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ARTICLE INFO ABSTRACT

Background: Better risk-stratification of patients with chronic lymphocytic leukemia (CLL) and identification of
subsets of ultra-high-risk (HR)-CLL patients are crucial in the contemporary era of an expanded therapeutic
armamentarium for CLL.

Methods: A multivariate patient similarity network and clustering was applied to assess the prognostic values of
routine genetic, laboratory, and clinical factors and to identify subsets of ultra-HR-CLL patients. The study cohort
consisted of 116 HR-CLL patients (F/M 36/80, median age 63 yrs) carrying del(11q), del(17p)/TP53 mutations
and/or complex karyotype (CK) at the time of diagnosis.

Results: Three major subsets based on the presence of key prognostic variables as genetic aberrations, bulky
lymphadenopathy, splenomegaly, and gender: profile (P)-I (n = 34, men/women with CK + no del(17p)/TP53
mutations), P-II (n = 47, predominantly men with del(11q) + no CK + no del(17p)/TP53 mutations), and P-III
(n = 35, men/women with del(17p)/TP53 mutations, with/without del(11q) and CK) were revealed.
Subanalysis of major subsets identified three ultra-HR-CLL groups: men with TP53 disruption with/without CK,
women with TP53 disruption with CK and men/women with CK + del(11q) with poor short-term outcomes
(25% deaths/12 mo). Besides confirming the combinations of known risk-factors, the used patient similarity
network added further refinement of subsets of HR-CLL patients who may profit from different targeted drugs.
Conclusions: This study showed for the first time in hemato-oncology the usefulness of the multivariate patient
similarity networks for stratification of HR-CLL patients. This approach shows the potential for clinical im-
plementation of precision medicine, which is especially important in view of an armamentarium of novel tar-
geted drugs.
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1. Introduction novel targeted drugs. Better prognostic stratification and more accurate

prediction of treatment response are therefore crucial in the con-

Chronic lymphocytic leukaemia (CLL), the most common type of
leukemia in adults in western counties, is associated with significant
clinical heterogeneity, varying from an indolent disease course to a
progressive one, reflecting its biological diversity. Nowadays, several
different treatment options are available for CLL patients, including

temporary era of an expanded therapeutic armamentarium and preci-
sion medicine for patients with CLL, a disease displaying an extremely
variable clinical behaviour. The availability of effective new first-line
regimens with pathway inhibitors and their combinations makes
prognostication and prediction of response to treatment an important
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exercise particularly for high-risk (HR) patients, as they respond poorly
to a standard immunochemotherapy regimen, relapse early, and have
significantly shorter overall survival (OS).

Currently, there is a plethora of prognostic biomarkers in CLL. Of
these, the most reliable in guiding risk stratification in daily clinical
practice are the deletion of 17p (del17p), 11q (delllq), complex kar-
yotype (CK) [1,2], IGHV mutational status [2], mutations in TP53,
ATM, BIRC3, NOTCH1, and other genes [3-5]. The most prognostically
relevant aberration is the inactivation of TP53, caused by the deletion
of 17p and/or TP53 mutations, occurring in 4-10% of patients at the
time of first-line treatment, and in 20-40% in relapsed CLL [6-8]. Pa-
tients with this abnormality have rapidly progressive disease with a
time to first treatment (TTFT) of 9 mo, inferior survival outcomes (OS
32 mo) and poor response to fludarabine- or bendamustine-based im-
munochemotherapy [4,9,10]. 11g23 deletion is the next poor prog-
nostic aberration, occurring in 5-20% of CLL patients at the time of
diagnosis [11,12]. It is often associated with progressive disease, large
and multiple lymphadenopathies, and unmutated IGHV status [13].
When compared to non-deleted 11q and 17p cases, patients with del
(11q) have a TTFT of 13 mo, remission of shorter duration, and shorter
OS following fludarabine-based immunochemotherapy with median 79
mo [4,6,14]. FCR immunochemotherapy improved significantly pro-
gression-free survival (PFS) and OS in patients del(11q) resulting in
long-term remissions in previously untreated CLL patients [9]. Complex
karyotypes (CK) with three or more chromosomal abnormalities in one
clone have also been associated with a poor prognosis in CLL [15-18].
They are detected in nearly 16% of patients before treatment initiation
[15] and often occur in association with IGHV unmutated status [16]
and 11q or 17p deletions [17]. Regarding prognostic significance, CK
predicts a shortened TTFT and OS in CLL patients (OS 25 mo) [15,18].

