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The HCDR3 sequences of the B-cell receptor (BCR) undergo constraints in length, amino
acid use, and charge during maturation of B-cell precursors and after antigen encounter,
leading to BCR and antibodies with high affinity to specific antigens. Chronic lymphocytic
leukemia consists of an expansion of B-cells with a mixed immature and “antigen-
experienced” phenotype, with either a mutated (M-CLL) or unmutated (U-CLL) tumor
BCR, associated with distinct patient outcomes. Here, we investigated the hydropathy
index of the BCR of 138 CLL patients and its association with the IGHV mutational status
and patient outcome. Overall, two clearly distinct subgroups of M-CLL patients emerged,
based on a neutral (mean hydropathy index of -0.1) vs. negatively charged BCR (mean
hydropathy index of -1.1) with molecular features closer to those of B-cell precursors and
peripheral/mature B-cells, respectively. Despite that M-CLL with neutral HCDR3 did not
show traits associated with a mature B-cell repertoire, important differences in IGHV gene
usage of tumor cells and patient outcome were observed in this subgroup of patients
once compared to both U-CLL and M-CLL with negatively charged HCDR3 sequences.
Compared to M-CLL with negatively charged HCDR3 sequences, M-CLL with neutral
HCDR3 sequences showed predominance of men, more advanced stages of the disease,
and a greater frequency of genetic alterations—e.g., del(17p)—together with a higher rate
of disease progression and shorter time to therapy (TTT), independently of other
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prognostic factors. Our data suggest that the hydropathy index of the HCDR3 sequences of CLL
cells allows the identification of a subgroup of M-CLL with intermediate prognostic features
between U-CLL and the more favorable subgroup of M-CLL with a negatively charged BCR.
Keywords: hydropathy index, neutral HCDR3, negatively charged HCDR3, mutated CLL (M-CLL), disease progression
INTRODUCTION

Chronic lymphocytic leukemia (CLL) is the most prevalent
leukemia in adults in the Western world, which is characterized
by an expansion of mature-appearing CD5+CD20lo B-cells
showing an antigen-experienced CD27+, IgM+, and/or IgD+

unswitched phenotype, in association with either an unmutated
(U-CLL) or mutated (M-CLL) B-cell receptor (BCR) (1). At
diagnosis, most CLL patients show stable disease with a variable
number of tumor B-cells in blood (always >5,000 cells/ml) and
bone marrow (BM), in the absence of organomegalies, and they
do not require active therapy (2). Despite this, a significant
fraction of patients shows more advanced disease already at
diagnosis or they experience disease progression during follow-
up, which translates into the need for active cytotoxic therapy (3).

In the last decades, themutational status of the immunoglobulin
(IG) heavy-chain variable (IGHV) genes that code for the BCR,
together with disease stage and tumor cytogenetics, has emerged
among other variables, as relevant prognostic factors in CLL (4).
Thus, U-CLL patients show a significantly poorer outcome
compared to M-CLL (4). Thereby, analysis of the IGHV status is
currently part of the core variables investigated in the diagnostic
workup of this disease (3, 5). Despite this, M-CLL patients have a
heterogeneous outcome (6, 7).

From a pathogenic point of view, U-CLL cells resemble “pre-
germinal center” (pre-GC) B-cells, whereas M-CLL cells mimic
“post-GC” B-lymphocytes (8, 9). However, tumor cells from
both CLL groups typically display a mixed immature (CD5+

CD23+) and “antigen-experienced” (CD27+) B-cell phenotype
(10), suggesting they might represent the leukemic counterpart
of B-lymphocytes that might have undergone BCR stimulation in
the GC (M-CLL) vs. peripheral tissues, following selection of B-
cell precursors in BM (U-CLL). In line with this hypothesis, the
IGHV1-69/IGHJ6 genes which show highly similar junctional
regions to those of normal peripheral blood (PB) CD5+ GC B-
cells are more frequently represented among U-CLL, supporting
a close relationship between U-CLL cells and the B-cells
responsible for the natural antibody repertoire (11). This
potential relationship is further supported by the fact that most
normal CD5+ B-cells isolated from blood correspond to
immature and (early) naïve B-cells that express unmutated VH
gene regions (12). In turn, B-cell activation via T-cell-dependent
antigens leads to the expansion of hypermutated germinal center
(GC)-derived B-cells (13), suggesting that M-CLL might be
associated with the “classical unswitched memory B-cell”
compartment, despite that some M-CLL also show BCR
features that overlap with those of natural antibodies (14).

Another important biological feature of CLL is the usage of a
biased IGHV-D-J repertoire (the so-called “stereotyped” BCR)
tiersin.org 2
(9) in around one-third of cases, particularly in U-CLL patients,
with important pathogenic and prognostic implications (15, 16).
In contrast to U-CLL, the higher load of somatic mutations in the
BCR of M-CLL cases makes recognition of common amino acid
(aa) patterns in the HCDR3 region more difficult (17). However,
other HCDR3 characteristics, such as its overall charge and
hydropathy index, might also contribute to better understand
the ontogeny of tumor B-cells in CLL, the affinity and specificity
profile of their BCR, and its relationship with antigen-driven B-
cell responses, even at earlier stages of B-cell maturation (18). In
fact, the HCDR3 sequence of the BCR undergoes constraints in
length, amino acid use, and charge along the B-cell development
and maturation (19). Consequently, the BCR repertoire of early
B-cell progenitors is first focused into what appears to be a
preferred range for functional antigen recognition by mature B-
cells, and subsequently modified after antigen recognition, in
order to generate high-affinity antigen-specific antibodies and
memory B-cells (19, 20). Interestingly, receptor prototypes based
on HCDR3 charge and its association with certain V gene
characteristics have been defined in CLL cells with the
possibility that such receptor restrictions could reflect
selections of the BCR repertoire that have occurred among
both antigen-experienced and naive B cells (21). Despite this,
the hydropathy features of HCDR3 and its association with the
IGHVmutational status and other clinical and biological features
of the disease have not been systematically explored in large
series of CLL and related with patient outcome.

