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CHRONIC LYMPHOCYTIC LEUKEMIA

The VLA-4 integrin is constitutively active in circulating chronic
lymphocytic leukemia cells via BCR autonomous signaling:

a novel anchor-independent mechanism exploiting soluble
blood-borne ligands
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In chronic lymphocytic leukemia (CLL), survival of neoplastic cells depends on microenvironmental signals at lymphoid sites where
the crosstalk between the integrin VLA-4 (CD49d/CD29), expressed in ~40% of CLL, and the B-cell receptor (BCR) occurs. Here, BCR
engagement inside-out activates VLA-4, thus enhancing VLA-4-mediated adhesion of CLL cells, which in turn obtain pro-survival
signals from the surrounding microenvironment. We report that the BCR is also able to effectively inside-out activate the VLA-4
integrin in circulating CD49d-expressing CLL cells through an autonomous antigen-independent BCR signaling. As a consequence,
circulating CLL cells exhibiting activated VLA-4 express markers of BCR pathway activation (phospho-BTK and phospho-PLC-y2)
along with higher levels of phospho-ERK and phospho-AKT indicating parallel activation of downstream pathways. Moreover,
circulating CLL cells expressing activated VLA-4 bind soluble blood-borne VCAM-1 leading to increased VLA-4-dependent actin
polymerization/re-organization and ERK phosphorylation. Finally, evidence is provided that ibrutinib treatment, by affecting
autonomous BCR signaling, impairs the constitutive VLA-4 activation eventually decreasing soluble VCAM-1 binding and reducing
downstream ERK phosphorylation by circulating CLL cells. This study describes a novel anchor-independent mechanism occurring
in circulating CLL cells involving the BCR and the VLA-4 integrin, which help to unravel the peculiar biological and clinical features
of CD49d+ CLL.
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INTRODUCTION tissues, VLA-4 mediates both cell-cell and cell-matrix
CD49d, the alpha chain of the CD49d/CD29 (alpha4/betal) interactions by binding to its ligands vascular cell
integrin heterodimer (hereafter very-late-antigen-4, VLA-4), adhesion molecule-1 (VCAM-1), fibronectin [4], and Elastin
expressed in about 40% of chronic lymphocytic leukemia MicrofibriL  INterfacer-1 (EMILIN-1) [5], thus delivering pro-
(CLL) cases, is one of the most relevant prognostic biomarkers survival signals and protecting CLL cells from drug-induced
in CLL [1-3]. Functionally, in the context of CLL-involved apoptosis [6-9].
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VLA-4, present on the cell surface in an inactive conformation with
low affinity for its ligand, can switch to a high-affinity/activated state
in response to several stimuli, including those deriving from
chemokine receptor or immuno-receptor engagement, according
to a mechanism known as inside-out activation [10, 11].

The critical role played by the B-cell receptor (BCR) in CLL
development and progression is demonstrated by the therapeutic
efficacy of drugs blocking BCR signaling [12-14], as well as by the
clinical impact in CLL of several molecular BCR features, including
the mutational status of immunoglobulin heavy chain variable
(IGHV) genes and the BCR stereotypy [15-17].

A link between BCR and VLA-4 activation in CLL has been
recently identified in studies showing that in CD49d-expressing
CLL the VLA-4 integrin can be inside-out activated upon BCR
triggering, thus reinforcing the adhesive capacities of CLL cells
[10]. This mechanism remains effective also when the BCR
signaling is weakened by BTK inhibitors, resulting in a retention
of BCR-mediated VLA-4 activation and VLA-4-mediated cell
adhesion that translates, in CD49d+ CLL, in a reduced lympho-
cytosis and nodal response, and shorter progression-free survival
(PFS) in the setting of BTK inhibitors therapy [18-20].

In CLL, BCR can also signal in an antigen-independent
autonomous manner, as a consequence of BCR homotypic
interactions occurring on CLL cell surface [21]. Interestingly, it
was shown that distinct BCR stereotypes are characterized by
specific homotypic BCR contacts resulting in qualitatively different
cell-autonomous signals and peculiar clinical outcomes [22].

Here we describe a novel anchor-independent BCR-mediated
mechanism of VLA-4 activation occurring in circulating CD49d+
CLL cells which may contribute to explain the negative prognostic
impact of CD49d in CLL [1-3].

MATERIALS AND METHODS

CLL patients

The study included 1034 CD49d+ CLL from a consecutive series of 1985
CLL diagnosed and treated according to the current iwCLL guidelines [23],
referred to the Clinical and Experimental Onco-Hematology Unit of the
Centro di Riferimento Oncologico in Aviano for immunocytogenetic
analyses between 2015 and 2020. Clinical and biological characterization
of the cohort, as reported previously [2, 24-27], is summarized in
Supplementary Table 1. CLL are considered CD49d+ as reported [1, 2].
For specific experiments samples from CD49d— CLL were used (n = 54).