Nowadays, there is a challenge to select more accurate prognostic
factors and their combinations particularly for HR-CLL patients, as they
may profit from novel targeted therapies and their combinations.
Moreover, in the era of precision medicine and growing number of
available drugs and their combinations, the risk-stratification of CLL
patients is needed to obtain optimal treatment response generally.
Therefore, we applied multivariate patient similarity networks (PSN) to
stratify HR-CLL patients to subsets and to assess the prognostic re-
levance of routinely tested genetic, laboratory, and clinical factors. In
identified patient subsets, the clinical course, treatment response and
OS were evaluated. Our study shows that used patient similarity net-
works may provide precise identification of patient risk subsets for
treatment targeting in the daily clinical practice, and not only in CLL.

2. Patients and methods
2.1. Patient cohort

The study cohort consisted of 116 HR-CLL patients with del(11q),
del(17p)/TP53 mutations, and/or CK (F/M 36/80, median age 63 yrs,
range 34-87 yrs) diagnosed in accordance with the IWCLL diagnostic
criteria between 2000 and 2015 at a single reference center.
Evaluations were performed of cytogenetic aberrations, TP53 muta-
tions, age, gender, Binet stage, blood counts, serum levels of beta-2-
microglobulin, thymidine kinase (TK), and lactate dehydrogenase
(LDH), splenomegaly (palpable spleen and/or enlarged spleen as as-
sessed by CT scan or ultrasound), and bulky lymphadenopathy (defined
as lymph node diameter > 5 cm as assessed by CT scan or ultrasound)
in all the patients at the time of diagnosis. Indication, response to
treatment, and disease progression were guided according to the IWCLL
criteria, except that bone marrow aspirate/biopsy was not performed in
some patients. Fludarabine-refractoriness was defined in this study as
stable/progressive disease after therapy, or early relapse/progres-
sion < 6 months after chemotherapy. Detailed patient characteristics
are shown in Table 1.

The selection of the treatment regimen was dependent on the age
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Table 1

Clinical and demographical characteristics of enrolled HR-CLL patients.

Patient Characteristics

HR-CLL patients
(n =116)

Age, median (range)

Gender, Male/Female, n (%)

Binet stage, n (%)

A/B/C/n.a.

Bulky adenopathy =5 cm, n (%)

Yes/No

Splenomegaly, n (%)

Yes/No

Genetic aberrations

del(11q)

del(11q), solo aberration

del(17p), solo aberration

del(17p)/TP53 mutations

TP53 mutations

CK ( > 3 changes)

Yes/No

CK alone + (no del(11q), no del(17p)/TP53 mutations)

CK + del(17p)/TP53 mutations

CK + del(11q)

CK + del(11q) + del(17p)/TP53 mutations

no CK + del(11q) + del(17p)/TP53 mutations

del(11q) + del(17p)/TP53 mutations

IGHV mutation status, n (%)

Unmutated / Mutated / n.a.

pB2-microglobulin = 3.5 (mg/dL), n (%)

Yes/No/n.a.

LDH greater than 2x the upper limit of normal
(normal = 243 IU/L), n (%)

Yes/No/n.a.

Serum thymidine kinase (TK1) =13.5 (mg/dL), n
(%)

Yes/No/n.a.

