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ABSTRACT

C omplex karyotype (CK) at chronic lymphocytic leukemia (CLL)

diagnosis is a negative biomarker of adverse outcome. Since the

impact of CK and its subtypes, namely type-2 CK (CK with major
structural abnormalities) or high-CK (CK with =5 chromosome abnor-
malities), on the risk of developing Richter syndrome (RS) is unknown,
we carried out a multicenter real-life retrospective study to test its prog-
nostic impact. Among 540 CLL patients, 107 harbored a CK at CLL diag-
nosis, 78 were classified as CK2 and 52 as high-CK. Twenty-eight
patients developed RS during a median follow-up of 6.7 years. At the
time of CLL diagnosis, CK2 and high-CK were more common and pre-
dicted the highest risk of RS transformation, together with advanced
Binet stage, unmutated (U)-IGHV, 11qg-, and TP53 abnormalities. We
integrated these variables into a hierarchical model: high-CK and/or CK2
patients showed a 10-year time to RS (TTRS) of 31%; U-IGHV/11q-
/TP53 abnormalities/Binet stage B-C patients had a 10-year TTRS of
12%; mutated (M)-IGHV without CK and TP53 disruption a 10-year
TTRS of 3% (P<0.0001). We herein demonstrate that CK landscape at
CLL diagnosis allows the risk of RS transformation to be refined and we
recapitulated clinico-biological variables into a prognostic model.

Introduction

Chronic lymphocytic leukemia (CLL), the most common leukemia in western
countries, is a remarkably heterogeneous disease, with some patients never requir-
ing treatments and others with a highly aggressive and/or rapidly progressive clin-
ical course."? Richter syndrome (RS) is the transformation of CLL into an aggres-
sive lymphoma, most commonly resembling diffuse large B-cell lymphoma
(DLBCL) or Hodgkin lymphoma (HL) variants.>* It is characterized by fast growing
lymphadenopathies, 18-fluorodeoxyglucose (FDG) positron emission tomography
computerized tomography (PET-CT)-avid masses, B symptoms, worsening per-
formance status and increased lactate dehydrogenase levels.” It is a challenging
task to distinguish RS from progressive CLL and it is even more difficult to study
prognostic markers since the frequency of RS transformation affects 2%-10% of
CLL patients.®

Several studies have proved that chromosome banding analysis is able to refine
the prognostic stratification of CLL compared to fluorescence in situ hybridization
(FISH) analysis. In fact, 22%-36% of CLL cases with ‘normal’ FISH carry a chro-
mosomal aberration following stimulated karyotypic analyses. In particular, com-
plex karyotype (CK), defined by the presence of at least three chromosome lesions
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in the same clone, is detectable in 14%-34% of CLL
cases.” The presence of a CK is both a negative prognos-
tic and predictive biomarker associated with an adverse
outcome®” and worse response to chemoimmunothera-
py,” ! as well as to novel agents,'>'® regardless of the CLL-
IPT score or IGHV mutational status.® However, the CK
itself is a heterogeneous quantitative and qualitative cyto-
genetic category that includes numerical (i.e., monosomies
and trisomies) and structural abnormalities (i.e., balanced
and unbalanced translocations, marker chromosomes,
isochromosomes, deletions, insertions and additions).
Recently, collaborative studies have demonstrated that
among CK cases assessed at CLL diagnosis, those harbor-
ing five or more chromosome abnormalities (high-CK)" or
those with major structural abnormalities, also called
type-2 CK (CK2),"! identify highly aggressive disease
subsets with a poor outcome; the latter is also character-
ized by a peculiar mRNA expression profile.'"" Indeed,
most of the patients included in these retrospective studies
were managed with chemoimmunotherapy.'*' However,
the presence of CK has rarely been associated to the devel-
opment of RS and, to date, it is unknown whether CK
subtypes, namely high-CK or CK2, could help to identify
patients at a higher risk of developing an RS at CLL diag-
nosis.

