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Abstract 
 
Sialylation is the terminal addition of sialic acid to underlying glycans. It plays a prominent role in cell adhesion and im-
mune regulation. Sialylated structures found on adhesion molecules, such as CD49d, mediate the interactions between 
cancer cells and the microenvironment, facilitating metastatic seeding in target organs. Chronic lymphocytic leukemia 
(CLL) is a clonal B-cell malignancy characterized by the accumulation of CD5-positive B cells in the peripheral blood, 
bone marrow and lymph nodes. CLL cells proliferate mainly in the lymph node “proliferation centers”, where the micro-
environment provides pro-survival signals. Thus, migration and homing into these protective niches play a crucial role in 
CLL biology. In recent years, therapeutic strategies aimed at inducing the egress of CLL cells from the lymph nodes and 
bone marrow into the circulation have been highly successful. In this study, the sialylation status of 79 untreated and 24 
ibrutinib-treated CLL patients was characterized by flow cytometry. Moreover, the effect of sialic acid removal on migration 
was tested by a transwell assay. Finally, we examined the sialylation status of CD49d by Western blot analysis. We found 
that CLL cells are highly sialylated, particularly those characterized by an “activated” immune phenotype. Notably, sialy-
lation regulates CLL migration through the post-translational modification of CD49d. Finally, we showed that therapeutic 
agents that induce CLL mobilization from their protective niches, such as ibrutinib, modulate sialic acid levels. We propose 
that sialylation is an important regulator of CLL trafficking and may represent a novel target to further improve CLL ther-
apy. 
 

Introduction 
Chronic lymphocytic leukemia (CLL) is characterized by 
the accumulation of clonal, CD5-positive mature B cells in 
the peripheral blood (PB), bone marrow (BM) and lymph 
nodes (LN).1 Since circulating PB CLL cells are mainly ar-
rested in the G0/G1 phase of the cell cycle, CLL prolifer-
ation essentially occurs in the BM and in the LN.2 In the 
latter, CLL cells proliferate in a specific compartment 
called “proliferation centers” (PC) or pseudofollicles.3 Not 
only does the microenvironment support CLL proliferation, 
but it also provides malignant cells with survival factors 
that induce resistance to otherwise extremely effective 
therapeutic agents.4 Given their dependency on the micro-
environment, CLL cells continue to circulate between the 
PB, BM and LN. CLL homing to the BM and LN is mediated 
by key molecules including chemokine [C-X-C motif] re-

ceptor 4 (CXCR4) and CD49d.5,6 CXCR4 represents the re-
ceptor for the stromal cell-derived factor 1α (SDF1α), an 
essential chemokine that mediates CLL chemotaxis and 
transendothelial migration.7,8 Different levels of CXCR4 and 
CD5 expression have been associated with specific PB CLL 
immune phenotypes, proliferation, persistence in the PB, 
and survival.9,10 CD49d is the α4 integrin subunit that, in 
association with the β1 subunit, forms the very late antigen 
4 (VLA4). VLA4 promotes proper localization and recircu-
lation of CLL cells into protective niches by binding to the 
vascular cell adhesion molecule 1 (VCAM1) and fibronectin 
(FN) present on endothelial and BM stromal cells, respect-
ively.11 The importance of CD49d in CLL is shown by its 
clinical application as a prognostic marker.12-16 
Novel therapeutic agents, including the Bruton’s tyrosine 
kinase (BTK) inhibitor ibrutinib, aim at targeting pro-sur-
vival and proliferative signals that originate from the 
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microenvironment.5,6 A direct outcome of such treatments 
is the downregulation of key adhesion molecules that in-
duces mobilization of CLL cells from the BM and LN to the 
PB, resulting in spontaneous apoptosis and re-sensitiza-
tion to chemotherapeutic agents.17-19  
Sialylation represents a post-translational modification of 
proteins and lipids catalyzed by a class of enzymes, which 
reside in the Golgi apparatus, known as sialyltransferases 
(Sts).20 These enzymes mediate the attachment of sialic 
acids via different glycosidic linkages (α2-3, α2-6, or α2-8) 
to the underlying glycan chain. Aberrant sialylation con-
tributes to tumor immune evasion, dissemination and 
metastasis.21 Indeed, hypersialylation impairs natural killer 
(NK) cell-mediated cytotoxicity in multiple myeloma (MM)22 
and CLL23 by promoting the binding to sialic acid-binding 
immunoglobulin-like lectins (Siglecs), a family of inhibitory 
receptors that are predominantly expressed by immune 
cells. Moreover, hypersialylation promotes tumor dissemi-
nation and metastasis by modulating the function of dif-
ferent integrins.24 For example, inhibiting sialylation in MM 
impairs interactions between tumor cells, VCAM1 and mu-
cosal vascular addressin cell adhesion molecule 1 (MAD-
CAM1) by altering the maturation of CD49d.25 Sialylation 
also participates in the generation of selectin ligands. The 
α2-3 linked sialic acid is an essential component of the 
tetrasaccharide structure known as Sialyl Lewisa/x (SLea/x), 
a key determinant of selectin recognition and binding. 
SLea/x characterizes tumors with a metastatic phenotype 
and its expression negatively correlates with patient sur-
vival.26 In acute myeloid leukemia (AML), blocking the in-
teractions between E-selectin and its ligands by the small 
molecule GMI1271/Uproleselan effectively inhibits niche-
mediated pro-survival signaling, dampens AML blast re-
generation, and strongly synergizes with chemotherapy.27 
In this study, we investigated the sialylation profile of CLL 
cells isolated from the PB of untreated and ibrutinib-
treated patients. We observed that CLL cells constitutively 
express high levels of sialic acids that can be modulated 
by therapeutic agents such as ibrutinib. Importantly, sialy-
lation seems to regulate VCAM1- and FN-dependent CLL 
migration through the modification of the integrin subunit 
CD49d. 