The study also included CD49d+ CLL treated with ibrutinib as follows:
(1) 12 refractory/relapsed CLL patients enrolled in a multicenter Italian-
named patient program (NPP); (2) 14 out of 36 CLL patients enrolled
in the prospective observational multicenter trial 10SI-EMA-001
(NCT02827617), chosen for the availability of CD49d expression data and
frozen samples.

Studies were carried out in accordance with the Declaration of Helsinki,
approved by the Institutional Review Boards of the Centro di
Riferimento Oncologico in Aviano (Approvals Nos. IRB-05-2010, IRB-05-2015,
and CRO-2017-31) and of the Azienda Ospedaliero-Universitaria of Novara
(Approval No. CE034/2023) and informed consent was obtained from all
subjects. All methods were performed in accordance with the relevant
guidelines and regulations.

Functional flow cytometry assays

Constitutive VLA-4 activation in fresh whole blood samples was evaluated
using anti-beta1/CD29 PE clone HUTS-21 monoclonal antibody (mAb), anti-
CD19 BV421 or PerCpCy5.5 and anti-CD5 PE-Cy7. VLA-4 activation in
thawed CLL cells was evaluated using the tri-peptide LDV, mimicking VLA-
4 ligands [28], in the presence of anti-HUTS-21 PE, as reported [19, 29]. The
mean fluorescence intensity (MFI) of labeled HUTS-21 mAb was measured,
and VLA-4 receptor occupancy (RO) was determined ranging from 0.0 (no
RO) to 1.0 (100% RO), as reported [19, 29]. Real-time kinetic of VLA-4
affinity on TKO cells (see below) was cytometrically obtained by using
unlabeled and fluorochrome-conjugated LDV (LDV-FITC, 4nM; TOCRIS,
Bristol, UK), as previously reported [28]. To obtain the dissociation rate
constants (K.¢), the data were fitted to a one-phase exponential decay
equation: K< 0.02s~", high affinity; Ky > 0.06 s, low affinity [28].
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Levels of bound soluble (s)VCAM-1 were evaluated using anti-CD106/
VCAM-1 PE Vio770 (Miltenyi Biotec, Bergisch Gladbach, Germany), anti-CD5
FITC, anti-CD19 APC, anti-HUTS-21 PE. VCAM-1 binding assay was
performed using recombinant human (rh)VCAM-1-Fc protein (20 pg/ml,
R&D, Minneapolis, MN, USA), anti-CD3 BUV395 and secondary antibody
Alexa Fluor 647-labeled goat anti-human IgG (15 ng/pl, Jackson Immunor-
esearch, West Grove, PA, USA). Actin polymerization was evaluated using
Alexa Fluor 488-conjugated phalloidin (Invitrogen, Waltham, MA, USA).
Phosphoflow analyses on both whole blood and thawed samples were
done using anti-ERK1/2 (pT202/pY204) BV421 or PE, anti-BTK (pY223)/Itk
(pY180) BV421 or PE, anti-PLC-y2 (pY759) Alexa Fluor 647 and anti-AKT
(pS473) Alexa Fluor 647.

Cells were acquired on BD FACS Cantoll or BD FACS Fortessa X-20 flow
cytometers and analyzed with FACS DIVA software upon instrument calibration.

All mAbs and instruments were from BD Biosciences (San Jose, CA, USA)
if not otherwise specified.

Triple-knockout (TKO) cells

TKO cells were retroviral-transduced to express CLL-derived BCR as
previously reported [30, 31]. Cultured TKO cells [30, 31] were tested for
VLA-4 affinity and calcium influx upon different stimuli (4-hydroxytamox-
ifen, 4-OHT, 4-OHT plus F(ab), anti-lgM or manganese, Mn®>") and/or pre-
treatment with specific BCR inhibitors [30, 31].

Statistics
All statistical analyses were performed using MedCalc software and
GraphPad Prism5. Normally distributed data were compared using two-
sided t-tests (paired or unpaired, with Welch's correction), otherwise two-
sided Mann-Whitney test (independent) or Wilcoxon high-rank test (paired
analysis) were used.

Additional experimental details are reported in the Supplementary
Methods.

RESULTS

VLA-4 can be constitutively activated in CLL

The activation state of the VLA-4 integrin was analyzed using the
conformation-sensitive anti-beta1l/CD29 mAb HUTS-21, which
binds to a regulatory region of the betal integrin chain (hybrid
domain) that is exposed when the conformation of the VLA-4
integrin changes from a resting/low-affinity state to an activated/
high-affinity state (Fig. 1A) [29]. A prerequisite for HUTS-21
binding is the simultaneous binding of a ligand to the integrin
molecule [29]. Therefore, staining was done in whole blood to
exploit the presence of VLA-4 ligands in plasma. Control
experiments detailed in Supplementary Methods and Supplemen-
tary Fig. 1 confirmed the specificity of HUTS-21 binding.