In this multicenter retrospective study, we documented,
for the first time, that the presence of a CK at CLL diagno-
sis is associated with an increased risk of developing an
RS. In particular, patients with CK2 and high-CK had the
highest likelihood of RS transformation. Finally, we reca-
pitulated clinico-biological variables associated with RS
into a prognostic model defining three statistically distinct
classes of risk of developing RS, the lowest risk for IGHV
gene mutated (M-IGHV) being patients without any CK
subtypes and an absence of TP53 abnormalities, and the
highest risk for patients harboring highCK and/or CK2
subtypes.

Methods
Study design

Inclusion criteria for this study were diagnosis of CLL according
to the 2008 iwCLL guidelines, histologically confirmed diagnosis
of RS (diffuse large B-cell lymphoma or high-grade B-cell lym-
phoma), age >18 years and chromosome banding analysis per-
formed within one year of diagnosis in patients without features
of disease progression. Data included in the comparative analysis
were gender, age, Binet stage,'” CLL treatment prior to RS, 11q22-
23 deletion by FISH,” IGHV gene mutational analysis21 and TP53
abnormalities including gene deletions (deletion 17p13) or muta-
tions,”? and B2-microglobulin level >3.5 mg/L. The primary end-
point was the impact of overall CK, CK2 and highCK on the time
to Richter syndrome (TTRS) transformation. The correlation of RS
with clinical and biologic variables and their impact on TTRS were
secondary endpoints. This study was approved by the local
research ethics committee and informed consent was obtained
from all patients.

Chromosome banding analysis

Cytogenetic analysis was performed on peripheral blood after a
72h exposure to 500 uM CpG ODN DSP30 (Roche, Risch, CH)
mitogen + 20U/mL IL2 (Roche). Cultures were exposed overnight
to 0.1 wg/mL colcemid (Gibco® Karyomax Colcemid,
ThermoFisher, Waltham, MA, USA) to obtain metaphases and
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then harvested following standard procedures. Karyotype was
described after the analysis of at least 20 G-banded metaphases
using IKAROS software (MetasYstems, Altlhusseim, Germany),
according to international guidelines ISCN 2016). The definition
of a complex karyotype (CK) was defined by the presence of three
or more chromosome abnormalities in the same clone 5%
According to the literature, CK2 is represented by CK cases with
major structural rearrangements that are unbalanced transloca-
tions, chromosome additions, insertion, duplications, ring, dicen-
tric and marker chromosomes, whereas complex karyotypes with
balanced translocations, deletions, monosomies or trisomies is
defined as type-1 (CK1).! High-CK cases were those presenting at
least five chromosome abnormalities.* Chromosome abnormali-
ties found in only one metaphase were not considered as clonal,
and were excluded. Karyotypes were reported by local cytogeneti-
cists (AM, MAB and MN) and reviewed by LB and AV.

Detail descriptions of IGHV mutational status,”? an assess-
ment of stereotyped B-cell receptor (BCR),***' cytogenetics by flu-
orescence in situ hybridization (FISH),*** TP53 gene mutation,”
and NOTCH1 ¢.7544_7545delCT analysis® are available in the
Online Supplementary Methods.

Statistical analysis

Categorical variables were compared by the %’ test (for Binet
stages and FISH) or the Fisher exact test (gender, treatment, TP53
and /GHV), when appropriate. Continuous variables (median age)
were compared using the Mann-Whitney test. TTRS was calculat-
ed starting from the date of CLL diagnosis to RS transformation
(event) or last known follow-up (censored).'”** Overall Survival
(OS) was calculated starting from the date of CLL or RS diagnosis,
when specified, to death for any cause, or to last known follow-
up. Survival analyses were performed by the Kaplan-Meier
method and the Log-rank test was used to compare survival
curves between groups. The Cox regression model was employed
to estimate hazard ratios (HR). The Cox proportional hazard
assumption was assessed based on the scaled Schoenfeld residu-
als. The stability of our model was internally validated by the
bootstrap 0.632 method with B=540. The Harrell concordance
index (c-index; 1.0 indicates a perfect discrimination, while a value
of 0.5 indicates equivalence to chance) was used to compare our
prognostic model.* The prediction error was calculated as 1 - c-
index, corrected for optimism and estimated using the 0.632 boot-
strap method.* Akaike information criterium (AIC) was calculat-
ed using the AIC function with R (an open-source statistical pack-
age downloadable from huty://wiww.r-project.org).” A P value >0.05
was considered as not significant.