Standard/Palliative/No treatment, n (%)

Fludarabine-based regimens

Yes/No

Fludarabine-sensitive/refractory, n (%)

Rituximab at first-line (standard) treatment, n (%)
Yes/No

63 (34-87)

80 (69) / 36 (31)

47 (41) /37 (32) / 31
@7 /1@

18 (16) / 98 (84)

22 (19) / 94 (81)

76
47
14
36
23
54/62

11

15

22

6

1

7

93 (80) /16 (14) /7
6)

47 (41) / 49 (42) / 20
a7)

45 (39) / 50 (43) /
21(18)

65 (56) / 32 (28) / 19
(16)

78 (67) / 14 (12) / 24
21
61 (78) /17 (22)

36 (59) / 25 (41)
62 (79) / 16 (21)

and performance status of the patients and their comorbidities. Of the
patients who were enrolled, 78 (67%) were treated by standard che-
motherapy (regimens containing fludarabine or anthracycline, cyclo-
phosphamide, and their combinations; 79% with rituximab) and 14
(12%) by palliative regimens (leukeran, COP) (Table 1). Of the 24 pa-
tients (21%) who received no treatment, 11 were able to get only
symptomatic treatment and 13 did not meet the IWCLL criteria for
treatment initiation.

Written informed consent was obtained from all the patients who
were enrolled in accordance with the Helsinki Declaration, and the
study was approved by the local ethical committee.

2.2. Genetic analysis

The samples of peripheral blood (PB) and/or bone marrow (BM) or
lymph nodes (LN) were analyzed by conventional cytogenetics, fluor-
escence in situ hybridization (FISH), and the arrayCGH technique, as
reported previously [19]. A complex karyotype was defined by the
presence of more than or equal to 3 chromosomal abnormalities in a
single clone [15,20].

Briefly, the banding of chromosomes was performed using standard
G-banding procedures after cell culturing for 24 h (BM, LN) or 72 h (PB)
in an RPMI 1640 medium or BM medium (Gibco, USA; Biological
Industries, USA) after stimulation with 12-O-tetradecanoylphorbol-13-
acetate (Sigma Aldrich, Germany). FISH was used to detect the del
(11q), del(17p), del(13q), and IGH rearrangements (Abbott Molecular,
IL, USA; Kreatech Diagnostics, Netherlands; MetaSystems, Germany).
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Fig. 1. Network analysis for the identification of major HR-CLL subgroups.

Time (months)

The network (A) and the characteristics of obtained subgroups based on the combinations of del(11q), del(17p)/TP53 mutations, CK, bulk, splenomegaly, and gender
(B). The quality of the clusters that were obtained was checked by silhouette analysis. The Kaplan-Meier curves show the overall survival in subgroups of patients at
short (C) and long follow-up (D). The empirical probability of death in subgroups (E).

The arrayCGH technique was applied using the following platforms:
1Mb 3K platforms (LUMC, Leiden, the Netherlands, Leuven, Belgium),
CytoChip ISCA 4 x 44K (BlueGnome, UK), Human Genome CGH
Microarray Kit, 4 x 44K (Agilent, USA), and SurePrint G3 Hmn
CGH + SNP 4 x 180K Microarray Kit (Agilent, USA). All procedures
were performed according to the manufacturer’s recommendations.

2.3. Sequencing of TP53 gene and IGHV mutational status

The analysis of the full coding sequence of the TP53 gene (exons
2-11, NM_000546) was performed using targeted sequencing on an
MiSeq instrument (Illumina, San Diego, USA) as reported previously
[21]. The detection limit of low variant allelic frequency was 5%.
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Mutational IGHV status was examined by direct Sanger sequencing.

2.4. Statistical methods and data mining methods

All the statistical analyses (Mann-Whitney-Wilcoxon test, receiver
operating characteristic curves, Kaplan-Meier survival plot, Factor
analysis of mixed data) were performed using the R statistical software
package (http://www.r-project.org/). Overall survival (OS) was de-
fined as the time from diagnosis (=time of genetic analysis) to the date
of the last follow-up or the date of death (event) from any cause. A P
value < 0.05 was considered significant.

For the visualization of internal relationships (similarities) among
clinical, demographic, and laboratory data in individual patients, the
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method of network (graph) construction based on the nearest neighbor
analysis was applied; for more details about used approach see [22].
Briefly explained, data with a selected group of markers was converted
to a network [22]. The natural outcome of this procedure is in our case
the multivariate network [23], which contains the values of the markers
representing individual patients. Links between vertices of the network
represent the similarity between patients. Different combinations of
markers generate networks with different internal structure. The net-
work construction phase was followed by the automatic detection of
clusters in the network. For more details on patient similarity networks
see the Supplementary file.