Out of 1985 consecutive CLL, 1034 (52%) were identified as
CD49d+ CLL (Supplementary Table 1, Fig. 1B). In this cohort,
HUTS-21 binding was mostly characterized by a single peak
homogeneously shifted compared to unstained control, indicat-
ing HUTS-21 binding in the whole CLL clone, although with
variable intensity; a bimodal pattern of HUTS-21 binding,
characterized by the concomitant presence of a negative and
positive sub-population, was also observed in some instances
(Supplementary Fig. 2). The levels of HUTS-21 binding, evaluated
as percentage of positive CLL cells, had a mean of 14.9%
(£18.5 SD, range 0-98.4%), indicating an overall dim expression of
activated VLA-4 (Fig. 1B).

Levels of soluble VCAM-1 inversely correlate with the degree
of constitutive VLA-4 activation

Soluble VCAM-1 (sVCAM-1) was quantified in plasma samples from
41 CD49d— and 80 CD49d+ CLL, the latter group with HUTS-21
data available. A significantly higher amount of sVCAM-1 was
found in plasma samples from CD49d+ CLL compared to CD49d—
CLL (p < 0.0001; Fig. 1C), in keeping with previous data of ours [32].
Notably, among the CD49d+ CLL, we observed a significant
inverse correlation between the amount of sVCAM-1 and HUTS-21
binding levels (r=-0.3, p=0.005; Fig. 1D), that led us to
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sVCAM-1 ng/ml

hypothesize that a partial depletion of sVCAM-1 from plasma
could be due to its binding to activated VLA-4. This hypothesis
was tested by simultaneously staining cells with anti-VCAM-1/
CD106 and HUTS-21 mAbs (n=15). VCAM-1 was detected in a
fraction of cells in all samples analyzed (Fig. 1E). Overall,
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significantly higher constitutive VLA-4 activation was observed
in the context of VCAM-1-positive cells compared to VCAM-1-
negative cells (p <0.0001; Fig. 1F and Supplementary Fig. 3A).
Control experiments confirmed the specificity of the assay
(Supplementary Fig. 3B).
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Fig. 1 Circulating CD49d-expressing CLL cells show variable levels of VLA-4 activation and can bind soluble (s)VCAM-1. A Schematic
representation of VLA-4 conformations. VLA-4 activation results in a change of conformation of the alpha4/betal chains of the VLA-4 integrin
from a bent conformation, corresponding to a low affinity for the ligand, to an upright conformation with exposition of the hybrid domain in
the beta1 chain which is recognized by the anti-CD29 HUTS-21 mAb in the presence of the ligand, and that corresponds to a high affinity for
the ligand. B Fresh whole blood samples from a consecutive series of 1985 CLL were stained with anti-CD49d mAb; 1034 were identified as
CD49d+ CLL, i.e. expression CD49d =30% (left graph), they were stained with the conformation-sensitive anti-CD29 HUTS-21 mAb, and
analyzed by flow cytometry. The graph on the right shows the levels of HUTS-21 binding, reported as the percentage of positive cells over the
unstained control in CD19+CD5+ cells. C Level of sVCAM-1 (ng/ml) in plasma samples from CD49d- (gray dots; n =41) and CD49d+ (blue
dots; n=80) CLL cases. Data are presented as mean + SD. The p value refers to Mann-Whitney test. D Correlation analysis between plasma
sVCAM-1 levels (ng/ml) and binding of HUTS-21, evaluated as % HUTS-21 in CD19+CD5+ cells from CD49d+ CLL patients (n = 80). The
correlation coefficient (r) and p value were obtained by the Spearman’s method. E Whole blood samples from CD49d+ CLL with moderate/
high HUTS-21 binding levels (n = 15) were stained with anti-CD19, -CD5, -VCAM-1/CD106 and -HUTS-21 mAbs. VCAM-1 binding levels are
reported in the context of CD19+CD5+ cells as a percentage of positive cells above the threshold set on plasma-depleted samples. Data are
presented as mean + SD. F HUTS-21 mean fluorescence intensity (MFI) in 23 CD49d+ CLL cases, evaluated in the context of VCAM-1°°* (purple

dots) and VCAM-1"%9 (gray dots) CLL cells. The p value refers to Wilcoxon test.

Constitutive VLA-4 activation is associated to increased
phosphorylation levels of signaling proteins

The analysis of constitutive VLA-4 activation through the HUTS-21
binding highlighted intra-sample variability, with a Gaussian
distribution of HUTS-21 binding levels indicating a variable range
of VLA-4 activation within the same CLL cell population (Fig. 2A).
We analyzed the phosphorylation state of key signaling proteins
involved in CLL cell activation and survival in the context of
CD49d+ CLL cells (n = 28) which stained negative or positive with
the HUTS-21 mAb, according to HUTS-21 binding levels above or
below the threshold set on the unstained control (hereafter
identified as HUTS-21P°* and HUTS-21"%9, respectively).

