved to high-risk, and
112 patients who maintained at high-risk during follow-up,
respectively (Figure 3D). When comparing the survival out-
comes, the median OS for the three patient groups was as
follows: 64.2 months for those who maintained at stand-

ard-risk, 49.4 months for those who evolved to high-risk,
and 34.1 months for those who maintained at high-risk
(Figure 3E). Additionally, the median second OS for the three
groups was 27.2 months, 23.5 months, and 17.4 months,
respectively (Figure 3F). Although the log-rank test did not
show statistical differences in survival between patients
who maintained at high-risk and those who evolved to
high-risk, our result showed that patients who evolved to
high-risk experienced a relatively longer survival (15t OS:
HR=0.91, 95% CI: 0.51-1.63, P=0.751; 2" OS: HR=0.85, 95%
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Figure 3. The cytogenetic abnormality profiles between two time points and their prognostic relevance. (A) Heatmap of cell
fraction of del(17p), gain/amp(1q) and del(13q) detected by interphase fluorescence in situ hybridization (iFISH) at diagnosis and
relapse. Each row represents a specific cytogenetic abnormalites (CA), and each column represents a patient, color coded ac-
cording to the fraction of plasma cells (PC) detected with a specific CA. (B) Rates of the number of CA in multiple myeloma (MM)
patients detected at diagnosis and relapse. *P<0.05, by two-sided 2 test. (C) Sankey diagram showing the distribution and mi-
gration of patients’ number of CA between 2 time points. (D) Sankey diagram showing the distribution and migration of patients’
risk status between 2 time points. (E, F) Kaplan-Meier curves in patients with different risk statuses and evolutionary patterns
identified by iFISH. Different landmarks are used: overall survival (OS) from diagnosis (E) and OS from relapse (F). NS: not signif-
icant; *P<0.05, "P< 0.01, by two-sided log-rank test. Del: deletion; amp: amplification.

Cl: 0.47-1.56, P=0.61). Further analysis revealed that all
patients who evolved to high-risk at relapse exhibited the
acquisition of del(17p) (Online Supplementary Table S3).

Minor clone of del(17p) at relapse is associated with
poor prognosis in multiple myeloma

In order to evaluate the prognostic impact of del(17p) at
different clonal sizes, we divided the patients with this CA
into three clusters based on the percentage of PC involved:
0-10%, 10-20%, 20-50%, and 250%. Using cutoffs ranging
from 10% to 50%, the median OS at diagnosis ranged from
34.1to 29.1 months, and at first relapse, it ranged from 38.7
to 35.5 months (Figure 4A). This highlights the additional
prognostic significance of the clonal size of del(17p). Fur-
thermore, there was no significant difference in the first
PFS between patients with and without del(17p) at relapse
at different clonal sizes (Online Supplementary Figure S1A),
suggesting that poor outcomes associated with del(17p)
at relapse were mainly due to reduced survival after the
first relapse.

We then classified the clonal size of del(17p) into three
groups: £10% (no del(17p)), 10-50% (minor clone of del(17p)),
and >50% (major clone of del(17p)). Survival analyses re-
vealed that patients with a minor clone of del(17p) (10-50%)
at relapse experienced significantly shorter survival com-
pared to those without del(17p) (£10%) (15t OS: 43.9 months
vs. 63.5 months, HR=1.64, 95% CI: 1.03-2.81, P=0.044; 2"
0S: 28.1 months vs. 171 months, HR=1.98, 95% ClI: 1.15-3.41,
P=0.008). Moreover, our findings indicated no significant
difference in survival between patients carrying a major or
a minor clone of del(17p) at relapse (Figure 4D, E; Online
Supplementary Figure S1D, E).

In order to investigate whether a minor clone of del(17p)
at relapse remained an independent predictor of outcome
when taking account of other prognostic markers includ-
ing age =265 years, post-induction response, ISS stage,
post-induction MRD status, transplantation and del(17p)
at relapse, we included del(17p) in a multivariable analysis.
After univariable analysis, age =65 versus <65 years and
del(17p) were included in multivariable analysis. Using mul-
tivariable Cox stepwise proportional model, the presence
of a minor clone of del(17p) at relapse predicted shorter
second OS with a hazard ratio of 1.90 (95% ClI: 110-3.29;
P=0.021) (Online Supplementary Tables S4 and S5). There-
fore, 10% may be the proper cutoff value for del(17p) at
relapse.