Results

Patients’ characteristics

We gathered data from 540 treatment-naive CLL
patients with chromosome banding analysis assessed
within 12 months from diagnosis at three Italian centers
(Table 1). The median age at diagnosis of the whole case
series was 6312 years, 61% were male, 75% showed
Binet A stage, the median B2-microglobulin was 2.93
mg/L, 57 % of patients were U-IGHV, 11% harbored TP53
abnormalities (8% 17p13 deletion and 3% only TP53
mutation) and 20% a CK (Figure S1A). NOTCH1 muta-
tion was assessed in 47 patients at CLL diagnosis and it
was found in two subjects who further developed RS.
Two hundred and fifty-two patients subsequently
received at least one line of therapy - 31% FCR (fludara-
bine, cyclophosphamide, rituximab), 17 % BR (bendamus-
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Table 1. Clinical and biological features of patients.

Age (years)
median+sd 63+12 63+9.8 63+12 0.8793
Age at RS (years)
median+sd 68+12 68+12 - na.
Gender
Female 211 (39%) 11 (39%) 200 (39%) >0.9999
Male 329 (61%) 17 (61%) 312 (61%)
Binet stage
A 407 (75%) 15 (54%) 392 (T7%) 0.0113
B-C 133 (25%) 13 (46%) 120 (23%)
{2-microglobulin (mg/L)*
median+sd 2.9+15 3.2+0.98 2.9+1.6 0.1216
IGHV status
M-IGHV 232 (43%) 6 (21%) 225 (44%) 0.019
U-IGHV 309 (57%) 22 (19%) 287 (56%)
FISH
13q or Normal 404 (75%) 19 (68%) 385 (75%) 0.0861
+12 84 (15%) 3 (11%) 81 (16%) 0.0415*
11g- 52 (10%) 6 (21%) 46 (9%)
TP53 abn
Normal 482 (89%) 19 (68%) 463 (90%) 0.0043
Disrupted 58 (11%) 9 (32%) 49 (10%)
KARYOTYPE
no CK 433 (80%) 14 (50%) 419 (82%) 0.0002
CK 107 (20%) 14 (50%) 93 (18%)
QUALITATIVE
no CK 433 (80%) 14 (50%) 419 (82%) <0.0001
CK1 29 (5%) 1 (4%) 28 (5%)
CK2 78 (14%) 13 (46%) 65 (13%)
QUANTITATIVE
0 165 (30%) 3 (11%) 162 (32%) <0.0001
12 269 (50%) 11 (39%) 258 (50%)
3-4 54 (10%) 3 (11%) 52 (10%)
=5 52 (10%) 11 (39%) 41 (8%)
RS SCORE
low-risk 212 (39%) 3 (11%) 209 (41%) <0.0001
Int.-risk 247 (46%) 12 (43%) 235 (46%)
high-risk 81 (15%) 13 (46%) 68 (13%)

RS: Richter syndrome; sd: standard deviation; M-IGHV: mutated IGHV gene; U-IGHV: unmutated IGHV gene; 11q-: del11q22-23 by interphase FISH analysis; TP53 abn: TP53 abnor
malities include deletions and/or mutations; CK: complex karyotype; CK1: type-1 CK; CK2: type-2 CK; highCK: =5 chromosome abnormalities; high-risk: CK2 and/or highCK; int.-
risk: U-IGHV/11q-/TP53abn/Binet B-C; low-risk: M-IGHV without CK and TP53 wild type; n.a.: not applicable; * data available from 520 (96%) patients, 26 (93%) who developed
an RS and 494 (96%) who did not transform; + Analysis between subgroups with 11g- and others.