In all cases analyzed, HUTS-21P* cells vs HUTS-21"¢9 cells
displayed significantly higher phosphorylation of ERK, AKT, BTK
and PLC-y2 (Fig. 2B and Supplementary Fig. 4A). The higher levels
of protein phosphorylation observed in HUTS-21P% cells com-
pared to HUTS-21"%9 cells could not be attributed to integrin
activation due to the simultaneous staining with the HUTS-21
mAb, as the addition of the anti-HUTS-21 mAb did not increase
phosphorylation levels by itself (Supplementary Fig. 4B). Con-
comitant analysis of IgM expression highlighted higher levels of
IgM in HUTS-21P° cells compared to HUTS-21"¢9 cells (Fig. 2Q).

Moreover, the same analysis, when carried out in CLL samples
characterized by CD49d bimodal expression (n=12) [20], high-
lighted comparable levels of protein phosphorylation in CD49d—
and CD49d-+/HUTS-21"¢9 cells, while significantly higher levels
were found in CD49d/HUTS-21P% cells (Fig. 2D, E).

Binding of sVCAM-1 increases actin polymerization and
phospho-ERK levels

The effects of sVCAM-1 binding were analyzed in cell suspension
from 28 thawed CD49d+ CLL samples, using rhVCAM-1-Fc. The
binding of rhVCAM-1 to CLL cells was variable among samples,
directly correlated with the expression of CD49d, separately
assessed in the same samples (p <0.0001, Fig. 3A), and was
completely inhibited by pre-treatment of cells with the VLA-4
antagonist Firategrast, confirming the specificity of the binding
(Fig. 3B).

Functionally, the addition of rhVCAM-1 significantly affected
actin dynamics, by increasing rapid (1-5 min) actin polymerization
in CLL cells (n=10; Fig. 3C), as observed by conventional flow
cytometry. Analysis by InFlow microscopy, which combines flow
cytometry and fluorescence microscopy, confirmed higher levels
of polymerized actin in CLL cells bound to VCAM-1 compared to
cells not binding VCAM-1 (n=6, p=0.0084; Fig. 3D and
Supplementary Figs. 5, 6). Cells bound to VCAM-1 also displayed
a different spatial distribution of F-actin compared to cells not
binding VCAM-1, with a group of cells characterized by F-actin
polarization to a pole of the cell. Quantification of F-actin
polarization was assessed by calculating the circularity values of
the F-actin signal, where higher circularity values are associated

SPRINGER NATURE

with a homogeneous distribution of F-actin signal in round cells,
whereas lower circularity values are associated to a polarized
signal. Cells bound to VCAM-1 were characterized by significantly
lower F-actin circularity than cells not binding VCAM-1 (p = 0.024;
Fig. 3E). Of note, binding of VCAM-1 also induced a polarization of
the CD49d molecules determining an overlapping of the CD49d/
VCAM-1 signals (see the InFlow microscopy sample merge images
in Fig. 3D and Supplementary Fig. 6).

Moreover, addition of rhVCAM-1 to thawed cells significantly
increased p-ERK1/2 levels compared to cells pre-treated with
Firategrast both in short-term (20') experiments (n=25,
p =0.0074; Fig. 3F) and after 24 h exposure to rhVCAM-1 (n =38,
p =0.0156; Fig. 3G). Conversely, phosphorylation of BTK was not
directly affected by addition of rhVCAM-1 (n=19; Fig. 3H), in
keeping with the notion that BTK is not part of the integrin
downstream signaling [33].

Intra-sample analysis, by comparing cells capable to bind rhVCAM-
1 (VCAM-17P%) vs cells not capable to bind rhVCAM-1 (VCAM-1"¢9)
(Fig. 3I), showed significantly higher levels of p-ERK1/2 and p-BTK in
VCAM-1P%* vs VCAM-1"%9 cells (p = 0.0002; Fig. 3J, K), suggesting an
increased ability to bind VCAM-1 by cells with an activated BCR
signaling in turn capable to trigger VLA-4 integrin activation via
inside—out mechanism [10].

Association between constitutive VLA-4 activation and BCR
features

Given the link between BCR triggering and VLA-4 activation [19], we
verified if specific BCR-related features were associated with different
levels of constitutive VLA-4 activation, as investigated by HUTS-21
staining. IGHV analysis was available in 911 out of 1034 CD49d+ CLL
(88.1% of cases), 874 cases (96%) showing a single productive
rearrangement [34]. Among these cases, 364 (42%) were IGHV
mutated (M), and 510 (58%) unmutated (UM). In line with previous
data [35, 36], the most frequently used IGHV genes belonged to the
IGHV3 family (n = 374, 42.8%), followed by the IGHV1 family (n = 254,
29.1%), the IGHV4 family (n =181, 20.7%), and other less frequent
families (n = 65, 7.4%) (Supplementary Table 2).