Methods 
Chronic lymphocytic leukemia patients 
Peripheral blood samples were collected after informed 
consent from 79 untreated CLL patients and from 24 CLL 
patients treated with ibrutinib. The study was conducted 
in accordance with the Declaration of Helsinki and was 
approved by the Ethics Committee of the Sapienza Uni-
versity. Patients' clinical features are listed in Online 
Supplementary Tables S1 and S2. 

Flow cytometry analysis 
Leukocytes from PB of CLL patients were isolated using 
an ammonium chloride-based red blood lysis buffer (155 
mM ammonium chloride, 10 mM potassium bicarbonate, 
and 0.2 mM ethylenediaminetetraacetic acid [EDTA] tet-
rasodium salt, all from Merck; Rahway, NJ, USA). To de-
termine the levels of α2-3 and α2-6 linked sialic acids, 
leukocytes (2x106 per tube) were incubated for 15 min-
utes (min) at room temperature (RT) with gentle rocking 
with Maackia amurensis lectin II and Sambucus nigra 
lectin (1:20000; Vector Laboratories; Newark, CA, USA), 
which preferentially bind the α2-3 and α2-6 linked sialic 
acids, respectively. After incubation, cells were washed, 
stained with APC-conjugated streptavidin beads (1:400; 
BD Bioscience, Franklin Lakes, NJ, USA), FITC-conjugated 
anti-CD5 and PE-conjugated anti-CD19 antibodies (both 
from Immunological Science, Rome, Italy), AlexaFluor 
647-conjugated cutaneous lymphocyte antigen antibody 
(clone Heca452; BD Bioscience) and incubated for 30 min 
at RT with gentle rocking. After incubation, cells were 
washed, resuspended in 500 µL staining buffer supple-
mented with 7-aminoactinomycin D (7-AAD, 1:80; Immu-
nological Science) to exclude dead cells. Cells were 
acquired on a BD FACS Canto I (BD Biosciences). Data 
were analyzed using the Infinicyt software v 2.0.5.b.007 
(Cytognos; Salamanca, Spain).  