To assess the quality of the partitioning of the individual patient’s
data into clusters in constructed multivariate networks, two parameters
were used: weighted modularity and silhouette. Regarding weighted
modularity [24], networks with high modularity have dense connec-
tions between vertices within clusters but sparse connections between
vertices in different clusters. Silhouette, a traditional graphical re-
presentation of consistency within clusters, was used to study the se-
paration distance between the resulting clusters [25]. The silhouette
represents how well each patient belongs to its own cluster compared to
other clusters.

3. Results
3.1. Stratification of HR-CLL patients according to the prognostic factors

The differences and similarities between individual HR-CLL patients
on the basis of the clinical, demographic, and laboratory data were
visualized using a patient network. The internal structure of the net-
work represents profiles (= groups) of similar patients; links connecting
pairs of network vertices (= patients) represent the nearest neighbors
with the greatest similarity in terms of the parameters used. To obtain a
set of characteristic parameters (most informative markers), we con-
structed multivariate networks based on different combinations of
parameters and measured modularity and silhouette values. The goal
was to select, for further processing, a combination with a small
number of clusters and a combination with high values of both mea-
sured values.

Our data showed that the best separation of the HR-CLL patients
used the following parameters: genetic aberrations (del(11q), del(17p)/
TP53 mutations, CK), bulk, splenomegaly, and gender, and their com-
bination. The other available clinical and demographic data, such as
age, Binet stage, blood counts, beta-2-microglobulin, thymidine kinase,
and LDH were not discriminant for the subgrouping of HR-CLL patients.
Similarly, the mutational status of the IGHV gene did not improve the
discriminatory power of the network, as HR-CLL patients with mutated/
unmutated status were distributed through all the subgroups (P-I,
n = 5/29; P-II, n = 5/42; P-III, n = 6/29). Moreover, ROC curves were
constructed to identify the cut-off for analytical parameters within the
HR-CLL patient subsets, but none of the serum analytes were found
differently expressed in the patient subgroups (data not shown).

A multivariate network based on the most informative markers was
constructed, with the position of each HR-CLL patient in the network
reflecting the combination of the most informative markers (del(11q),
del(17p)/TP53 mutations, CK, splenomegaly, bulky lymphadenopathy,
gender). Colors distinguish the particular diagnostic subgroups. The
network that was constructed clearly demonstrates that at least three
subgroups (P-1, P-II, P-III) based on the similarity and diversity of oc-
currence of the most informative markers in individual HR-CLL patients
can be suggested (Fig. 1). The quality of the clusters that were formed
was checked by silhouette analysis (Fig. 1B). The absence of negative
values indicates that none of the HR-CLL patients who were in-
vestigated was assigned to the wrong cluster and high values indicate
that the patients are far from the decision boundary between two
neighboring clusters.

To compared patient traditional

similarity networks with
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multivariate methods, we applied on the data from our patient cohort a
Factor analysis of mixed data (FAMD), a principal component method
dedicated to analyzing a data set containing both quantitative and
qualitative variables [26]. Our results showed that FAMD is less sui-
table to identify the most relevant features (=clinical and laboratory
data) (Fig. S1, Tables S1, S2) with more attributes needed to reach the
sufficient discrimination power (Fig. S2, Table S2) and to discriminate
the particular patient subsets (Fig. S3) as shown by the silhouette
analysis (Figs. S2, S4A) comparing to the patient similarity networks
(Figs. 1, S4B).

3.2. Analysis of observed major subsets of HR-CLL patients

In order to study the characteristics of the patient subgroups iden-
tified by network analysis, we characterized the subsets in terms of the
occurrence of prognostic markers, OS, age at diagnosis, relationship to
survival, and its association with other clinical and laboratory para-
meters.