By comparing the levels of HUTS-21 mAb binding in CLL cases
divided according to the IGHV mutational status, constitutive VLA-4
activation was significantly higher in M compared to UM CLL and,
consistently, in cases from the IGHV3 and IGHV4 families compared
to the IGHV1 family (Fig. 4A, B and Supplementary Fig. 7A). Analysis
of the main BCR stereotypes, evaluated as previously reported [37],
identified 16/19 major subsets cumulatively accounting for 118
cases (13.5%), subset#1 being the largest (38 cases), followed by
subset#2 (18 cases: 16/18 carrying the IGL3-21 light chain, two cases
with light chain not evaluated; 14/16 carrying the R110 mutation),
and the other less represented subsets [38] (Supplementary Table 2).
HUTS-21 binding highlighted higher, although variable, VLA-4
activation levels in CLL from subset#2 compared to CLL from
subset#1 (p =0.03; Fig. 4C). Consistent with the higher IgM levels
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found in HUTS-21P% cells compared to HUTS-21"¢9 cells (see above),
we observed again a positive correlation (r=0.6644, p =0.0036)
between IgM and HUTS-21 binding levels (Fig. 4D), whereas IgD
levels did not correlate with HUTS-21 (Supplementary Fig. 6B).
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Constitutive VLA-4 activation is driven by the autonomous

The link between VLA-4 activation and BCR autonomous signaling

was explored using the TKO cell model [21, 22, 31], highly
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Fig. 2 Constitutive VLA-4 activation is associated to increased phosphorylation of signaling proteins. A Representative histogram plot
showing the analysis of the flow cytometry strategy used to split CLL cells within the same sample according to HUTS-21 binding levels; CLL
cells (concomitantly expressing CD19 and CD5, not shown) were split in HUTS-21"¢9 (green) and HUTS-21P°* (pink) according to HUTS-21
binding levels below or above the threshold set on the unstained control (open histogram). B Expression values (MFI) of phospho (p)-ERK, p-
AKT, p-BTK, and p-PLC-y2 in the context of HUTS-21"¢9 (green dots) and HUTS-21P°* (pink dots) CLL cells, as identified in (A) from 28 CLL cases.
C Expression values (MFI) of IgM in the context of HUTS-21"%9 (green dots) and HUTS-21P°* (pink dots) CLL cells (n = 21), as identified in (A);
the reported p values refer to Wilcoxon test. Data are presented as mean + SD. D Gating strategy used for the analysis of HUTS-21 in circulating
CLL cells with CD49d bimodal expression. The CLL cell population was first split in CD49d— (gray) and CD49d+ (blue) cells, and the CD49d+
cells were further split in HUTS-21"9 (green) and HUTS-21P°* (pink) according to HUTS-21 binding levels below or above the threshold set on
the unstained control (not shown). E Expression values (MFI) of phospho (p)-ERK, p-AKT, p-BTK, and p-PLCy2 in the context of CD49d- (gray
dots), CD49d+HUTS-21"%9 (green dots) and CD49d-+HUTS-21P°* (pink dots) CLL cells, as identified in (D) from 12 CD49d bimodal CLL cases
(9 samples for p-PLCy2). The reported p values refer to Wilcoxon test. Data are presented as mean + SD.

expressing the VLA-4 integrin on the cell membrane (Supplemen-
tary Fig. 8A). TKO cells were transduced with eight different CLL-
derived BCRs, four from CLL with high constitutive VLA-4
activation (hereafter TKO-high) and four from CLL with low
constitutive VLA-4 activation (hereafter TKO-low). All CLL-derived
BCR retained the original IGHV-D-J and IGLV-J structures and
expressed the IgM constant region (Supplementary Table 3). These
cellular models were employed to analyze the kinetics of
formation and dissociation of the VLA-4 complex with its ligand
[28] upon exposure to 4-OHT, to simulate BCR autonomous
signaling, or 4-OHT plus anti-lgM, to simulate BCR activation by
external antigens (Fig. 5A) [21, 22, 31].

In the absence of any stimulation (PBS), both TKO-high and
TKO-low bound the ligand with comparable low affinity (Fig. 6B),
corresponding to unactivated VLA-4 [28]. Likewise, upon Mn?*
stimulation, corresponding to the maximum of VLA-4 activation
(positive control), affinities in terms of K. values were again
similar in both TKO groups (Fig. 5B). However, upon stimulation
with 4-OHT, K. turned out significantly lower for TKO-high
compared to TKO-low (p=0.01; Fig. 5B), indicating a higher
affinity of the VLA-4 integrin expressed in the context of TKO-high
cells upon BCR autonomous signaling. Anti-lgM stimulation
similarly increased VLA-4 affinity in both TKO groups (Fig. 5B).

A parallel analysis of calcium (Ca®™) release consistently showed
a significantly higher Ca®" influx in TKO-high vs TKO-low cell
models following stimulation with 4-OHT (p =0.0152; Fig. 5C),
while the highest Ca" influx levels, similar in both conditions,
were observed upon IgM stimulation (Fig. 5C).

Ig light chain substitution in two TKO cell lines from the TKO-
high group (Supplementary Table 3) negatively affected BCR
autonomous signaling, as evidenced by the reduction in Ca®"
release, and led to a transition from a high to low-affinity state of
VLA-4 (p < 0.0001; Supplementary Fig. 8B).