Clonal evolution of del(17p)

Subsequently, we classified the patients into six groups ac-
cording to the change patterns in the clonal size of del(17p)
between the two time points (Figure 5A). Patients in group
A, who experienced the loss of del(17p) at relapse, those in
group B, who had a decreasing clonal size from the major to
the minor clone at relapse, and those in group C, who did
not have del(17p) at both time points, had similar superior
outcomes (with a second OS of 50.3 months, 16.6 months,
and 26.9 months, respectively). In contrast, patients in
group D, who had newly acquired del(17p) at relapse, had a
relatively worse survival (with a second OS of 20.2 months).
Of the remaining 16 patients, those with a stable clone of
del(17p) between the two time points (group E) and those
with an obvious increase in clonal size of del(17p) (group
F) had the poorest outcomes (with a second OS of 12.5
months and 12.8 months, respectively; Figure 5B). These six
del(17p) evolutionary groups were subsequently combined
into three patterns, based on the survival curve. Although
there was no significant difference in the sampling time
between the two time points (Figure 5C), survival analysis
revealed that the different evolutionary patterns of del(17p)
were able to distinguish the survival curves of OS from
diagnosis and post-relapse survival (Figure 5D-F; Online
Supplementary Figure S2A).

Longitudinal analyses were conducted to investigate the mi-
nor clone of del(17p) at diagnosis, with a focus on patients in
groups D and F. For patients in group D, nine and 27 patients
without del(17p) at diagnosis evolved into a minor clone or
major clone of del(17p) at relapse, respectively (Figure 6A;
Online Supplementary Table S6). Within our cohort, we also
observed two patients who had del(17p) present in less than
10% of PC at baseline, but who subsequently acquired a
major clone of del(17p) during follow-up (Figure 6B). Despite
the relatively low incidence of del(17p) at diagnosis (14%
at the 10% cutoff value), we observed that 18% (36/197) of
cases acquired del(17p) during follow-up and 3% (5/197)
had a significant increase in clonal size at relapse (Online
Supplementary Table S6). Our findings suggest that clonal
selection might occur on minor clones of del(17p), which
is indicative of poor prognosis in MM.

Discussion

This retrospective analysis involved the examination of 995
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Figure 4. The prognostic significance of del(17p) that are present at diagnosis or at relapse. (A) Forest plots of hazard ratio (HR)
for median survival in patients with different cell fractions of del(17p) at diagnosis (upper) or at relapse (lower). (B, C) Kaplan-Mei-
er curves in patients at diagnosis with no del(17p), a minor clone of del(17p) or a major clone of del(17p). Different landmarks are
used: overall survival (OS) from diagnosis (B) and OS from relapse (C). NS: not significant; *P<0.05, by two-sided log-rank test. (D,
E) Kaplan-Meier curves in patients at relapse with no del(17p), a minor clone of del(17p) or a major clone of del(17p). Different
landmarks are used: OS from diagnosis (D) and OS from relapse (E). NS: not significant; *P<0.05, "*P<0.01, **P<0.001, by two-sid-

ed log-rank test. CF: cell fraction. Cl: confidence interval.

patients with NDMM and 293 patients with first-relapse MM,
all of whom had cytogenetic data available. Among them,
197 patients had paired iFISH results at both diagnosis and
the first relapse. Our study led to five main conclusions.
First, risk status was dynamic, and routine iFISH should
be performed at the first relapse to re-evaluate patients’
risk statuses. Second, clonal evolution caused by disease
progression resulted in a higher incidence of secondary CA,
specifically del(17p) and gain/amp(1q), at relapse than at