Here we investigated the hydropathy index of the BCR of
tumor cells from 138 CLL patients, and its potential association
with other features of the disease, including the BCR mutational
status and patient outcome.
MATERIALS AND METHODS

Patients and Samples
A total of 138 untreated CLL patients—81 males and 57 females;
median age (range) at diagnosis of 63 years (y) (33–84 y)—
diagnosed at the University Hospital of Salamanca (Salamanca,
Spain) were studied. Most cases (95/138) had Binet stage A CLL,
and 43 had more advanced CLL (Binet B, 22; and Binet C, 21
patients). Median follow-up at the time of study closure was 8 y; at
that time, 65 patients (47%) had progressed and required therapy
and 24 (17%) had died (Table 1). In every patient, genomic DNA
(gDNA) from purified CLL B-cells was obtained for molecular
investigations. The study was approved by the local institutional
Ethics Committee (approval code: CEIC-PI4705/2017).
All patients gave their written informed consent to participate to
the study in agreement with the Declaration of Helsinki.
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IGHV-D-J Gene Rearrangement Studies
Analysis of the tumor IGHV-D-J gene rearrangements was
performed by polymerase chain reaction (PCR) of gDNA from
fluorescence-activated cell sorting (FACS)-purified tumor CLL
cells according to the ERIC protocols (22), as previously
described in detail (23, 24). For IGHV sequencing, PCR
amplicons were subjected to direct sequencing on both strands.
Sequence data were analyzed using the IMGT databases and the
IMGT/V-QUEST tool (http://www.imgt.org). Classification into
the U-CLL vs. M-CLL categories was based on the well-
established 98% cutoff identity to the germline sequence (U-
CLL: 98%–100%; M-CLL: <98%) (21).

Calculation of the Hydropathy Index of
HCDR3 Protein Sequences
To determine the hydropathy index—grand average of hydropathy
(GRAVY) score—of the HCDR3 protein sequences, the ProtScale
Tool from the ExPASy Bioinformatics Resource Portal (https://
Frontiers in Oncology | www.frontiersin.org 3
web.expasy.org/protscale/) and the amino acid (aa) scale values, as
defined by Kyte and Doolittle (25), were used (Supplementary
Figures 1A, B). The Gravy score (GS) was calculated for each
HCDR3 sequence by summing up the hydropathy index value of
each amino acid residue in the individual HCDR3 sequences and
dividing the sum obtained by the number of amino acids in each
specific sequence (23) (Supplementary Table 1 and
Supplementary Figures 1B, C). Since the HCDR3 hydropathy
index in humans follows a Gaussian distribution centered in the
neutral/hydrophilic range (average charge: -0.5) (19), each HCDR3
sequence was classified into the neutral HCDR3 (GS ≥ -0.5) or
negatively charged HCDR3 (GS < -0.5) categories.
Cytogenetic Analyses
The most common cytogenetic alterations associated with CLL—
i.e., del(13q14), trisomy 12, del(11q) (ATM), and del(17p)
(TP53)—were investigated by iFISH on FACS-purified (single)
tumor B cells (≥95% purity), as described elsewhere (23, 26).
TABLE 1 | Clinical and biological features of CLL patients classified according to the HCDR3 hydropathy index.

Patient features CLL with neutral HCDR3 (N = 65) CLL with negatively charged HCDR3 (N = 73) p-value

Age at diagnosis (years) 63 (33–84) 65 (35–84) 0.47
Men/women# 47/18 (72%/28%) 34/39 (47%/53%) 0.002
Binet stage#

A 37 (57%) 58 (79%) 0.006
B 12 (18%) 10 (14%)
C 16 (25%) 5 (7%)

Rai stage#

0 30/65 (46%) 54/73 (74%) 0.01
I 6/65 (9%) 7/73 (10%)
II 9/65 (14%) 5/73 (7%)
III 6/65 (9%) 2/73 (3%)
IV 14/65 (21%) 5/73 (7%)

Hemoglobin (g/L) 140 (70–180) 130 (90–170) 0.94
Anemia (<100 g of hemoglobin/L)# 7/65 (11%) 3/71 (4%) 0.13
N. of platelets (×109/L) 154 (15–429) 157 (48–448) 0.11
Thrombocytopenia (<100 × 109 platelets/L)# 14/65 (21%) 5/70 (7%) 0.01
N. of PB leukocytes (×109/L) 36 (6–352) 34 (8–576) 0.40
N. of PB total T-cells (×109/L) 3.2 (0.8–7.4) 2.8 (0.5–14) 0.68
N. of PB CD4+ T-cells (×109/L) 1.6 (0.5–4.4) 1.7 (0.3–5.9) 0.64
N. of PB CD8+ T-cells (×109/L) 0.8 (0.1–3.5) 0.9 (0.1–8) 0.60
N. of PB monocytes (×109/L) 0.6 (0.01–2) 0.4 (0.01–2.9) 0.24
N. of PB neutrophils (×109/L) 6.4 (0.9–20.7) 6.1 (0.2–19.4) 0.50
N. of PB basophils (×109/L) 0.07 (0.005–0.5) 0.06 (0.015–0.6) 1.0
N. of PB eosinophils (×109/L) 0.2 (0.02–1.7) 0.2 (0.01–1.2) 0.16
N. of PB NK cells (×109/L) 0.6 (0.04–2.1) 0.5 (0.04–3.2) 0.60

Tumor B-cell clone size in blood (×109/L) 41.4 (1.4–334.8) 20.9 (0.8–278.9) 0.11
U-CLL/M-CLL# 35 (54%)/30 (46%) 25 (34%)/48 (66%) 0.02
% IGHV homology with germ line counterpart
HCDR3 length of CLL clone (N. of aa)