Migration assay 
For the migration assay, only samples containing more 
than 85% CLL cells were used. Moreover, we selected 
samples with CD49d-positive CLL cells. CLL cells were 
isolated by Ficoll gradient centrifugation and seeded in 
the upper chamber of a transwell (5 µm pore size; Sar-
stedt; Hildesheim, Germany) at 2x106 in 100 mL of serum-
free RPMI 1640. The transwells had been previously 
coated with human FN (10 mg/cm2, Bio-Techne; Minnea-
polis, MN, USA), recombinant human VCAM1-Fc Chimera 
(1 µg/cm2, Biolegend; San Diego, CA, USA), or bovine 
serum albumin (BSA, 1% [v/v] in PBS; Merck) as control. 
Lower chambers were filled with either 600 mL of serum-
free RPMI 1640 medium or  serum free RPMI 1640 
medium supplemented with recombinant human SDF1α 
(200 ng/mL, Peprotech; London, UK). After 5 hours (h) at 
37°C, migrated cells in the lower chambers were col-
lected and mixed with 25 mL of CountBright absolute 
counting beads (ThermoFisher Scientific; Waltham, MA, 
USA) together with 5 mL of 7AAD to exclude dead cells. 
Samples were acquired on a BD FACS Canto I. Acquisition 
was stopped after collecting 2,000 events in the gate 
drawn around the beads. The cell number was estimated 
using the following equation: absolute count (cells/mL) = 
(cell count x counting bead volume) / (counting bead 
count x cell volume) x counting bead concentration 
(beads/mL).  

Haematologica | 108 July 2023 

1852

ARTICLE - Sialylation modulates CD49d-mediated CLL migration A. Natoni et al.



Statistical analysis 
The Mann-Whitney test or the two-way ANOVA followed 
by Sidak’s multiple comparison post-hoc testing were used 
to determine significance, using P<0.05 as the cut-off. 
*P<0.05; **P<0.01; ***P<0.001. GraphPad Prism 6.02 soft-
ware (La Jolla, CA, USA) was used to compute all statis-
tical calculations. 

Results 
Chronic lymphocytic leukemia cells express elevated 
levels of α2-3 linked sialic acid and α2-6 linked sialic 
acid and low levels of Sialyl Lewisa/x  
To characterize the sialylation status of CLL cells, we 
used flow cytometry to measure the expression levels of 
the α2-3 and α2-6 linked sialic acids (α2-3 Sia, α2-6 Sia) 
in CLL cells isolated from the PB of 79 untreated pa-
tients, using the Maackia amurensis lectin II (MALII) and 
the Sambucus nigra lectin (SNA). We also included in our 
analysis the Heca452 antibody, which recognizes the tet-
rasaccharide SLea/x, an important determinant in selectin 

recognition and binding. All CLL samples analyzed dis-
played a high proportion of cells positive for MALII and 
SNA, indicating that the majority of CLL cells express 
both α2-3 Sia and α2-6 Sia (Figure 1A). In contrast, CLL 
cells were negative or weakly positive to the Heca452 
antibody, suggesting low levels of SLea/x expression (Fig-
ure 1A). The distribution of the median fluorescence in-
tensity (MFI) for all three markers was rather 
heterogeneous, particularly for α2-6 Sia, indicating a high 
degree of inter-patient variability (Figure 1B, C and D). 
There was no difference in the proportion of α2-3 Sia, 
α2-6 Sia and SLea/x positive cells between CLL cells with 
either favorable or adverse prognostic indicators includ-
ing the IGVH mutational status, CD38 and CD49d posi-
tivity (Online Supplementary Figures S1-S3). With regard 
to MFI, we only found a decrease in the SLea/x MFI of the 
CD38-positive compared to the CD38-negative CLL cells 
(Online Supplementary Figure S2F); the difference be-
tween these two CLL populations was, however, small 
and its biological significance is, therefore, unclear. In 
conclusion, PB CLL cells express α2-3 Sia, α2-6 Sia and, 
to a lesser extent, SLea/x.  