Constitutive VLA-4 activation in CLL is impaired by ibrutinib
exposure in vivo and in vitro

Serial samples from CLL patients treated in vivo with ibrutinib
were collected at baseline and at different timepoints after the
initiation of ibrutinib therapy. The impact of ibrutinib therapy on
constitutive VLA-4 activation was determined by RO calculation,
as described [19, 29]. The levels of constitutive VLA-4 activation
were significantly lower after 14 days of ibrutinib treatment
compared to pre-treatment (n=14; Fig. 6A). Similarly, in a
subgroup of CLL with samples available at pre-treatment and at
days 30, 60, and 90 on ibrutinib (n =12, 6, and 5), constitutive
VLA-4 activation levels observed at pre-treatment progressively
decreased starting from day 30, and reached the lowest levels at
days 60 and 90 (Fig. 6A). Consistently, in vitro ibrutinib treatment
on thawed CLL cells (n = 6) significantly impaired VLA-4 affinity
(Fig. 6B).

With the aim of verifying if the impaired constitutive VLA-4
activation observed during ibrutinib treatment could affect
sVCAM-1 binding, rhVCAM-1 binding assay was performed on
CLL samples (n =9) pre-treated or not with ibrutinib in vitro. In
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line with a decreased VLA-4 affinity observed in vivo and in vitro,
treatment with ibrutinib significantly impaired rhVCAM-1 binding
(Fig. 6C) and consequently also downstream phosphorylation of
BTK and ERK (Fig. 6D, E).

BCR pathway inhibitors impair BCR autonomous signaling and
VLA-4 affinity

Given the impairment of constitutive VLA-4 activation upon ibrutinib
therapy, we evaluated the effect of ibrutinib and PI3K inhibitors
(idelalisib and copanlisib) exposure in vitro on BCR autonomous
signaling by taking advantage of the TKO cell model. All the BCR
pathway inhibitors inhibited Ca®>" influx upon 4-OHT addition, while
not affecting Ca®" release following anti-IgM (Fig. 7A). Consistently,
all the BCR pathway inhibitors significantly impaired VLA-4 affinity in
all TKO cells tested, with the only exception of idelalisib, which
however further potentiated the effect of ibrutinib when used in
combination (Fig. 7B, Q). Finally, ibrutinib did not alter the increase in
VLA-4 affinity observed after BCR activation with anti-IgM (Fig. 7C), in
keeping with previous observations [19].

DISCUSSION

The main objectives of the present study were to assess whether:
(i) the VLA-4 integrin is present in a constitutive activated state in
circulating CLL cells; (ii) such a constitutive VLA-4 activated state
has a functional meaning for circulating CLL cells; (iii) the
constitutive VLA-4 activated state, as determined in circulating
CLL cells, may result from an inside-out mechanism originating
from the BCR via an antigen-independent autonomous signaling.

The first point was addressed by analyzing, in a large cohort of
CLL expressing VLA-4, the presence of the active form of the
integrin using the conformation-sensitive anti-betal integrin HUTS-
21 mAb [29]. A wide degree of HUTS-21 binding was found,
indicating the presence of variable levels of constitutively activated
VLA-4 integrin detectable in circulating CD49d+ CLL cells.

Our approach, employed here on a large scale by analyzing
more than 1000 cases, bears similarities to a previous study
conducted in the context of multiple myeloma, in which, using the
same antibody, the authors demonstrated that the activation state
of integrin VLA-4 could be tightly regulated in the presence of a
soluble form of VCAM-1 contained in the liquid fraction of bone
marrow (BM) aspirates [39].

sVCAM-1 is present in plasma samples at significantly higher
levels in CD49d+ CLL cases than in CD49d— CLL cases, as already
observed by us [32] in line with previous studies indicating
overexpression of VCAM-1 in the BM microenvironment of
CD49d+ CLL [8]. Notably, we here describe a negative correlation
between levels of activated VLA-4 integrin in circulating CLL cells
and plasma levels of sVCAM-1, and were able to demonstrate the
sequestration of sVCAM-1 by cells expressing a constitutively
activated form of VLA-4.