99% (86%–100%)
19 (8–28)

96% (85%–100%)
16 (7–25)

0.04
0.004

Cytogenetically altered CLL patients# 55/65 (85%) 59/72 (82%) 0.43
Del(13q14)(D13S25)# 22/65 (34%) 32/72 (44%) 0.14
Trisomy12# 16/65 (25%) 11/72 (15%) 0.12
Del(11q)(ATM)# 6/65 (9%) 6/72 (10%) 0.54
Del(17p)# 3/62 (5%) 1/69 (1%) 0.29

N. of cytogenetically altered CLL cells (×109/L) 19 (0–233) 11 (0–185) 0.19
Disease progression# 39/65 (60%) 26/73 (36%) 0.003
TTT < 2 years# 20/65 (31%) 8/73 (11%) 0.004
Deaths# 11/65 (17%) 13/73 (18%) 0.54
October 2021 | Volume 11 | Article
Results expressed as median (range) or as # number of cases (percentage).
aa, amino acids; CLL, chronic lymphocytic leukemia; M, mutated IGHV; N, number; PB, peripheral blood; TTT, time to therapy; U, unmutated IGHV.
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Statistical Methods
For all continuous variables, median (range) values were
calculated, while for categorical variables, frequencies were
used. Either the Mann–Whitney U test or the chi-squared test
was used to establish the statistical significance of differences
observed between two groups, for continuous and categorical
variables, respectively. To avoid associations occurring by chance
due to multiple simultaneous comparisons, p-values were
Bonferroni-adjusted for comparisons of continuous variables
among three study groups. Time from diagnosis to (first)
therapy (TTT) curves were built using the Kaplan–Meier
method and compared by the (one-sided) log-rank test.
Receiver operating characteristic (ROC) curve analysis was
performed to determine the cutoff values of continuous
variables that best distinguish disease progression. Multivariate
analysis using the Cox regression model was performed to
identify those variables independently associated with a
greater/lower risk of disease progression (in terms of TTT)
among M-CLL patients. All statistical analyses were performed
with SPSS 25.0 (SPSS-IBM, Armonk, NY), and statistical
significance was set at p-values ≤ 0.05, unless Bonferroni-
adjusted p-values were applied (≤0.013).
RESULTS

HCDR3 Hydropathy Index in CLL and Its
Relationship With Other Disease Features
Overall, a similar frequency of CLL patients with neutral (GS ≥
-0.5) and negatively charged (GS < -0.5) HCDR3 amino acid
sequences was observed in our cohort: 65/138 (47%) vs. 73/138
Frontiers in Oncology | www.frontiersin.org 4
(53%) CLL patients (p = 0.46), respectively (Figure 1). CLL
patients with neutral or negatively charged HCDR3 showed no
significant (p > 0.05) differences in age distribution, hemoglobin
levels, leukocyte or platelet counts, CLL cell counts in blood, and
the overall tumor cell cytogenetic profiles (Table 1).

In contrast, CLL patients with neutral HCDR3 sequences
showed a significant predominance of men vs. women (72% vs.
47%, p = 0.002), together with a lower percentage of Rai stage 0
(46% vs. 74%, p = 0.01) and Binet stage A cases (57% vs. 79%, p =
0.006), a higher proportion of cases with thrombocytopenia (21%
of cases vs. 7%, p = 0.01), a lower proportion of M-CLL cases
(46% vs. 66%, p = 0.02), and a lower median percentage of IGHV
mutations (1% vs. 4%, p = 0.04) with longer HCDR3 sequences
(median: 19 vs. 16 amino acids, p = 0.004) compared to CLL
patients with negatively charged HCDR3 (Table 1). This CLL
profile with neutral HCDR3 sequences translated into a
significantly (p = 0.003) higher risk of disease progression
(60% vs. 36%) and thereby also a higher percentage of cases
that had required therapy at 2 y from diagnosis (31% vs. 11%, p =
0.004) (Table 1), and a significantly shortened TTT—median
(95% confidence interval): 6 y (4–8 y) vs. not reached, p = 0.003
(Figure 2A). Of note, the prognostic impact of the HCDR3
hydropathy index was specifically restricted to M-CLL patients,
while it did not show an impact on the already poorer outcome of
U-CLL cases (Figure 2B).

HCDR3 Hydropathy Index in M-CLL vs.
U-CLL and Its Association With Other
Disease Features
Based on the above findings, we subdivided M-CLL patients into
cases with neutral HCDR3 (mean GS of -0.1) and patients with
negatively charged HCDR3 sequences (mean GS of -1.1) and
FIGURE 1 | Distribution of CLL patients according to the hydropathy index—Gravy score (GS)—of the HCDR3 aa sequence of their BCR. Bars represent the
number of CLL patients (N = 138) with different HCDR3 GS. Black bars correspond to M-CLL patients with a GS ≥ -0.5 (neutral HCDR3; N = 65), light gray bars
correspond to M-CLL patients with GS < -0.5 (negatively charged HCDR3; N = 73), and dark gray bars represent cases with a ≥98% identity to the V(H) germline
(U-CLL) independently of their GS.
October 2021 | Volume 11 | Article 723722
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compared the features of these two subgroups of M-CLL vs. U-
CLL cases (Table 2). Thus, Rai stage 0 (p = 0.007) predominated
in the two M-CLL patient subgroups vs. U-CLL (Table 2). In
contrast, greater median hemoglobin levels (150 vs. 130 g/L, p =
0.004) were found in M-CLL patients with a neutral HCDR3 (but
not within those with a negatively charged HCDR3) vs. U-CLL.
Frontiers in Oncology | www.frontiersin.org 5
Overall, the number of PB leukocytes, total T cells, CD8+ T-cells,
and tumor CLL cells, in blood, were all significantly increased in
U-CLL compared with the two M-CLL patient groups, in the
absence of significant differences between the later M-CLL
groups (Table 2). Despite this, M-CLL with neutral HCDR3
sequences showed an intermediate frequency of cytogenetically
A