Figure 1. Expression of α2-3 linked sialic acid, α2-6 linked sialic acid and Sialyl Lewisa/x in chronic lymphocytic leukemia cells. 
Peripheral blood (PB) collected from 79 untreated chronic lymphocytic leukemia (CLL) patients were lysed and stained for flow 
cytometry. CLL cells were identified by the expression of CD5 and CD19. Dead cells were excluded using the 7-aminoactinomycin 
D (7AAD). The levels of α2-3 linked sialic acid (α2-3 Sia), α2-6 linked sialic acid (α2-6 Sia), and Sialyl Lewisa/x (SLea/x) were deter-
mined using Maackia amurensis lectin II (MALII) and Sambucus nigra (SNA) lectins and the Heca452 antibody, respectively. At 
least 30,000 events were acquired in the CD5 CD19 gated population. Graphs display the percentages of α2-3 Sia, α2-6 Sia and 
SLea/x positive cells (A), and the median fluorescence intensity (MFI) of the α2-3 Sia (B), α2-6 Sia (C), and SLea/x (D) positive cells. 
Dots represent individual measurements. Horizontal lines depict median and interquartile range. 

A B

C D
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α2-3 linked sialic acid and Sialyl Lewisa/x are present at 
higher levels in chronic lymphocytic leukemia cells with 
an “activated” phenotype 
We then investigated whether sialic acids could be differ-
entially expressed in distinct CLL subclones. To this end, 
we focused on two surface markers, CD5 and CXCR4, 
whose combined expression discriminates between CLL 
subclones enriched in recently divided cells that have left 
a solid lymphoid tissue (CXCR4dim CD5bright) and those that 
have been circulating in the periphery longer and are char-
acterized by a resting phenotype (CXCR4bright CD5dim).9 Using 
a similar gating strategy to that used in previous studies 
(Figure 2A),9,10 we identified CXCR4dim CD5bright and 
CXCR4bright CD5dim cells in 28 CLL samples from untreated 
patients and examined the expression levels of α2-3 Sia, 
α2-6 Sia and SLea/x. We observed that CXCR4dim CD5bright 

cells displayed higher expression levels of the α2-3 Sia and 

of SLea/x compared to CXCR4bright CD5dim cells (Figure 2B and 
D). These data suggest that the α2-3 Sia, and in particular 
SLea/x, may be expressed at higher levels in CLL cells with 
an “activated” phenotype. 

Removal of sialic acids on the cell surface by 
neuraminidase treatment inhibits VCAM1- and 
fibronectin-dependent chronic lymphocytic leukemia 
migration 
Sialylation is a post-translational modification that occurs 
on proteins and lipids expressed predominantly on the cell 
surface. Therefore, one of its major roles is the modulation 
of cell-cell and cell-environment interaction.28 Indeed, 
sialylation seems to enhance the metastatic potential of 
several tumors by promoting migration and invasion.21 
Since CLL cells continuously migrate in and out of the LN 
and BM, which represent essential niches for CLL cell sur-

Figure 2. Expression of α2-3 linked sialic acid, α2-6 linked sialic acid and Sialyl Lewisa/x in CXCR4dim CD5bright and CXCR4bright CD5dim 
chronic lymphocytic leukemia cells. Peripheral blood (PB) collected from chronic lymphocytic leukemia (CLL) patients were 
lysed and stained for flow cytometry as described above. CLL cells with chemokine [C-X-C motif] receptor 4dim (CXCR4dim) CD5bright 
and CXCR4bright CD5dim phenotypes were identified by the expression of CD5 and CXCR4 markers within the CD5 CD19 positive 
population. (A) Example of the gating strategy used to determine CXCR4dim CD5bright and CXCR4bright CD5dim populations. α2-3 linked 
sialic acid (α2-3 Sia) (B), α2-6 linked sialic acid (α2-6 Sia) (C), and Sialyl Lewisa/x (SLea/x) (D) median fluorescence intensity (MFI) 
of the CXCR4dim CD5bright and CXCR4bright CD5dim CLL cells. At least 30,000 events were acquired in the CD5 CD19 population. Dots 
represent individual measurements. Horizontal lines depict median and interquartile range. Mann-Whitney test: *P<0.05; 
***P<0.001; ns: not significant. 