tine, rituximab), 10% ibrutinib, 5% chlorambucil plus an
anti-CD20 monoclonal antibody, 2% venetoclax, 35%
other treatments such as FC or chlorambucil single agent
as first line therapy - and 90 died during the follow-up.
According to the qualitative CK subtype, 29 of 107
(27 %) patients displayed a CK1 and 78 (73%) a CK2
(Online Supplementary Figure S1A, Table 1) whereas,
according to the number of chromosome lesions, 165
(30%) patients had a normal karyotype (i.e., 46,(XX) or
46,(XY) for females and males, respectively), 268 (50%)
had one or two lesions, and 54 (10%) three or four abnor-

malities and 52 (10%) were classified as high-CK (i.e., =5
chromosome lesions) (Online Supplementary Figure S1A and
S2A, Table 1). In particular, a high-CK was more common
in CK2 than in CK1 patients, being present in 63% of
patients harboring a CK2 subtype but in only 10% of CK1
patients (P<0.0001, Online Supplementary Figure S2A).

As a preliminary step for our further analysis, we con-
firmed the established prognostic role of overall CK, CK
with major unbalanced abnormalities (i.e., CK2) and
highCK in our dataset (Figure S2B-D). The 10-year OS
was 54% and 79% for CK and no-CK patients, respective-



Table 2. Hazard ratios (HR) for the time to Richter syndrome.

TTRS
=65 years 14 0.6-2.9
Age+ 1.02 0.9-1.1
Male 1.0 0.5-2.1
(32MG high* 18 0.6-5.6
Binet B-C 3.9 1.6-9.6
U-IGHV 4.0 1.9-8.6
+12 0.8 0.3-24
11g- 4.6 1.3-16.7
TP53 abn 9.5 2.9-314
CK 74 3.0-183
CK2 8.8 49-198
High-CK 9.9 6.5-22.9

RS MODEL
Low-risk 1.0 -
Int.-risk 40 14-114
High-risk 13.6 7.1-20.9

0.4289 - - -
0.2120 - - -
0.9379 - - -
0.2925 - - -
0.0024 29 14-6.3 0.0039
0.0004 45 18-11.3 0.0011
0.6675 - - -
0.0215 28 1.1-6.9 0.0285
0.0002 39 1.8-8.7 0.0008
<0.0001 47 2.2-9.9 <0.0001
<0.0001 5.6 2.7-118 <0.0001
<0.0001 6.9 3.3-14.9 <0.0001
- 1.00 - -
0.0101 34 1.5-7.5 0.0023
<0.0001 9.2 47-173 <0.0001

TTRS: time to Richter syndrome; B2MG high: beta2-microglobulin >3.5mg/L; UIGHV: unmutated IGHV gene; TP53 abn: TP53 abnormalities include deletions and/or mutations;
CK: complex karyotype; CK1: type-1 CK; CK2: type-2 CK; highCK: =5 chromosome abnormalities; High-risk: CK2 and/or highCK; Int.-risk: UIGHV/11q-/TP53abn/Binet B-C; Low-
risk: M-IGHV without CK and TP53 wild type; n.a.: not applicable; + : age considered as continuous variable; * : data available from 520 (96%) patients, 26 (93%) who developed

an RS and 494 (96%) who did not transform.

ly (P<0.0001, Online Supplementary Figure S2B); 48% vs.
72% vs. 79% for CK2, CK1 and no-CK (P<0.0001, Online
Supplementary Figure S2C), respectively; 44% vs. 64% vs.
70% vs. 90% for patients with 25 (i.e., high-CK), 4-3, 2-1
and without chromosome abnormalities (P<0.0001,
Online Supplementary Figure S2D), respectively.