B

FIGURE 2 | Time to therapy (TTT) survival curves of CLL patients distributed according to the hydropathy index of the HCDR3 aa sequence and the mutational
status of their tumor cell BCR. Prognostic impact of the HCDR3 hydropathy index (A) and both the HCDR3 hydropathy index and the IGHV mutational status (B) on
the outcome of CLL patients assessed by their survival from diagnosis to first therapy (TTT).
October 2021 | Volume 11 | Article 723722

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Rodrı́guez-Caballero et al. HCDR3 Hydropathy Index in CLL
altered cases between U-CLL and M-CLL with negatively
charged HCDR3 (80% vs. 92% and 74%, respectively) together
with a significantly greater proportion of del(17p)+ patients (11%
vs. 0% and 2%, respectively; p = 0.02) (Table 2).

Regarding outcome, M-CLL with neutral HCDR3 sequences
showed an intermediate rate of disease progression (37%)
compared to both U-CLL patients (75%) (p < 0.001) and M-
CLL with negatively charged HCDR3 sequences (19%), after a
similar median follow-up (Table 2). This was associated with a
significantly lower percentage of M-CLL cases with negatively
charged HCDR3 sequences that required therapy during the first
2 years after diagnosis (2%) compared to U-CLL (37%, p < 0.001)
and M-CLL with a neutral HCDR3 (17%, p = 0.03) (Table 2).
This translated into significantly prolonged TTT among M-CLL
with negatively charged HCDR3 sequences compared to both M-
Frontiers in Oncology | www.frontiersin.org 6
CLL patients with a neutral HCDR3 sequence and U-CLL
patients—75th percentile TTT (95% confidence interval): not
reached vs. 4.2 and 0.9 y, respectively; p < 0.001) (Figure 2B).

Based on the results above, we specifically investigated the
prognostic impact of the hydropathy index of the HCDR3
sequence of the tumor cell BCR compared to other clinical and
laboratory variables in patients with M-CLL. Among all variables
analyzed, Binet stage (p < 0.001), the number of total T-cells (p <
0.001), CD4+ T-cells (p = 0.002), CD8+ T-cells (p = 0.001),
basophils (p = 0.04), the size of the tumor B-cell clone in blood
(p = 0.003), del(11q) and/or del(17p) (p = 0.04) and the number
of cytogenetically altered CLL cells (p = 0.001) in addition to the
hydropathy index of the HCDR3 sequences of the tumor B-cell
clone (p < 0.001) all showed a prognostic impact in the univariate
analysis (Table 3). Multivariate analysis confirmed the
TABLE 2 | Clinical and biological features of CLL patients classified according to their IGHV mutational status and the HCDR3 hydropathy index.

Patient features U-CLL (N = 60) M-CLL (N = 78) p-value

Neutral HCDR3 (N = 30) Negatively charged HCDR3 (N = 48)

Age at diagnosis (years) 64 (33–84) 61 (38–81) 63 (35–84) 0.21
Men/women# 38/22 (63%/37%) 20/10 (67%/33%) 23/25 (48%/52%) 0.16; 0.08b,c

Binet stage#
A 37 (62%) 21 (70%) 37 (77%) 0.14
B 14 (23%) 2 (7%) 6 (13%)
C 9 (15%) 7 (23%) 5 (10%)

Rai stage#

0 29/60 (48%) 19/30 (63%) 36/48 (75%) 0.007; 0.02a; 0.04b

I 6/60 (10%) 4/30 (13%) 3/48 (6%)
II 12/60 (20%) 0/30 (0%) 2/48 (4%)
III 6/60 (10%) 0/30 (0%) 2/48 (4%)
IV 7/60 (12%) 7/30 (23%) 5/48 (10%)

Hemoglobin (g/L) 130 (70–170) 150 (100–180) 130 (90–170) 0.010; 0.004a

Anemia (<100 g of hemoglobin/L)# 7/59 (12%) 0/30 (0%) 3/47 (6%) 0.12
N. of platelets (×109/L) 149 (15–448) 158 (62–429) 164 (48–344) 0.63
Thrombocytopenia (<100 × 109 platelets/L)# 7/58 (12%) 7/30 (23%) 5/47 (11%) 0.25
N. of PB leukocytes (×109/L) 55 (10–576) 23 (6–245) 26 (8–241) 0.001; 0.010b

N. of PB total T-cells (×109/L) 4 (0.5–14) 2.7 (0.9–7.4) 2.6 (0.6–9) 0.006; 0.003b

N. of PB CD4+ T-cells (×109/L) 1.8 (0.6–6) 1.5 (0.5–4) 1.5 (0.3–4.3) 0.04
N. of PB CD8+ T-cells (×109/L) 1.4 (0.1–8) 0.7 (0.2–5) 0.8 (0.1–5) 0.007; 0.005a

N. of PB monocytes (×109/L) 0.7 (0.01–3) 0.5 (0.02–1.4) 0.4 (0.01–2) 0.12
N. of PB neutrophils (×109/L) 6.3 (0.9–21) 6.3 (0.9–16) 6.0 (0.2–12) 0.47
N. of PB basophils (×109/L) 0.07 (0.005–0.6) 0.06 (0.02–0.5) 0.06 (0.01–0.3) 0.66
N. of PB eosinophils (×109/L) 0.2 (0.01–1.2) 0.2 (0.02–1.7) 0.2 (0.05–1) 0.66
N. of PB NK cells (×109/L) 0.7 (0.04–3) 0.6 (0.05–1.5) 0.4 (0.04–2.2) 0.014