A B

C D
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vival and proliferation, we asked whether sialylation could 
regulate CLL migration. Given the clinical significance of 
CD49d (α4) in CLL,12-16 we examined the involvement of 
sialylation in VCAM1- and FN-dependent migration, which 
is primarily mediated by CD49d/β1. Indeed, it has been 
shown that only CLL cells expressing CD49d display strong 
migration into these protective niches, a process that is 
dependent on the expression of VCAM1 on targeted en-
dothelium.29,30 We thus selected CD49d-positive CLL cells 
and tested them in a transwell assay under conditions in 
which sialic acids were removed from the cell surface by 
treatment with neuraminidase from Vibro Cholerae. Trans-
wells were coated with BSA, VCAM1 and FN, and migration 
was stimulated by SDF1α. CLL cells from different patients 
displayed a considerable variation in their ability to migrate 
in response to SDF1α (Online Supplementary Figure S4), 
which could be explained only in part by CXCR4 expression 
(Online Supplementary Figure S5A). Migration did not cor-
relate with the levels of α2-3 Sia, α2-6 Sia and SLea/x (data 
not shown). VCAM1 and FN exhibited variable effects on 
migration of CLL cells. Indeed, VCAM1 and FN inhibited or 
enhanced migration in response to SDF1α, suggesting a 
high degree of inter-patient variability (Online Supplemen-
tary Figure S4). Moreover, FN-dependent but not VCAM1-
dependent migration correlated with the expression levels 
of CXCR4 (Online Supplementary Figure S5B and C), high-
lighting the importance of this receptor in FN-mediated 
migration. VCAM1-dependent migration did not correlate 
with the degree of CD49d positivity (data not shown), sug-
gesting that additional factors besides CXCR4 and CD49d 
modulate this process. Neuraminidase treatment had no 
effects on migration stimulated by SDF1α (Figure 3). How-
ever, in all CLL samples analyzed, neuraminidase treat-
ment inhibited VCAM1- and FN-dependent migration 
(Figure 3). Importantly, we observed that neuraminidase 
from Vibro Cholerae almost exclusively removed the α2-3 
Sia (Online Supplementary Figure S6), indicating that this 
form of sialic acid is predominantly involved in modulating 
VCAM1- and FN-mediated migration. Since neuraminidase 
treatment does not specifically remove sialic acids from 
CD49d but rather induces a global desialylation, we per-
formed the transwell assay on CD49d-negative CLL cells 
obtained from 4 patients to test whether migration of 
these cells was also impaired by the treatment. We could 
observe that CLL cells treated with neuraminidase showed 
a decrease in the number of migrating cells compared to 
untreated control (Online Supplementary Figure S7). Al-
though they did not reach statistical significance, these 
data suggest that removal of sialic acids could affect mi-
gration independently of CD49d, an observation that 
requires further study. Importantly, the presence of VCAM1 
and FN did not stimulate migration (Online Supplementary 
Figure S7), highlighting the importance of CD49d in VCAM1- 
and FN-dependent migration. 

CD49d is post-translationally sialylated in chronic 
lymphocytic leukemia 
Since VCAM1 and FN represent the main counter-receptors 
for the integrin α4/β1, we sought to investigate whether 
sialylation represents a post-translational modification of 
the α4 and the β1 integrin subunits. To this end, we exam-
ined the effects of neuraminidase treatment on the mo-
bility of these integrin subunits on a sodium dodecyl 
sulphate poly-acrylamide gel electrophoresis (SDS-PAGE) 
by Western blot analysis. Indeed, we observed that neur-
aminidase treatment consistently induced a shift in the 
mobility of the α4 subunit in CLL samples collected from 
4 patients (Figure 4), indicating that CD49d is post-trans-
lationally sialylated. The β1 subunit became apparent only 
after a long exposure and was not affected by neuramini-
dase treatment (Figure 4). Taken together, these data in-
dicate that sialylation of CD49d regulates VCAM1- and 
FN-dependent migration. 

Ibrutinib alters the levels of α2-3 linked sialic acid, α2-6 
linked sialic acid and Sialyl Lewisa/x  
We next explored whether therapeutic agents that have an 
impact on the interactions between CLL and the micro-
environment could modify the levels of sialic acids. We 
thus compared the sialylation profile between CLL cells 
from the untreated patient cohort with that of cells iso-