Clinico-biological features of patients who developed
a RS transformation

Twenty-eight (5.2%) patients developed a histologically
confirmed RS over a median follow-up of 6.7 years (Figure
S1B). The median age at RS diagnosis was 68 years (range
38-84), 61% were male, 75% had received a CLL treat-
ment in the past, 79% were U-IGHV, 32% presented TP53
abnormalities, 50% harbored a CK at CLL diagnosis,
which included 46% and 39% of CK2 and high-CK sub-
types, respectively. Eight cases showed deletion of 9p21.3,
i.e., the locus of CDKN2A gene, all with a CK. In particu-
lar, 8 of 8 were classified as CK2 and 6 of 8 as high-CK
subtype. Only one patient, who developed RS, received
ibrutinib frontline. We also observed that more patients
who developed an RS displayed an advanced Binet stage
at CLL diagnosis (P=0.0113) and were enriched in U-IGHV
(P=0.0191), TP53 abnormalities (P=0.0043), CK overall
(P=0.0002), CK2 (P<0.0001) and high-CK (P<0.0001) cases
as compared to patients who did not develop an RS (Table
1, Figure S1C). Age at CLL diagnosis (median age 63.5 and
63.3 years), gender distribution (both 61%), trisomy of
chromosome 12 (11% and 16%), f2-microglobulin (medi-
an levels 3.2mg/L and 2.9mg/L) and stereotyped BCR
(10.7% vs. 9.8%) had a superimposable distribution
among patients with and without an RS transformation

(Table 1).

Prognosticators of Richter Syndrome
The cumulative incidence of RS slowly increases over
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time. As shown in Figure 1A, 2.6%, 12% and 13% of
patients developed an RS within five, ten and 15 years
after CLL diagnosis, respectively. We observed that
patients with a CK, overall (Figure 1B) and its subtypes
(Figure 1C-D), had a very high risk of developing an RS.

The estimated ten-year TIRS to be 25% vs. 8%
(P<0.0001), 38% wvs. 8% (P<0.0001) and 41% vs. 8%
(P<0.0001) for patients with CK vs. no-CK, CK2 vs. other
patients (i.e., CK1 or noCK), highCK vs. other patients
(i.e., 3-4 or 1-2 or, 0 chromosome abnormalities) respec-
tively (Figure 1C-D and S3G-H). Multivariate analysis
revealed that CK overall was associated with a more than
four-fold higher risk of developing an RS (HR 4.7, 95% CI
2.2-9.9, P<0.0001). This risk was even higher for CK sub-
types, being more than five-fold (HR 5.6, 95% CI 2.7-11.8,
P<0.0001) and seven-fold (HR 6.9, 95% CI 3.3-14.9,
P<0.0001) higher for patients harboring CK2 and high-CK
subtypes, respectively (Table 2). Other variables associat-
ed with TTRS at univariate and multivariate analysis were
Binet stage B-C, U-IGHV, 11q-, TP53 abnormalities (Table
2, Online Supplementary Figure S3A-E).

Among CK2 and/or high-CK patients (n=81), 32 (39%)
patients carried TP53 abnormalities and 52 (63%) an
U-IGHV status. We found that TP53 abnormalities and
IGHYV status mildly impact on the risk of developing RS
among CK2 and/or high-CK subgroup, but the difference
was not statistically significant (Figure S4A-B, P=0.1150
and P=0.1405, respectively). These data suggest that CK
subtypes per se represent a stronger prognosticator of RS
transformation than conventional biologic markers such
as TP53 disruption and U-IGHV conformation.