Tumor B-cell clone size in blood (×109/L) 47 (0.8–335) 16 (1.4–238) 17 (4.4–219) 0.001; 0.011b

% IGHV homology with germ line counterpart
HCDR3 length of CLL clone (N. of aa)

99.6 (98.8–100)
21 (12–28)

93.7 (86–98)
16 (8–24)

93.3 (85–98)
16 (7–24)

<0.001; <0.001a,b

<0.001;<0.001a,b

Cytogenetically altered CLL patients# 55/60 (92%) 24/30 (80%) 35/47 (74%) 0.05; 0.02b

Del(13q14)(D13S25)# 25/60 (42%) 11/30 (37%) 18/47 (38%) 0.88
Trisomy12# 17/60 (28%) 3/30 (10%) 7/47 (15%) 0.07; 0.04a

Del(11q)(ATM)# 9/60 (15%) 1/30 (3%) 2/47 (4%) 0.07; 0.06b

Del(17p)# 0/57 (0%) 3/28 (11%) 1/46 (2%) 0.02; 0.03a

N. of cytogenetically altered CLL cells (×109/L) 28 (0–208) 8.6 (0–233) 6.3 (0–185) 0.12
Disease progression# 45/60 (75%) 11/30 (37%) 9/48 (19%) <0.001; <0.001a,b

TTT < 2 years# 22/60 (37%) 5/30 (17%) 1/48 (2%) <0.001; 0.04a; <0.001b; 0.03c

Deaths# 16/60 (27%) 2/30 (7%) 6/48 (12%) 0.03; 0.02a
October 2021
Results expressed as median (range) or as # number of cases (percentage).
aU-CLL vs. M-CLL with neutral HCDR3.
bU-CLL vs. M-CLL with negatively charged HCDR3.
cM-CLL with neutral HCDR3 vs. M-CLL with negatively charged HCDR3.
CLL, chronic lymphocytic leukemia; M, mutated IGHV; N, number; PB, peripheral blood; TTT, time to therapy; U, unmutated IGHV.
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independent adverse prognostic impact of neutral HCDR3
sequence of BCR (hazard ratio (HR), 12; 95% confidence interval
(CI), 1.8 to 81; p = 0.01) together with an advanced Binet stage B/C
(HR, 42.8; 95% CI, 1.7 to 1,073; p = 0.02) (Table 3).

Distinctive Molecular Features of the BCR
of M-CLL With Neutral vs. Negatively
Charged HCDR3 Sequences
Interestingly, no significant differences were found between the
two groups of M-CLL patients defined by having a neutral vs.
negatively charged HCDR3, as regards the frequency of V(H) gene
families used (Table 4). Despite this, both groups of M-CLL
patients (with neutral and negatively charged HCDR3 sequences)
more frequently used the VH3 gene at the expense of a lower
frequency of VH1 gene usage compared to U-CLL patients—53%
and 52% vs. 32%, (p = 0.05) and 17% and 8% vs. 47%, (p < 0.001),
respectively (Table 4). In more detail, usage of the VH1-69 gene
family was significantly associated with U-CLL—27% vs. 0% and
4%, p < 0.001—while VH4-34 was more frequently used in the
two groups of (neutral and negatively charged HCDR3) M-CLL
patients vs. U-CLL—17% and 21% vs. 3%, p = 0.02, respectively.
Interestingly, VH3-7 was significantly associated with M-CLL
with neutral HCDR3 sequences (17%) while rarely found in U-
CLL (2%) (p = 0.01) (Table 3). Likewise, usage of the D(H)2 genes
was more frequently observed in M-CLL with neutral HCDR3
sequences (43%) than in M-CLL with negatively charged HCDR3
(19%, p = 0.02) and U-CLL (22%, p = 0.03) patients (Table 4).
Within the D(H)2 gene family, D(H)2-15 and D(H)2-21 were
those family members more frequently expressed in M-CLL with
neutral HCDR3 sequences vs. U-CLL (13% and 20% vs. 2% and
5%, respectively) (Table 4). In turn, U-CLL showed a higher
frequency of D(H)3 than M-CLL patients (p = 0.001), the D(H)3-
3 gene family mostly accounting for these differences as it was
found in 30% of U-CLL vs. 7% of M-CLL with neutral HCDR3
and 12% of M-CLL with negatively charged HCDR3 sequences
(p = 0.01) (Table 4).

Regarding J(H) gene usage, M-CLL with negatively charged
HCDR3 sequences showed a significantly higher frequency of J
(H)4 genes (60%) than both M-CLL with a neutral HCDR3
(23%) (p = 0.001) and U-CLL (33%) (p = 0.004) patients
(Table 4). Likewise, a significantly lower percentage of M-CLL
with negatively charged HCDR3 sequences showed J(H)6 gene
usage (21%) compared to U-CLL (48%, p = 0.003) (Table 4).
Interestingly, the lower use of JH6 and DH2 genes in M-CLL
with negatively charged HCDR3 sequences was associated with
different charges of the specific HCDR3 amino acids comprised
by these coding genes vs. U-CLL patients (p = 0.010 and p =
0.003, respectively) (Table 4). In contrast, the charge of the
HCDR3 amino acids comprised by JH4 and DH3 genes did not
show differences between U-CLL and both M-CLL groups
(Table 4). It should be noted, however, that the HCDR3
fraction comprised by nucleotides distinct to those included in
the above referred JH and DH gene sequences showed always a
significantly lower charge in M-CLL patients with negatively
charged sequences compared to M-CLL with neutral HCDR3
sequences (Table 4).
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As expected, U-CLL had longer HCDR3 (median: 21 amino
acids) than M-CLL (median: 16 amino acids) (p < 0.001)
(Table 2). However, since the length of the BCR HCDR3
sequences differs between B-cells from younger and older
subjects (27), we grouped our patients into younger adults
(≤65 y) and older (>65 y) patients. Interestingly, older M-CLL
patients with a negatively charged HCDR3 showed shorter
HCDR3 sequences (median: 15 amino acids) than M-CLL with
neutral HCDR3 (median: 18 amino acids) (p = 0.013) (Table 4).
Furthermore, older M-CLL patients with neutral HCDR3 had
similarly longer HCDR3 sequences (median: 18 amino acids) to
those of U-CLL patients (median: 20 amino acids) (p = 0.47)
(Table 4). Finally, M-CLL with negatively charged HCDR3
sequences showed a significantly lower frequency of
stereotyped IGHV sequences (10%) compared to U-CLL (28%)
(p = 0.02) (Table 4), with a similarly low incidence of stereotyped
IGHV sequences corresponding to the more aggressive (#1, #2,
#8) CLL subsets (Table 4).
DISCUSSION