A multivariate patient similarity network revealed three major
subgroups of HR-CLL patients, P-I (n = 34, men/women with CK + del
(11q) + no del(17p)/TP53 mutations), P-II (n = 47, predominantly
men with del(11q) + no CK + no del(17p)/TP53 mutations), and P-III
(n = 35, men/women with del(17p)/TP53 mutations, where about 60%
of the patients had the co-presence of CK and 20% del(11q))
(Fig. 1A,B). The OS for P-I was 71 mo, for P-II 73 mo, and for P-III 52
mo (Fig. 1C). The biggest differences between the OS in the subsets that
were studied were observed within the first 36 mo (Fig. 1D)
(P = 0.017), with the shortest survival in P-I (Fig. 1E). As evident from
the empirical probability of death in these profiles, the death rate in P-I
reached 25% in first 12 mo after diagnosis. Importantly, the particular
HR-CLL profiles did not differ in the distribution of any other demo-
graphic, laboratory, and clinical parameters, mainly because of the high
variability of these markers across all subtypes.

Next, we assessed the distribution of the widely used CLL-
International Prognostic Index (CLL-IPI) [27], which includes the major
prognostic parameters as TP53 status, IGHV mutational status, serum
B2-microglobulin, clinical stage, and age, within our subsets. The P-I
included predominantly patients with intermediate (54%) and high
(38%) risk according CLL-IPI, and small number of patients with low
(4%) and very high (4%) risk. The P-II were patients with low (10%),
intermediate (53%), and high (37%) risk. The P-III included only pa-
tients with high (14%) and very high (86%) risk.

3.3. Subanalysis of subsets in major profiles of HR-CLL patients

To subanalyze the major profiles of HR-CLL patients, we further
investigate whether it is also possible to subdivide subgroups P-I and P-
III on the basis of the combination of del(11q), del(17p)/TP53 muta-
tions, CK), bulk, splenomegaly, and gender.

Further subdivision of the P-I profile, with the highest number of
deaths within 36 mo after diagnosis, revealed three clearly separated
subgroups (Fig. 2A,B); however, no differences in OS and other para-
meters were observed (Fig. 2C). The calculation of empirical prob-
ability of death showed that this profile has the highest death rate of
25% in the first 12 mo after diagnosis increasing to 40% after 36 mo
(Fig. 2D).

Within the P-III risk profile, three clearly distinguished profiles were
detected: A) predominantly men with TP53 only or TP53 + CK (P-III-A,
n = 14), B) women with only TP53 disruption (P-III-B, n = 11), and C)
predominantly women with TP53 + CK (P-III-C, n = 10). Regarding
0OS, women with only TP53 disruption (P-III-B) had better OS (119 mo)
compared to women with TP53 + CK (P-III-C; 71 mo) and men with
TP53, regardless of the presence of CK (P-III-A; 31 mo) (P = 0.04)
(Fig. 3).

Moreover, the analysis of survival revealed two ultra-HR profiles (P-
III-A and P-III-C) with the majority of patients dying within 3 yrs after
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Fig. 2. Network subanalysis for short-term risk profile P-I.
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The silhouette analysis of the clusters that were obtained (A). The characteristics of patient subgroups based on the combination of del(11q), del(17p)/TP53
mutations, CK, bulk, splenomegaly, and gender (B). Overall survival among patient subgroups (C). The empirical probability of death in subgroups (D).

diagnosis. As is already evident from the OS curves, the best prognosis
in the P-III risk group was observed in women with only TP53 disrup-
tion (P-III-B), where two-thirds of the patients lived longer than 3 yrs
(Fig. 3C). The empirical probability of death in particular subsets
showed the highest death rate of 58% in P-III-A (Fig. 3D).

3.4. Treatment impact in particular profiles

In order to investigate the influence of the treatment initiation on
the OS, we compared those who needed the treatment three or six
months after diagnosis with those patients who were treated later.
Those patients who required treatment shortly after diagnosis (< 3 mo)
had the shortest OS (48 mo) versus those starting treatment later (OS 84
mo, P = 0.034), which is evident in all the profiles. The differences in
OS between those patients who required treatment < 6 mo (68 mo)
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versus those treated later (OS 84 mo, P = 0.14) did not reach sig-
nificance (Fig. 4A).

Next, we investigated the impact of adding rituximab to the therapy
in the whole cohort of HR-CLL patients, as well as in particular profiles.
No difference in OS was observed between patients treated in combi-
nation with rituximab (n = 62, OS 83 mo) and those without rituximab
(n = 16, OS 70 mo) (P = 0.73), showing a positive effect only in long-
lived HR-CLL patients after 70 mo of follow-up (Fig. 4B). The addition
of rituximab did not improve OS in any prognostic profiles (P = 0.98).