diagnosis. Third, our findings demonstrated that patients
who experienced changes in risk status or acquired new
CA during follow-up had poorer survival rates, both from
diagnosis and post-relapse, compared to patients who
maintained standard risk status or the same number of
CA between the two time points. Fourth, a minor clone of
del(17p) at relapse, but not at diagnosis, was associated
with poor prognosis in MM. Finally, patients who never had
del(17p) during follow-up had the best outcomes, whereas
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Figure 5. Clonal evolution of del(17p) in 197 patients with paired interphase fluorescence in situ hybridization results. (A) The change
in cell fraction (CF) of del(17p) between 2 time points. Different colors demonstrate 6 different evolutionary patterns. (B) Overall
survival (OS) from second sampling among patients with different del(17p) evolutionary patterns. (C-F) Six del(17p) evolutionary
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Figure 6. Representative patterns of clonal evolution of del(17p) in relapsed patients. Fish plots visualizing 5 representative patterns
of clonal evolution of del(17p) in relapse patients according to the cell fraction of cytogenetic abnormalities (CA) detected using
interphase fluorescence in situ hybridization (iFISH) at diagnosis. The vertical line highlights sampling points at diagnosis, post-in-
duction, and relapse. (A) Without del(17p) at diagnosis and with major clones at the first progression (73%) and second progression
(100%). (B) Without del(17p) at diagnosis (8%) and with a major clone at first progression (74%). (C) Without del(17p) at diagnosis, at
first progression (3%) and post-first progression (7%), evolved into a major clone at the second progression (58%). (D) A minor clone
of del(17p) at diagnosis (10.5) evolved into a major clone at the first progression (98%) and second progression (100%). (E) Minor
clone of del(17p) at diagnosis (12.5%), eliminated at remission, regrew to major clone at first progression (54%). MM: multiple mye-
loma; MRD: minimal residual disease.
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those who had newly acquired del(17p) had compromised
survival.

The survival analyses in our study revealed that high-risk
CA were associated with reduced survival compared to
standard-risk CA at diagnosis for all endpoints examined.
These findings remained consistent for patients with high-
risk CA at first relapse, which was in line with the results
of previous studies.?"?? Additionally, patient outcomes were
more significantly affected by the presence of high-risk
CA at the time of relapse than at diagnosis. Clonal evolu-
tion has been widely recognized as inherent mechanism
driving the progression of MM,?32* and extensive research
has investigated various patterns of clonal evolution from
diagnosis to the first relapse.®' In our study, patients who
evolved to high-risk experienced relatively longer survival
compared to those maintained at high-risk during fol-
low-up, while patients who maintained a standard-risk
status demonstrated the best survival outcome. However,
the elimination of high-risk CA during follow-up was infre-
quent, as demonstrated by only three (2%) patients in our
cohort. These findings further supported the cumulative
nature of CA, especially high-risk CA, which had a negative
impact on the prognosis of MM.

While there is no universally agreed upon definition for
high-risk myeloma,?*® previous studies have consistently
demonstrated that del(17p) is a strong predictor of poor
prognosis in patients.?”?° Depending on the specific cut-
off value employed, iFISH-based detection of del(17p) has
been reported in 5-20% of NDMM patients,?”** with those
with aggressive forms of the disease, such as PC leukemia,
having significantly higher incidence rates of del(17p).** In
previous reports on NDMM patients treated with bortezomib
and dexamethasone, the 4-year OS rates were 50% and
79% for patients with and without del(17p), respectively.®*A
phase Il trial of ixazomib or placebo, in combination with
lenalidomide and dexamethasone, for relapsed/refractory
multiple myeloma (RRMM), has shown that patients with-
out and with del(17p) (observed in 25% of malignant PC)
have a median PFS of 21.4 and 9.7 months, respectively.*®
These results highlight the prognostic value of del(17p) in
both NDMM and RRMM patients.

In our study, a cutoff of 50% was established for del(17p) at
diagnosis, based on the findings from our previous study.®
Del(17p) was detected in 7% (14/197) of the patients at diag-
nosis and 18% (36/197) of the patients at first relapse, using
the cutoff value of 50%, respectively. Additionally, our further
analysis revealed that a minor clone of del(17p) at relapse,
but not at diagnosis, was associated with a poor prognosis
in MM. Therefore, a cutoff value of 10% may be appropriate
for del(17p) at relapse. However, laboratories often prefer to
use the mean + standard deviation from normal BM controls
as the cutoff value. And the choice of the cutoff value for
del(17p) at diagnosis remains a topic of debate, with ongoing
discussions on how conservative it should be. Hence, further
validation of our results is necessary to determine whether

J. Cui et al.

a lower cutoff value should be at relapse.