The interaction between VLA-4 and soluble ligands in
circulating CLL cells was previously hypothesized by us in a
study in which we observed that circulating CLL cells expressing
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CD49d have a phospho-proteomic profile consistent with a
continuous integrin engagement [32]. In other cellular contexts,
the ability of VLA-4 to bind sVCAM-1 and deliver signals that
control cellular functions has been demonstrated [40]. In our
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setting, CLL cells expressing a constitutively activated form of
VLA-4 expressed higher levels of ERK and AKT suggesting the
activation of pro-survival pathways; consistently, binding of
sVCAM-1 to CLL cells in vitro confirmed ERK phosphorylation, as
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Fig. 3 Effects of soluble (s)VCAM-1 binding in CD49d+ CLL cells. A Thawed cells from 28 CD49d+ CLL samples were incubated with
recombinant human (rh)VCAM-1-Fc protein and secondary Alexa Fluor 647-labeled goat anti-human-Fc antibody. VCAM-1 binding levels,
analyzed on CD3— cells and reported as Alexa Fluor 647 MFI values (MFI rhVCAM-1) were correlated to CD49d expression (MFI values),
assessed separately in the same thawed samples. The correlation coefficient (r) and p value were obtained by Spearman’s method. B VCAM-1
binding levels (MFI rhVCAM-1) of the same samples reported in (A) treated (black dots) or not (purple dots) with the VLA-4 integrin antagonist
Firategrast. C F-actin polymerization was evaluated in ten CLL samples after incubation (1-5 min) with rhVCAM-1. Results are displayed as the
average of the ratio of phalloidin MFI between cells incubated with rhVCAM-1 over cells without rhVCAM-1 (control). Mean intensity of F-actin
(D) and F-actin circularity (E) in CLL cells not binding VCAM-1 (green) and in cells binding VCAM-1 (orange) as assessed by InFlow microscopy
in six samples. Histogram overlays and sample images are shown for a representative CLL sample and representative cells not binding or
binding VCAM-1. BF bright field; the merged images refer to the merging of CD49d/F-actin/VCAM-1. F Expression levels (MFI) of phospho (p)-
ERK (n = 25) in CLL cells incubated with rhVCAM-1 pre-treated (black dots) or not (purple dots) with Firategrast. G Ratio of p-ERK MFI (n = 8) in
CLL cells incubated for 24 h with rhVCAM-1 pre-treated (black dots) or not (purple dots) with Firategrast. H Expression levels (MFI) of p-BTK
(n=19) in CLL cells incubated with rhVCAM-1 pre-treated (black dots) or not (purple dots) with Firategrast. | Representative histogram plot
showing the analysis of the flow cytometry strategy used to split CLL cells within the same sample according to the levels of rhVCAM-1-Fc
binding; CLL cells (corresponding to CD3— cells) were split in VCAM-1"%9 (gray) and VCAM-1P°* (purple) according to rhVCAM-1-Fc Alexa Fluor
647 expression below or above the threshold set on cells pre-treated with Firategrast (open histogram). Expression values (MFI) of p-ERK
(n=25,J) and p-BTK (n = 19, K) in the context of VCAM-1"9 (gray dots) and VCAM-1P°* (purple dots) CLL cells, as identified in (I). The reported
p values refer to Wilcoxon test (B, F-H, J, K) and to one-way repeated measures ANOVA with multiple comparisons (C). Data are presented as
mean = SD.
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Fig. 4 Association between constitutive VLA-4 activation and BCR features. Levels of HUTS-21 binding evaluated as a percent of positive
cells in CLL cases split according to the IGHV mutational status (M mutated vs UM unmutated; A), IGHV families (IGHV1, IGHV3 and IGHV4; B)
and BCR stereotypy (subset#1 vs subset#2; C). P values refer to the unpaired t-test. D In the context of CLL from subset#2, the levels of HUTS-
21 binding evaluated as percent of positive cells was correlated to IgM expression (%). The correlation coefficient (r) and p value were
obtained by the Pearson’s method.

well as a more effective polymerization of actin. Indeed, an activated BCR pathway is in turn able to activate the VLA-4
treatment of CLL cells with the VLA-4 antagonist Firategrast, by integrin via inside-out, thus promoting sVCAM-1 binding. In CLL,
preventing the binding of sVCAM-1 [41], lowered ERK phosphor- the interaction between the BCR pathway and VLA-4 has so far
ylation, indicating this effect as the result of integrin pathway been studied only upon exogenous BCR stimulation, as it occurs in
activation. CLL tissue sites [18, 19]. In that context, it was shown that VLA-4-

On the other hand, circulating CLL cells showing higher levels of mediated CLL cell adhesion is enhanced by BCR-derived signals,
p-BTK, displayed increased binding of sVCAM-1, suggesting that and only partially impaired by ibrutinib, providing the functional
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Fig. 5 Autonomous signaling of CLL-derived BCR triggers VLA-4 activation. A Flow cytometric real-time kinetic analysis of VLA-4 affinity
state in triple-knockout (TKO) cells expressing the 4-hydroxytamoxifen-inducible (4-OHT-inducible) ERT2-SLP-65 fusion protein and eight
different CLL-derived BCRs, four from CLL with high constitutive VLA-4 activation (TKO-high) and four from CLL with low constitutive VLA-4
activation (TKO-low). TKO cells were incubated with LDV-FITC and stimulated with PBS, used as negative control (gray line), 4-OHT, to simulate
BCR autonomous signaling (red line), 4-OHT plus anti-lgM (+algM), to simulate BCR activation by external antigen (blue line), or manganese
(Mn?™), used as a technical positive control (green line), resulting in a different equilibrium binding of LDV-FITC to VLA-4, depending on the
respective integrin affinity state. The graph reports FITC MFI values vs time (seconds) analysis from a representative TKO cell line. Dissociation
kinetics of the fluorescent LDV peptide from the cells is induced by 500-fold excess of unlabeled peptide. To obtain the dissociation rate
constants (K,g), the data were fitted to a one-phase exponential decay equation. The calculated K¢ values indicate the VLA-4 affinity state
after stimulating the cells with the different substances; K¢ < 0.02 s! high affinity, K¢ > 0.06 s~ low affinity. B Summary of the K¢ values
obtained at the different conditions in TKO-high (red dots) and TKO-low (green dots) cells. Individual symbols represent the mean of at least
three experiments for each TKO cell line, run in triplicate. The inset shows flow cytometric real-time kinetic curves of representative TKO-high
(red curve) and TKO-low (green curve) cell lines stimulated with 4-OHT. C Calcium response to 4-OHT and 4-OHT + algM in TKO-high (red) and
TKO-low (green) cells. The pseudocolored dot plots show calcium influx over time (in seconds) in a representative TKO-high (upper plot, TKO
UD4) and TKO-low (lower plot, TKO RIO128) cell line stimulated with 4-OHT (left) and with 4-OHT + algM (right). In all panels, data are
presented as mean * SD; p values refer to the unpaired t-test (A-C); ns not significant.