Further, we were interested in whether particular profiles are as-
sociated with fludarabine refractoriness. Of 61 patients treated with a
fludarabine-based regimen, 25 (41%) were refractory. Of the fludar-
abine-refractory patients, 29.4% belonged to P-I, 40.0% to P-II, and
83.3% to P-III. The fludarabine-refractory patients had a poor prognosis
with OS 58 mo, in contrast to fludarabine-sensitive patients, with OS
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101 mo (P = 0.003). Moreover, those patients treated with a fludar-
abine-based regimen had better outcomes than the others treated with
regimens without fludarabine (R-CHOP), 82 vs 48 mo respectively
(P =0.42).

4. Discussion

Our study further refined subsets of HR-CLL patients using multi-
variate patient similarity network on spectrum of genetic, laboratory,
and clinical parameters assessed at the time of diagnosis. Besides con-
firmation of known prognostic factors in which responses to che-
moimmunotherapy are traditionally dismal, we identified further sub-
sets of patients for precision medicine armed with an armamentarium
of novel targeted drugs.

Nowadays, there is a challenge to further stratify HR-CLL patients,
as different patient subgroups may profit from different novel mole-
cules or their combinations as well as different first-line regimens.
Taking into account that multivariate data analysis may stratify

patients more precisely than univariate analyses [28], we applied a
multivariate patient similarity network in order to assess the prognostic
values of genetic, laboratory, and clinical parameters (=features) for
the stratification of HR-CLL patients. As already shown by recent paper
[29] and our previous studies [30-32], this approach is able to select
the most informative parameters and their combinations, form sub-
groups of patients (clusters) based on the similarity of a spectrum of
diverse features that are analyzed, and visualize the relationships be-
tween the parameters and patients. Moreover, the quality of the clusters
(=subgroups) that are formed may be checked by the silhouettes and
modularity values, thus ensuring the robustness and quality of the
subgroups. When comparing to traditional multivariate methods (e.g.
PCA - principal component analysis), the big advantage of used patient
similarity network and its clustering is the independence on a pre-set
number and size of the clusters, visualization of relationships between
patients, selection of the most relevant features, possibility to re-ana-
lyse each cluster (= patient subsets) and excellent model interpret-
ability [29,31,32].
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treatment with/without rituximab (B).

Of the demographic, laboratory, and clinical parameters collected at
the time of diagnosis, the combination of genetic aberrations (del(11q),
del(17p)/TP53 disruption and CK), bulk, splenomegaly, and gender
showed the highest prognostic values for further stratification of HR-
CLL. Based on these key prognostic variables, the multivariate patient
similarity network revealed three major prognostically different sub-
groups of HR-CLL patients. The best prognosis was achieved for the
profile P-II, consisting predominantly of men with only del(11q). This
group had OS 73 mo and the longest average survival of all the major
subgroups. Our results are in agreement with a recent study on 1044
CLL patients from a population-based cohort in British Columbia,
Canada, which showed that patients with del(11q) have long OS [33].
Compared to other subgroups, the death rate in the first 3 yrs was low,
accounting for less than one-quarter, which was mainly evident in older
patients.