The median OS from CLL diagnosis for the whole pop-
ulation was not reached and the estimated ten-year OS
was 73% (Figure S5A). Patients who developed an RS had
a shorter OS (Figure 2A). The median OS was seven years
vs. not reached and the estimated ten-year OS was 16%

Complex karyotype subtypes and RS -
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Figure 1. Kaplan Meyer curves of time to Richter syndrome. The upper-left (A) panel shows the time to Richter syndrome (RS) transformation for the whole popula-
tion. Patients with a CK overall (B), CK2 (C) or high-CK (D) have a significantly increased a risk of developing an RS compared to the other patients (Log-rank test,

P<0.0001).

vs. 79% for patients who developed an RS vs. those who
did not transform (Figure 2E, P<0.0001), respectively.
Variables that were associated with a higher risk of death
in multivariate analysis are summarized in Table S1.

The median time from CLL diagnosis to RS transforma-
tion was 5.3 years. ranging from 0.10 years to 10.8 years.
In only one patient was RS was diagnosed within six
months of CLL diagnosis. The median OS from RS trans-
formation was 5.3 months and the two-year OS was only
20% (Figure 2B). The OS from RS was not affected by the
presence of a CK at CLL diagnosis nor its subtypes (Figure
S5B-C). The two-year OS from RS was 28% vs. 10% for
CK2 cases and other patients (i.e., CKl1 and no-CK)
(P=0.3317) and 24% vs 16% for high-CK cases and other
patients, respectively (i.e., <5 chromosome abnormalities)
(P=0.9864) (Figure S5C-D). No traditional prognostic
markers could foresee the risk of death after RS diagnosis
in our population (Table S2).

A Richter syndrome prognostic model

By integrating CK subtypes, TP53 abnormalities, 11q
deletion, IGHV mutational status and Binet stages based
on HR values, we developed a hierarchical model leading

to the identification of three statistically different groups.
These were ranked from the shortest to the longest TTRS,
as follows: 81 (15%) patients were classified as high-CK
and/or CK2, and had a five-year and ten-year TTRS of
13% and 31%; 247 (46%) patients displayed a U-IGHV
status or 11q- or TP53 disruption or Binet stage B-C, and
showed the five-year and ten-year TIRS of 0.9% and
12%; 212 (39%) patients were M-IGHV without CK and
TP53 abnormalities, and had a five-year and ten-year
TTRS of 0.7% and 3% (Figure 3, P<0.0001). Multivariate
analysis confirmed that the former subgroup (i.e., high-CK
and/or CK2) was associated with the highest risk of RS
transformation (HR 9.2, 95% CI 3.8-46, P<0.0001) com-
pared to the low-risk group, one which is characterized by
the presence of M-IGHV without CK and TP53 abnormal-
ities. Patients with U-IGHV or 11g- or TP53 abnormalities
or Binet stage B-C had an intermediate risk, with a three-
fold higher risk of RS compared to low-risk patients (HR
3.4,95% CI 1.5-7.5, P=0.0023) (Table 2). Our model was
also internally validated using the bootstrap 0.632 method
showing a prediction error of 0.26. Finally, the c-index for
our proposed model was 0.81 for TTRS and the Akaike
information criterium was 286. These results indicate that
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develop an RS (no RS). Patients who developed an RS had a shorter overall survival, calculated from CLL diagnosis (Log-rank test, P<0.0001). The right (F) panel
shows the overall survival after RS transformation, confirming these patients’ very poor prognosis.

our model had a good prediction accuracy for the risk of
developing an RS; higher than of the CLL-IPI*® (c-index
0.69, prediction error 0.28, Akaike information criterium
301) and the Barcelona-Brno® (c-index 0.74, prediction
error 0.25, Akaike information criterium 292) scores accu-
racies applied to our population (Figure S4C-D). Based on
the lower Akaike score, our RS prognostic model better
predicts the risk of developing an RS than the available
comparators.