Figure 3. Inhibition of VCAM1- and fibronectin-dependent 
chronic lymphocytic leukemia migration by neuraminidase 
treatment. Chronic lymphocytic leukemia (CLL)  cells were 
treated/mock treated with neuraminidase from Vibro Cholerae 
(0.1 U/mL) for 45 minutes and then seeded on top of transwells 
coated overnight with bovine serum albumin (BSA), vascular 
cell adhesion molecule 1 (VCAM1)-Fc chimera and fibronectin 
(FN). The bottom chambers of the transwells were filled with 
serum free media supplemented with stromal cell-derived fac-
tor 1α (SDF1α [200 ng/mL]). Cells were allowed to migrate for 
5 hours at 37°C. After incubation, cells in the lower chambers 
were collected and mixed with 25 µL of counting beads. Mi-
grated CLL cells were counted using a BD FACS Canto I flow 
cytometer by gating on the counting beads and acquiring, in 
this gate, 2000 events. Two-way ANOVA followed by Sidak’s 
multiple comparison post-hoc testing: *P<0.05; ns: not signifi-
cant.
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lated from a cohort of patients treated with ibrutinib. Al-
though there was no difference between the proportion of 
CLL cells positive for α2-3 Sia, α2-6 Sia and SLea/x in both 
cohorts of patients (Figure 5A, C and E), CLL cells from the 
ibrutinib-treated cohort exhibited a lower α2-3 Sia and α2-
6 Sia MFI compared to that from the untreated cohort 
(Figure 5B and D), indicating that ibrutinib treatment did 
have an impact on sialylation. Interestingly, we observed 
that the SLea/x MFI was higher in CLL cells derived from 
ibrutinib-treated patients compared to that of cells de-
rived from untreated patients (Figure 5F). We were able to 
examine the levels of α2-3 Sia, α2-6 Sia and SLea/x in cryo-
preserved CLL cells taken from the ibrutinib-treated pa-
tient cohort prior to ibrutinib treatment and to compare 
them with those from matched samples after ibrutinib 
treatment. We observed a decrease in the α2-3 Sia, α2-6 
Sia MFI and an increase in the SLea/x MFI after ibrutinib 
treatment, thus confirming our previous observation (On-
line Supplementary Figure S8).  

Discussion 
In this study, we carried out a sialylation profile analysis 
of CLL cells by measuring the levels of α2-3 Sia, α2-6 Sia 
and SLea/x expression on the cell surface. We observed that 
all CLL cells examined invariably expressed α2-3 Sia and 
α2-6 Sia, although the levels of expression differed con-
siderably between patients. The levels of α2-3 Sia, α2-6 
Sia and SLea/x expression did not correlate with the clinical 
markers examined in this study, namely the IGVH muta-
tional status, and CD38 and CD49d expression. Therefore, 

sialylation seems to be a general feature of CLL. However, 
we cannot exclude the possibility that individual and not 
global glycoconjugates may be differentially sialylated ac-
cording to the clinical markers examined in this study. A 
difference in CLL sialylation has been reported in associ-
ation with resistance to rituximab (RTX)-mediated com-
plement-dependent cytotoxicity (CDC).31 Treatment of 
resistant CLL cells with neuraminidase could revert this 
resistance and increase RTX-mediated CDC in sensitive 
CLL cells. High expression of sialoglycans has been also 
found in the context of Siglec 7 ligands in CLL.23 Siglec 7 is 
a member of immunomodulatory receptors expressed on 
cells of the immune system, which, upon binding to sialic 
acids, triggers inhibitory signals that suppress the immune 
response.32 CLL cells express high levels of the disialyl-T 
antigen, a Siglec 7 ligand, which is synthesized by ST6Gal-
NAc-IV and blocked by core 2 GlcNAc transferase.23 Im-
portantly, the expression pattern of these two genes, that 
is predictive of high disialyl-T antigen expression (ST6Gal-
NAC4High and GCNT1Low), is associated with a poor 
prognosis.23 Taken together, these results indicate that 
sialylation of CLL cells serves as a means to protect them 
from the cytotoxic activity of the immune system. Moreover, 
NK response in CLL patients is markedly impaired,33-36 most 
likely due to low levels of activating ligands expressed on 
CLL cells,37 together with low expression of activating re-
ceptors on NK cells.38,39  Therefore, sialylation may co-op-
erate with all these mechanisms in generating an immune 
suppressive phenotype that promotes CLL immune es-
cape. 
In the present study, we found that sialylation of CLL cells 
is also involved in modulating VCAM1- and FN-dependent 
migration. CLL cells rely on the LN and BM microenviron-
ment for their survival and proliferation; therefore, they 
constantly circulate between PB, BM and LN. The rel-
evance of CLL recirculation between these different ana-
tomical compartments is proven by the prognostic 
significance of CD49d, one of the strongest prognostic 
markers in CLL, predicting OS at diagnosis and shorter 
time to treatment.13-16 Functionally, CD49d is the α4 subunit 
of the VLA4 integrin that binds to adhesion molecules 
such as VCAM1 and FN. Binding to these adhesion mol-
ecules stimulates migration into protective niches and 
promotes survival of CLL cells. Although none of the sialy-
lated markers examined correlated with migration me-
diated by VCAM1 and FN and stimulated by SDF1α, removal 
of sialic acids from the cell surface inhibited VCAM1- and 
FN-dependent migration. Moreover, since the neuramini-
dase used in this study primarily cleaves α2-3 Sia, this 
form of sialic acid is clearly implicated in modulating CLL 
migration, although involvement of α2-8 Sia, not examined 
in this study, cannot be completely ruled out. By analyzing 
the mobility of CD49d on SDS PAGE, we observed a reduc-
tion in its apparent molecular weight, indicating that 