B-cells are a key component of the adaptive immune system (28).
Their function is typically triggered through BCR-mediated
recognition of specific antigens (28). Specific binding of BCR
to antigens is mostly mediated through unique HCDR3 (and also
LCDR3) regions capable of identifying and attaching to
complementary epitopes in the recognized antigen (28). For
adequate binding to the antigen, electrostatic links with the
BCR are required (29). Thereby, the HCDR3 charge plays a
critical role in antigen binding to the BCR and recognition by B-
cells (30). Importantly, during antigen-driven maturation, B-
cells modify their HCDR3 sequences to enhance their affinity for
specific antigen triggers (30). This includes acquisition of
somatic mutations involving the HCDR3 region, which
progressively confer more negatively charged amino acid
sequences for higher affinity antigen binding by both the BCR
and the future B-cell derived (higher-affinity) antibodies (31). In
addition, due to its key role in antigen recognition, the
interaction of the BCR with the BM microenvironment also
plays a critical role at an earlier stage, during lymphopoiesis, in
selecting B-cell precursors that carry a functional BCR (31).

For decades now, studies have accumulated which support an
important role for BCR-mediated expansion of tumor cells in CLL
(32, 33) in the absence of a common genetic driver (6). Thus, CLL
cells show biased usage of specific IGHV(D)J gene families, with
overrepresentation of some genes such as IGHV1-69, IGHV4-34,
and IGHV3-21 (34). Of note, these genes are differentially
distributed among the two major prognostic subgroups of CLL
defined according to the mutational status of the BCR (U-CLL and
M-CLL) (35). Accordingly, U-CLL cells have polyreactive BCRs
that may respond to a wide spectrum of epitopes (36, 37), as
typically required during selection of recently produced immature
B-lymphocytes in BM (38), whereas M-CLL cells are more mature
B-cells that have undergone somatic hypermutation, whose BCRs
are (potentially) less responsive to external signals, while more
October 2021 | Volume 11 | Article 723722
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TABLE 3 | Univariate and multivariate analyses of prognostic factors with an impact on disease progression in M-CLL (N = 78).

Variables N Univariate analysis on disease progression Multivariate analysis on disease progression

Median (95% CI) (y) p-value HR (95% CI) p-value

Age at diagnosis
≤ 65 y 50 NR 0.12
> 65 y 28 NR

Sex
Men 43 NR 0.88
Women 35 NR

Binet stage
A 58 NR
B/C 20 8 (1.6–14.4) <0.001 42.8 (1.7–1,073) 0.02

Anemia
<100 g hemoglobin/L 3 9.9 (5–15.9) 0.27
≥100 g hemoglobin/L 74 NR

Thrombocytopenia
<100 platelets × 109/L 12 9.9 0.08
≥100 platelets × 109/L 65 NR

N. of PB leukocytes (×109/L)
≤51.4 57 NR 0.06
>51.4 20 NR

N. of PB total T-cells (×109/L)
≤3.2 56 NR <0.001
>3.2 21 6.2 (2.7–9.7)

N. of PB CD4+ T-cells (×109/L)
≤2.1 60 NR 0.002
>2.1 15 8.7 (4.1–13.2)

N. of PB CD8+ T-cells (×109/L)
≤1.7 63 NR 0.001
>1.7 12 6.1 (5.9–6.4)

N. of PB monocytes (×109/L)
≤1.04 67 NR 0.27
>1.04 7 NR

N. of PB neutrophils (×109/L)
≤11.4 73 NR 0.07
>11.4 3 6.1

N. of PB basophils (×109/L)
≤0.13 51 NR 0.04
>0.13 5 8.7 (1.4–16)

N. of PB eosinophils (×109/L)
≤0.12 24 NR 0.08
>0.12 50 NR

N. of PB NK cells (×109/L)
≤0.53 39 NR 0.31
>0.53 32 NR

Tumor B-cell clone size in blood (×109/L)
≤37.7 53 NR 0.003
>37.7 23 9.93

HCDR3 hydropathy index
Neutral 30 4.2 (75th percentile: NR) <0.001 12 (1.8–81) 0.01
Negatively charged 48 NR (75th percentile: NR)

% IGHV homology
≤96 65 NR 0.56
>96 13 NR

HCDR3 length of CLL clone
≤21 aa 73 NR
>21 aa 5 NR 0.86

DH2 gene usage 22 NR 0.70
JH6 gene usage 21 NR 0.86
Del (11q) and/or del(17p) 7 4.2 (2.8–5.6) 0.04
N. of cytogenetically altered CLL cells (×109/L)
≤33 57 NR
>33 18 7.4 (2.2–12.5) 0.001
Frontiers in Oncology | www.frontiersin.org
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specific for a given epitope (39–41).Amongother factors, thismight
also contribute to explain the more aggressive clinical course (42,
43) and the shortened survival of U-CLL vs. M-CLL (44). As a
consequence, the IGHV genemutational status currently represents
one of the most relevant prognostic determinants in CLL (44).