Discussion

In this multicenter retrospective study, we demonstrat-
ed that patients harboring a CK at CLL diagnosis, in par-
ticular those with CK2 and/or high-CK, are characterized
by the highest risk of developing an RS transformation.
Subsequently, by integrating data of CK subtypes with
other clinical and biologic variables associated with the
risk of RS, we were able to define an RS prognostic model.
To minimize selection and attrition biases, as well as
imprecise reporting of data inherent to observational stud-
ies, we asked the clinicians to report all patients who per-
formed stimulated cytogenetic analysis within the first
year of diagnosis. We analyzed the reported data and per-
formed computerized and manual consistency checks on
each case report form.

RS is a rare and an aggressive complication of CLL
patients, affecting between 2% and 10% of CLLs.** Most
RS patients are elderly, have a poor performance status
and suffer from several comorbidities which limit the use
of intensive chemoimmunotherapy.”’ Since the majority
of patients are primary refractory to first-line treatment
and only a few are able to undergo allogenic stem cell
transplantation procedures, the reported estimated sur-
vival after a diagnosis of RS is usually less than one year,
even with the introduction of targeted-therapy*"** and
immune checkpoint inhibitors.”® For these reasons, the
standard of care of patients with RS remains a primary
unmet need. Known biologic risk factors for the develop-
ment of RS are TP53 and CDKN2A aberrations, NOTCH1
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mutation and a stereotype BCR subset #8.** To date, the
impact of CK at CLL diagnosis on the risk of developing
RS has been investigated in only a few studies.***

The German CLL study group has recently reviewed the
clinical features of RS patients as part of their clinical
trials.* In this study, 3.5% of CLL developed an RS trans-
formation after a median observation time of 4.4 years.
The median age at RS was 65 years and the median OS
after RS was 9.4 months, which was significantly longer
for HL compared to the DLBCL variant (median OS 83
months vs. 8.7 months, respectively). Adverse risk factors
at trial enrollment, such as 17p13 deletion by FISH, high
B2-microglobulin and CLL-IPI scores were more common
in patients who developed an RS34 while NOTCHI1
mutations and stereotype #8 were not recurrent in RS
cases.” Conversely, among the 204 RS from the Mayo
clinic, the median OS after RS diagnosis was 12 months.*®
In a multivariate Cox regression analysis, prior CLL treat-
ment and older age, but not TP53 disruption, were associ-
ated with a shorter OS.*® The results of our real-life study
are in line with the GCLLSG and Mayo clinic reports, even
though our patients were slightly older; this could explain
the shorter OS in our RS cohort (median survival after RS
is 5.3 months). Comparable survival rates, between six
and 12 months, have been observed in other retrospective
analyses.*****® In addition, advanced Binet stage, U-IGHV
and 11g- were also significantly associated with an RS risk
in our patients.

Chromosome banding analysis in CLL is capable of
identifying chromosomal abnormalities that are missed b
FISH analysis, sometimes fulfilling CK criteria.5?**~
Genomic microarrays have also emerged as a valuable tool
for genome-wide studies in CLL. However, in a recent
study, no significant differences emerged in patients’ clas-
sification, time to first treatment, OS and prediction accu-
racy between chromosome banding analysis and genomic
microarrays.” The prognostic and predictive role of CK,
defined by the presence of at least three chromosomal
lesions, is evident at diagnosis,*® as well as at disease pro-
gression” and in relapsed/refractory patients treated with
ibrutinib'®” or venetoclax."? Of note, CK was not a prog-
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Figure 3. The Richter syndrome scoring system. Kaplan-Meier curve of time to Richter syndrome transformation according to the Richter syndrome scoring system.
Patients were classified at high-risk if they were high-CK and/or CK2 at CLL diagnosis (blue curve); at intermediate-risk if they displayed unmutated IGHV status (U-
IGHV), 11922-23 deletion (11q), TP53 abnormalities (including deletions or mutations, TP53 abn) or Binet stage B-C (grey curve); at low-risk if they were IGHV mutat-
ed (M-IGHV) patients without CK and wild-type TP53 gene (TP53 not deleted non mutated) (orange curve).