Figure 4. Neuraminidase treatment alters the post-trans-
lational modification of CD49d. Chronic lymphocytic leukemia 
(CLL) cells collected from 4 patients were treated/mock 
treated with neuraminidase from Vibro Cholerae as described 
above. After treatment, whole cell extracts were prepared and 
subjected to sodium dodecyl sulfate poly-acrylamide gel elec-
trophoresis (SDS-PAGE), transferred to nitrocellulose mem-
brane and blotted for integrin α4, β1 and β-actin as loading 
control. Numbers above the blots represent patient number. 
Upper and lower arrows indicate mature and desialylated α4, 
respectively. Numbers on right-hand side represent molecular 
weight marker.
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CD49d is modified by sialylation. This result is similar to 
that found in MM, where global desialylation interferes 
with CD49d maturation, and impairs adhesion and rolling 
on VCAM1 and MADCAM1.25 The mechanisms by which 
sialylation modulates the adhesive properties of CD49d 

still have to be explored. CD49d presents multiple con-
formations characterized by different binding affinities that 
allow leukocytes to tether, roll or firmly adhere to the en-
dothelium.40 It could be that sialylation modulates one or 
more of these different conformations regulating the af-

Figure 5. Expression of α2-3 Sia, α2-6 Sia and SLea/x between chronic lymphocytic leukemia cells from untreated and ibrutinib-
treated patients. Peripheral blood (PB) collected from 79 untreated and 24 ibrutinib-treated chronic lymphocytic leukemia (CLL) 
patients were lysed and stained for flow cytometry as described above. Graphs display the percentages and the median fluor-
escence intensity (MFI) of α2-3 linked sialic acid (α2-3 Sia) (A and B), α2-6 linked sialic acid (α2-6 Sia) (C and D), and Sialyl 
Lewisa/x (SLea/x) (E and F) expression levels. Dots represent individual measurements. Horizontal lines depict median and inter-
quartile range. Mann-Whitney test: *P<0.05; **P<0.01; ns: not significant.

A B

C D

E F
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finity of VLA4 for its substrates. How sialylation of CD49d 
impacts its prognostic value is still not known. Clearly, the 
presence of a post-translational modification on CD49d 
adds another layer of complexity. Sialylation seems to in-
crease the affinity of CD49d for its counter-receptors; 
thus, the presence of a constitutively sialylated form of 
CD49d in CLL may represent one of the biological deter-
minants underlying the importance of this marker in the 
clinic. Screening of the CD49d sialylation status in a large 
cohort of CLL patients will be instrumental in defining the 
contribution of sialylation on the prognostic power of 
CD49d.    
In contrast to α2-3 Sia and α2-6 Sia, a large proportion 
CLL cells were negative or weakly positive for the ex-
pression of SLea/x, which is consistent with a previous 
study.41 However, we observed that α2-3 Sia, and in par-
ticular SLea/x, were expressed at higher levels in CXCR4dim 