Similarly to normal B-cells (31), here we show that CLL cells
also display a Gaussian distribution according to the hydropathy
index of their BCR, slightly skewed toward negatively charged
HCDR3 amino acid sequences. Interestingly, when we divided
our patients into cases with neutral (mean GS of -0.1) vs. more
negatively charged (mean GS of -1.1) HCDR3 sequences, two
subgroups of CLL patients with clearly distinct clinical and
biological features emerged. Thus, CLL patients with neutral
HCDR3 sequences showed a clear predominance of men, U-CLL
with longer HCDR3 sequences, a lower frequency of IGHV gene
mutation, and higher frequency of more advanced stages of the
disease, in association with a higher rate of disease progression
and shorter TTT. Interestingly, shortening of HCDR3 sequences
with a trend to negatively charged BCRs is a typical feature of
selection of B-cell precursors in BM required for the survival of
B-cells that will enter the mature B-cell repertoire (31). Based on
these findings, our results suggest that expanded CLL cells in
Frontiers in Oncology | www.frontiersin.org 9
patients with neutral and longer HCDR3 sequences might reflect
an earlier tumor cell origin in BM (45–47). Among other factors,
this might also contribute to explain the greater frequency of
more advanced stages of disease at diagnosis (48), together with
an increased rate of disease progression vs. patients with
negatively charged HCDR3 sequences. Nevertheless, these
differences could be potentially due to the fact that CLL cases
with neutral HCDR3 sequences included a higher fraction of U-
CLL vs. M-CLL patients.

To investigate the potential independent value of both
variables (the BCR mutational status and its hydropathy
index), we separately studied the features of CLL patients with
neutral vs. negatively charged HCDR3 sequences among U-CLL
and M-CLL cases. Thus, U-CLL cases with a neutral and
negatively charged HCDR3 showed similar clinical and
biological features associated with a uniformly poorer outcome,
in line with previous observations (49–51). In contrast, the
HCDR3 hydropathy index identified two different prognostic
subgroups of M-CLL. These included a subgroup of M-CLL with
neutral HCDR3 who displayed intermediate clinical, genetic, and
prognostic features between the classical U-CLL and M-CLL
patients with a negatively charged BCR. Thus, M-CLL with
TABLE 4 | IGHV(D)J gene usage in CLL patients classified according to their IGHV mutational status and the HCDR3 hydropathy index.

BCR features U-CLL (N = 60) M-CLL (N = 78) p-value

Neutral HCDR3 (N = 30) Negatively charged HCDR3 (N = 48)

V(H) gene family usage#

V1 28/60 (47%) 5/30 (17%) 4/48 (8%) <0.001; 0.004a; 0.000b

V1-69 16/60 (27%) 0/30 (0%) 2/48 (4%) <0.001; 0.001a,b

V3 19/60 (32%) 16/30 (53%) 25/48 (52%) 0.05; 0.04a; 0.03b

V3-7 1/60 (2%) 5/30 (17%) 5/48 (10%) 0.03; 0.01a

V4 9/60 (15%) 8/30 (27%) 17/48 (35%) 0.05; 0.01b

V4-34 2/60 (3%) 5/30 (17%) 10/48 (21%) 0.02; 0.04a; 0.005b

D(H) gene family usage#

D2 13/60 (22%) 13/30 (43%) 9/48 (19%) 0.04; 0.03a; 0.02c

D2-2 9/60 (15%) 3/30 (10%) 3/48 (6%) 0.34
D2-15 1/60 (2%) 4/30 (13%) 3/48 (6%) 0.08; 0.04a

D2-21 3/60 (5%) 6/30 (20%) 3/48 (6%) 0.04; 0.03a

D3 35/60 (58%) 6/30 (20%) 16/48 (33%) 0.001; 0.001a; 0.01b

D3-3 18/60 (30%) 2/30 (7%) 6/48 (12%) 0.01; 0.01a; 0.03b

J(H) gene family usage#

J4 20/60 (33%) 7/30 (23%) 29/48 (60%) 0.002; 0.004b; 0.001c

J6 29/60 (48%) 11/30 (37%) 10/48 (21%) 0.01; 0.003b

Charge of HCDR3:
J4 gene fraction -0.167 (-0.296–0.029) -0.076 (-0.325–0.115) -0.209 (-0.946–0.115) 0.25
Non-J4 V(N1)D(N2) nucleotides -0.392 (-1.150–0.447) -0.107 (-0.346–0.670) -0.936 (-1.702–-0.350) <0.001; <0.001b,c

J6 gene fraction -0.130 (-0.225–0.014) -0.016 (-0.347–0.194) -0.003 (-0.222–0.168) 0.010; 0.010b

Non-J6 V(N1)D(N2) nucleotides -0.084 (-0.890–0.996) -0.170 (-0.419–0.577) -0.941 (-1.490–-0.572) <0.001; <0.005b,c

D2 gene fraction 0.329 (-0.382–1.032) 0.010 (-0.286–0.698) -0.258 (-0.596–0.029) 0.013; 0.003b

Non-D2 V(N1)(N2)J nucleotides -0.502 (-1.380–-0.006) -0.070 (-0.441–0.491) -0.777 (-1.126–-0.471) 0.001; <0.010a; <0.001c

D3 gene fraction -0.256 (-0.565–0.849) -0.113 (-0.444–0.707) -0.365 (-0.742–0.302) 0.10
Non-D3 V(N1)(N2)J nucleotides -0.347 (-1.553–0.208) 0.007 (-0.570–0.351) -0.712 (-1.057–-0.349) 0.001; <0.01b; 0.013c

HCDR3 length in patients aged ≤65y 21 (12–28) 14 (8–24) 16 (7–23) 0.001; 0.001a; 0.008b