The next subgroup (P-I) included patients with CK, with two-thirds
being men, often with the co-occurrence of del(11q) and bulk disease.
Recently, the CK at diagnosis or disease progression emerged as an
independent predictor of inferior TTFT and shorter OS [16,34]. The
mechanism responsible for the unfavorable prognosis in a hetero-
geneous group of CKs in CLL remains to be clarified, though it was
shown that genetic complexity is associated with telomere shortening
[35]. The OS of our patients with CK was 71 mo, comparable with P-II
patients with only del(11q). However, a short-term follow-up of 3 yrs
showed the shortest OS in this group compared to other subgroups,
with the highest death rate being 25% in the first 12 mo after diagnosis.
This observation highlights the selection of first-line therapy for those
patients. Subgrouping using a network clustering approach revealed
three subsets within P-I group, with no difference in OS. This ob-
servation further supports the opinion that CK represents a strong in-
dependent prognostic factor in CLL [36,37]. It has even been suggested
that a genetic instability or dysregulation in CKs may overcome the
prognostic impact of mutations in CLL-associated genes, except TP53
mutations [15,38].
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The prognostically worst profile (P-III) consisted of patients with del
(17p)/TP53 mutations, with OS 52 mo. This observation is in line with
numerous studies reporting that disruption of the TP53 pathway is as-
sociated with poor treatment response, short PFS and OS on im-
munochemotherapy and a generally bad prognosis [16,39-41]. In this
group there were twice as many women as men, and about 60% of the
patients had the co-presence of CK and 20% del(11q). One-quarter of
our HR patients in the P-III profile died within 3 yrs after the diagnosis.
In order to investigate whether the marked inter-individual differences
in survival may be linked to a particular pattern, we further subdivided
these patients using a patient similarity network and detected three
subsets with marked differences in OS. and detected three subsets with
marked differences in OS. The first subset (P-III-A) consisted pre-
dominantly of men with TP53 disruption, with 75% of them having CK.
The other two subsets included predominantly women with only TP53
disruption (P-III-B) and those with TP53 disruption + CK (P-III-C). The
best prognosis (OS 116 mo) was observed in women with only TP53
disruption, where two-thirds of the patients lived longer than 3 yrs and
their OS far exceeded the OS in other major groups. The two ultra-HR-
groups included men with TP53 disruption with/without CK (OS 31)
and women with TP53 disruption and CK (OS 71), with about half of
the patients dying within 3 yrs after diagnosis. Those ultra-HR-CLL
patients do not profit from immunochemotherapy regimens, and thus
novel targeted therapies and their combinations should be suggested in
first-line treatment.

Next, we investigated whether the particular patient subgroups
differ in terms of treatment response. Our analysis revealed that those
patients who required treatment shortly after diagnosis (< 3 mo) had
the shortest OS (48 mo) versus those treated later (84 mo). In our co-
hort of HR-CLL patients, improved outcomes in terms of OS were
achieved in patients treated with a fludarabine-based regimen in
comparison to other regimens, irrespective of the profile. Moreover, the
adding of rituximab to the fludarabine-based regimen did not improve
OS in our patients. Similarly, the data on a large population-based
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cohort did not observe any differences in OS between CLL patients re-
ceiving fludarabine with or without rituximab [33]. On the other hand,
our data suggests a positive effect of rituximab in long-lived HR-CLL
patients (> 70 mo), which thus deserves further investigation. In line
with other studies [9,42,43], we observed the highest rate of fludar-
abine-refractory patients in cases with TP53 disruption (> 80%) com-
paring to patients with del(11q) and those with CK. Numerous studies
already reported that patients with TP53 deletions or mutations are
typically resistant to immunochemotherapy, while fludarabine-based
chemotherapy with rituximab may be efficient in previously untreated
CLL patients with del(11q) [9,42-44].

We are aware that this study has several limitations. Firstly, our
real-life cohort was modest, thus further studies on larger patient co-
horts are needed. In addition, the prognosis for revealed subsets of
patients was evaluated only for the treatment of immunochemotherapy,
as new pathway inhibitors were only available in clinical trials during
the enrollment of our patients. Therefore, further studies should eval-
uate the prognosis of nominated subsets of HR-CLL patients in the
context of new targeted drugs and combinations thereof.

5. Conclusion

Our data revealed three major subsets within HR-CLL patients on
subgroups based on their similarity in clinical/laboratory character-
istics. Subanalysis identified two ultra-HR-CLL subsets of i) men with
TP53 disruption with/without CK and ii) women with TP53 disruption
and CK when treated with immunochemotherapy. Moreover, very poor
short-term outcomes were achieved in patients with CK + del(11q). In
addition to the known risk-factors associated with a poor response to
immunochemotherapy, this study further refined subgroups of HR-CLL
patients. Finally, we showed for the first time in hemato-oncology the
usefulness of the multivariate patient similarity networks for patient
stratification, not only in CLL. This approach shows the potential for
clinical implementation of precision medicine, which is especially im-
portant in view of an armamentarium of novel targeted drugs.
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