CD5bright CLL cells, which have been shown to be enriched 
in cells that have recently divided and have left the LN 
compartment.9 SLea/x is a tetrasaccharide composed of an 
N-acetyl-D-glucosamine, β1-4 galactose, α2-3 Sia and α1-
3 or α1-4 fucosylation and represents an essential deter-
minant for selectin binding. It is constitutively expressed 
on granulocytes and monocytes whereas it can be induced 
on T and B cells upon activation.42-46 In hematologic ma-
lignancies, SLea/x is expressed at high levels in diseases 
characterized by a more immature phenotype such as 
AML27 and acute lymphoblastic leukemia.41 It is also ex-
pressed on a subpopulation of MM cells that give rise to 
an aggressive disease and resistance to bortezomib in vivo 
in nude mice.47 Given this amount of data, it is tempting to 
speculate that SLea/x marks CLL cells that are more prone 
to proliferate and to home into the LN or BM, which could 
be facilitated by selectin binding. The higher expression of 
α2-3 Sia and the SLea/x in LN-like CLL cells suggests that 
sialylation may be modulated by microenvironmental sig-
nals. It has been shown that CLL cells express surface IgM 
(sIgM) as a mature glycosylated form similar to normal B 
cells and as an immature mannosylated form that is char-
acteristic of persistent sIgM engagement.48 These data in-
dicate that, in CLL, the microenvironment can modulate 
the glycan composition of the cell surface. It will be of in-
terest to understand whether sialylation can be similarly 
regulated.  
Finally, we examined whether sialylation could be modu-
lated by therapeutic agents, such as ibrutinib, that target 
essential signaling pathways provided by the micro-
environment. Indeed, by comparing the untreated CLL co-
hort to a cohort of patients treated with ibrutinib, we 
observed that CLL cells from ibrutinib-treated patients 
displayed lower levels of α2-3 Sia and α2-6 Sia compared 
to those from untreated individuals. These results were 
also confirmed in a comparison between matched 
samples taken before and after ibrutinib treatment. 

Whether the decrease in α2-3 Sia and α2-6 Sia is due to a 
direct effect of ibrutinib on the expression levels of the 
STs or is a consequence of an ibrutinib-mediated down-
regulation of sialylated adhesion molecules17-19 is still not 
known. Notably, we found that the levels of SLea/x were in-
creased in CLL cells from ibrutinib-treated patients. This 
could be explained by the CLL egress from the LN induced 
by ibrutinib treatment.49 Indeed, if SLea/x marks “activated”, 
dividing CLL cells, it should mainly be expressed in CLL 
cells resident in the LN. Therefore, by inducing cells to 
egress from the LN, ibrutinib may force them into the PB. 
This could apparently create a paradoxical situation 
whereby ibrutinib releases into the circulation CLL cells 
more prone to proliferate and disseminate. However, it 
should be emphasized that not only does ibrutinib pro-
mote egress of CLL cells, but it also inhibits re-entry and 
homing into protective niches by down-modulating pro-
adhesive molecules,18,49 and possibly by inducing their de-
sialylation. Moreover, by inducing desialylation, ibrutinib 
and similar agents could sensitize circulating CLL cells to 
the immune system.23,31 In this context, it will be of interest 
to examine whether treatment with ibrutinib down-modu-
lates Siglec 7 ligands on CLL cells and sensitizes them to 
NK-mediated cytotoxicity, or facilitates RTX-mediated CDC. 
In conclusion, we have shown that sialylation is an impor-
tant feature of CLL cells regulating migration through 
modification of relevant molecules such as CD49d, and 
may represent a novel therapeutic target to block CLL dis-
semination and homing, maximizing the efficacy of stan-
dard and novel clinical agents. For instance, 
neuraminidase-conjugated antibodies have been devel-
oped to selectively remove sialic acids from the surface of 
tumor cells potentiating the anticancer immune re-
sponse.50 Such a strategy could be implemented in CLL by 
conjugating therapeutically relevant antibodies, such as 
RTX, with neuraminidase, combining the mechanisms of 
action of the therapeutic antibody with the targeted re-
moval of sialic acids, which may lead to a superior clinical 
response.  
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