HCDR3 length in patients aged >65y 20 (13–28) 18 (15–24) 15 (9–24) <0.001; <0.001b; 0.013c

Stereotyped IGHV# 17/60 (28%) 5/30 (17%) 5/48 (10%) 0.06; 0.02b

Subsets (1,2,8)# 4/60 (7%) 2/30 (7%) 1/48 (2%) 0.50
October 2021 | Vo
Results expressed as median (range) or as # number of cases (percentage).
aU-CLL vs. M-CLL with neutral HCDR3.
bU-CLL vs. M-CLL with negatively charged HCDR3.
cM-CLL with neutral HCDR3 vs. M-CLL with negatively charged HCDR3.
CLL, chronic lymphocytic leukemia; M, mutated IGHV; N, number; U, unmutated IGHV.
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neutral HCDR3 showed predominance of men—similar to that
found in U-CLL, but with significantly higher hemoglobin levels
—in association with a higher frequency of thrombocytopenia
and an intermediate frequency of cytogenetically altered cases
between U-CLL and the other M-CLL patients, at the expense of
a greater frequency of del(17p). At present, it is well established
that progression of MBL toward CLL is associated with a more
prominent male predominance and greater frequency of U-CLL
(52). Male predominance among M-CLL cases with neutral
HCDR3 might also contribute to explain the greater
hemoglobin levels observed in these patients, which contrasts
with the higher frequency of thrombocytopenia compared to M-
CLL with negatively charged HCDR3 sequences. This together
with the greater frequency of more advanced stage of the disease
among M-CLL with a neutral vs. negatively charged HCDR3
would support a poorer outcome within M-CLL for the former
patient group, as confirmed here via an adverse impact on the
time elapsed from diagnosis to first therapy among M-CLL
patients with neutral vs. negatively charged HCDR3 sequences.

From the molecular point of view, M-CLL with neutral
HCDR3 showed DJ footprints compatible with a more
immature BCR repertoire associated with preferential usage of
D(H)2 IGHV gene segments (53), in the absence of a biased use
of JH4 gene segments, as found in M-CLL cases with negatively
charged HCDR3 sequences, being biased use of JH4 gene
segments a typical feature of more mature PB B lymphocytes
(54). In addition, we also observed longer HCDR3 sequences in
older (>65 y) patients who had U-CLL and M-CLL with neutral
HCDR3 vs. M-CLL with negatively charged HCDR3 sequences,
in line with what might be expected among older subjects (27).
Despite U-CLL andM-CLL with neutral HCDR3 shared HCDR3
sequences which typically had no traits associated with a mature
B-cell repertoire, important differences were still observed in the
IGHV repertoire of CLL cells of both patient groups as regards
the usage of the VH1 and VH3 gene segments, further
emphasizing also the biological differences between them.

Altogether, our findings show that based on the HCDR3
hydropathy index of HCDR3 sequences, two clearly distinct
subgroups of M-CLL patients with different clinical, genetic,
and prognostic features can be identified which are characterized
by neutral vs. negatively charged BCRs, associated with
molecular features of precursor vs. peripheral/mature B-cells,
respectively. Further studies are needed to elucidate the precise
mechanisms involved in determining the role of these different
BCR profiles (compared to other prognostic factors such as
ZAP70) in the distinct clinical behavior and outcome of both
groups of M-CLL patients and facilitate implementation of
assays for routine assessment of the HCDR3 hydropathy index
in M-CLL in the clinical settings.
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de Salamanca; FIS PI17/00399-FEDER, from the Fondo de
Investigación Sanitaria of Instituto de Salud Carlos III, Madrid,
Spain; 0639_IDIAL_NET_3_E, from cooperative network EP-
INTERREG V A España Portugal (POCTEP); and ECRIN-M3,
Accelerator Award Full, Cancer Research UK, Fundación
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Supplementary Figure 1 | Kyte-Doolittle numerical scaleof aminoacids (aa) and the
formula to calculate the Gravy Score (GS) of HCDR3 (hydropathy index). The
biochemical nature of aa according to their Kyte-Doolittle value and the algorithm used
to calculate the GS of the HCDR3 sequence in our patients are shown in (A, B),
Frontiers in Oncology | www.frontiersin.org 11
respectively. In (C), four different HCDR3 sequences with their corresponding GS
(where the sum of the Kyte-Doolittle values for individual aa divided by HCDR3 length
provides the specific GS of individual sequences). As shown, different patients can
share the same GS of their HCDR3, despite having different aa sequences.
REFERENCES

1. Oppezzo P, Dighiero G. Role of the B-Cell Receptor and the
Microenvironment in Chronic Lymphocytic Leukemia. Blood Cancer J
(2013) 3:e149. doi: 10.1038/bcj.2013.45

2. Hallek M. Chronic Lymphocytic Leukemia: 2020 Update on Diagnosis, Risk
Stratification and Treatment. Am J Hematol (2019) 94(11):1266–87.
doi: 10.1002/ajh.25595

3. Hallek M, Cheson BD, Catovsky D, Caligaris-Cappio F, Dighiero G, Döhner
H, et al. iwCLL Guidelines for Diagnosis, Indications for Treatment, Response
Assessment, and Supportive Management of CLL. Blood (2018) 131
(25):2745–60. doi: 10.1182/blood-2017-09-806398

4. Dighiero G, Hamblin TJ. Chronic Lymphocytic Leukemia. Lancet (2008) 371
(9617):1017–29. doi: 10.1016/S0140-6736(08)60456-0

5. International CLL-IPI working group. An International Prognostic Index for
Patients With Chronic Lymphocytic Leukaemia (CLL-IPI): A Meta-Analysis
of Individual Patient Data. Lancet Oncol (2016) 17(6):779–90. doi: 10.1016/
S1470-2045(16)30029-8
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