nostic marker of survival on multivariate analysis for
patients treated frontline with ibrutinib+rituximab® while
treatment with idelalisib plus rituximab seems to have a
comparable efficacy in R/R patients with and without
CK.>**8 CK has been found in 14%-35% of CLL depend-
ing on the study in question,'” and identifies a heteroge-
neous cytogenetic category in terms of quantitative and
qualitative characteristics. Data from the literature has
documented that the presence of at least five chromoso-
mal aberrations is associated with a very aggressive clini-
cal course independent of the IGHV status and TP53
lesions.!* Our collaborative group has previously demon-
strated that almost 70% of CK cases harbor major struc-
tural aberrations such as unbalanced translocations and
ring or marker chromosomes.” This subset, called CK2,
was associated with a higher incidence of TP53 aberra-
tions, chemo-refractoriness, early relapse after chemoim-
munotherapy, and a shorter OS at multivariate analysis."
In addition, the prognostic and predictive accuracy of CK
subtypes is enhanced when it is combined with IGHV
mutational status.'® Interestingly, a recent analysis of the
international CLL'" clinical trial suggests that the fixed-
duration combination of obinutuzumab plus venetoclax
seems to overcome the negative predictive impact of CK,
both in terms of undetectable minimal residual disease
rates and progression-free survival.”

The presence of CK has been sporadically linked to the
development of RS.”® In a retrospective study on CLL
patients treated with FCR, one of four cases with RS had
a CK.? Anderson et al.”? found a CK in 48% of the 25
patients who progressed on venetoclax, including eight of
17 patients with RS. Rogers et al.,*’ reported a CK in 67 %
patients who developed an RS and found that a CK had an

adverse impact on the R-EPOCH regimen. A recent study
from Ohio State University found that six of nine patients
with a near-tetraploidy (four copies of most chromo-
somes) karyotype developed an RS. At multivariate
analysis, near-tetraploidy and CK predicted ibrutinib dis-
continuation due to transformation.” Although the exact
mechanism that favors the development of an RS in
patients with CK is unknown, the strong association
between CK and TP53 abnormalities, short telomere
length and, consequently, increased chromosome instabil-
ity could play a relevant role.'®*

Thanks to stimulated chromosome banding analysis,
we were able to identify a CK in 20% of 540 CLL patients
and could demonstrate that patients harboring a CK2 or a
high-CK had a six and seven-fold increased risk of devel-
oping RS. We therefore suggest that the integration of CK
subtypes, together with IGHV mutational status, TP53
abnormalities, 11g22-23 deletion and Binet stage, may
allow the prognostic risk of RS transformation (Figure 3)
to be refined. Indeed, we could show that M-IGHV
patients without any CK subtypes and a wild-type TP53
gene are characterized by a very low risk of developing
RS, at only 0.7% five years from CLL diagnosis. On the
other hand, patients with CK subtypes, both CK2 and/or
high-CK, are characterized by the highest risk of develop-
ing RS, with 31% of them experiencing a disease transfor-
mation within ten years of diagnosis. In addition, our
model seems to better predict the risk of RS transforma-
tion than the available scoring systems. Our results, like
most data found in the literature, derived from a cohort of
patients treated mainly with chemoimmunotherapy, a
choice made partly due to their longer follow-up.
Although the cumulative incidence of RS among patients




treated with chemo/chemoimmunotherapy seems to be
higher than patients treated with BTK or BCL2 inhibitors,
this difference was not statistically significant (P=0.3337,
Online Supplementary Figure SSE). In addition, after valida-
tion by an independent cohort of patients treated frontline
with targeted drugs and in a prospective study, our prog-
nostic model might be used in the follow-up management
of patients with CLL. In particular, patients with a CK2
and/or high-CK should be carefully monitored for the
development of an RS during their follow-up.
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