Several factors may contribute to the poor prognosis of
patients with a minor clone of del(17p) at relapse. Firstly,
studies have shown that therapy-induced clonal evolu-
tion can occur as early as the post-induction stage.”*63
The residual PC not only undergo clonal evolution at the
cytogenetic level, but also adapt to treatment at the tran-
scriptional level. The upregulation of antioxidative genes,*¢
and protein-folding response genes® has been observed
in residual PC. Consequently, despite the small number of
remaining tumor cells after treatment, their adaptation to
therapy makes it difficult to eliminate these cells. From
this perspective, minor clones of del(17p) can be considered
“smart” tumor cells that possess an adaptive response to
treatment. Secondly, a previous study reported that inflam-
mation in the BM of MM patients persists after anti-tumor
therapy.®® And the abundances of tumor-associated mac-
rophages, natural killer cells, and inflammatory classical
dendritic cells has been linked to subclonal (10-80%) or
dominant (>80%) gain/amp(1q).° The interactions between
tumor cells and the MM tumor microenvironment contribute
to the immune escape of tumor cells. It can be hypothesized
that both tumor-intrinsic factors and external microenvi-
ronmental factors simultaneously contribute to the drug
resistance observed in the minor clone of del(17p), which
ultimately resulting in a poor prognosis for these patients.
The acquisition of del(17p) during follow-up is considered a
rare event in MM, as recently reported in a study of 52 pa-
tients with MM who underwent paired targeted sequencing
at diagnosis and first relapse. In this study, only 3.8% (2/52)
of patients acquired del(17p).”® In a more recent study of
76 patients who acquired del(17p) later during the disease
course, the median PFS was 30.1 and 23.0 months (P=0.032),
and the median OS was 106.1 and 68.2 months (P<0.001) for
controls and patients with acquired del(17p), respectively.
In another study of 956 patients who were tested for CA
by iFISH at diagnosis and first relapse, acquired del(17p)
was observed in 38 patients.® In our cohort, 36 patients
had newly acquired del(17p) at the time of relapse. Among
these patients, nine and 27 patients without del(17p) at
diagnosis developed minor or major clones of del(17p) at
relapse, respectively. Consistent with previous studies,®™
patients with acquired del(17p) had significantly shorter
OS than those without del(17p) at both time points (49.4
vs. 63.5 months; P<0.05).

Our study had some limitations owing to its retrospective
nature. Data on post-relapse survival were not available
for all the patients. As patients were not enrolled in a
prospectively designed trial, iFISH was not performed at
regular time intervals or at every relapse. Additionally, al-
though patients received a relatively homogeneous induction
treatment, there was considerable heterogeneity in their
post-relapse treatment. Additionally, as the incidence of
del(17p) at relapse was low (<10%), and the number of pa-
tients with del(17p) in each group was limited, this result
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should be validated in future studies in larger cohorts of
patients. Furthermore, recent data have shown that some
patients carry micro-subclones of secondary CA that may
be missed by bulk analyses such as iFISH.2™ Therefore,
advanced techniques such as next-generation sequencing
and single-cell RNA sequencing should be used to monitor
the clonal evolution of MM with higher resolution. Besides,
the lack of next-generation sequencing data also results
in our inability to assess the TP53 allelic state. Finally,
survival analysis, other than PFS1, depends on possibly
high-risk-enriched patients since they are all selected as
relapse patients, thus the interpretation of the results of
our study needs to take into account that the populations
of interest in our study are for relapsed patients.

In conclusion, our data confirmed the poor prognosis of MM
associated with high-risk CA. Our findings suggest that even
a small subclone of del(17p) at diagnosis should be treated
as a high-risk MM. Acquisition of del(17p) or a significant
increase in the clonal size of del(17p) during disease pro-
gression, though rare events in MM, were associated with
a marked reduction in patients’ survival outcomes.

We recommend that prospectively designed clinical studies
be conducted to regularly monitor the clonal evolution of
MM and develop optimal therapeutic strategies to elimi-
nate high-risk CA.
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