basis for the lower recirculation lymphocytosis observed in
CD49d+ CLL upon ibrutinib treatment [19].

In the present study, we investigated whether an autonomous
BCR signaling may be involved in the constitutive VLA-4 activation
of circulating CLL cells via inside-out mechanisms. Since cell-
autonomous signaling is a consequence of homotypic inter/intra-
cellular interactions between BCR molecules via specific self-
epitopes, different binding kinetics and affinities have been
demonstrated in CLL, with BCRs deriving from indolent cases
showing stronger affinities than those from aggressive cases [22].
In keeping with these observations, a significant association was
found here between a higher activation state of VLA-4 and specific
BCR features, such as a M IGHV gene status, the use of IGHV3 and
IGHV4 gene families, as well as of the subset #2 stereotype. This
finding implies that certain BCR characteristics may directly or
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indirectly influence the activation status of VLA-4, including the
different ability of BCRs to signal in a manner independent of
external BCR stimulation, as presumably occurs in circulating
CLL cells.

To test this hypothesis, we exploited the same TKO cellular
model originally used to describe BCR autonomous signaling [21],
given the high levels of VLA-4 expression found in these cells, as
shown here. Experiments with TKO cells provide clear evidence of
higher BCR autonomous signaling paralleled with increased
activation/affinity of VLA-4 integrin molecules in TKO cells
expressing a BCR derived from CLL cells with high constitutive
VLA-4 activation than in cells expressing a BCR derived from CLL
cells with low constitutive VLA-4 activation, clearly supporting our
hypothesis of a link between BCR autonomous signaling and
inside-out activation of VLA-4. In this context, we also showed
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Fig. 6 lbrutinib treatment in CLL impairs constitutive VLA-4 activation and soluble VCAM-1 binding. A VLA-4 receptor occupancy (RO) was

evaluated in cells from two independent cohorts of CLL patients treated with ibrutinib in the context of a named patient program (NPP; green
symbols, n =12) and in the context of a clinical trial (orange symbols, n = 15), at pre-treatment (t0) and after 14, 30, 60, 90 days of ibrutinib
therapy. B VLA-4 affinity in six CLL cases expressing CD49d, pre-treated (light blue dots) or not (purple dots) with ibrutinib in vitro (1 uM).
Values are expressed as K¢ fold change on the untreated condition. Data are presented as mean + SD. Soluble recombinant human (rh)VCAM-
1 binding levels (MFI rhVCAM-1-Fc) (C), expression values (MFI) of phospho (p)-BTK (D), and p-ERK (E) in CLL cells from nine cases pre-treated
(light blue dots) or not (purple dots) with ibrutinib in vitro (1 uM). P values refer to the paired t-test (A, C-E) and ratio paired t-test (B).

that the proper coupling of Ig heavy/light chains is necessary for
effective autonomous signaling capacity by BCR, since Ig light
chain substitution resulted in a clear inhibition of autonomous
signaling and consequent reduction of VLA-4 activation in keeping
with studies pinpointing the importance of a defined Ig sequence
in facilitating autonomous BCR signaling [42, 43].

It was recently described that autonomous BCR signaling
requires the IgM isotype, and does not occur via the IgD isotype
[44]. Although our case series has not been extensively
characterized for IgD and IgM expression, we showed that, within
the same CLL sample, IgM expression was higher in cells with
higher levels of HUTS-21 staining, i.e. with activated VLA-4, than in
cells with lower HUTS-21 staining, i.e. with non-activated VLA-4.
Consistently, a direct correlation between IgM and HUTS-21
expression levels was also found in the context of subset#2 CLL.

In summary, here we provided compelling evidence that BCR and
VLA-4, two canonical microenvironmental receptors, can operate
and interact with each other also in the bloodstream in an anchor-
independent manner. In particular, BCR signals delivered via

SPRINGER NATURE

autonomous stimulation can effectively activate VLA-4 molecules,
which in turn may be engaged by soluble plasma components.

The interaction between sVCAM-1 with VLA-4 may contribute to
keep CD49d+ CLL cells alive in the blood circulation, as witnessed
by increased phosphorylation of ERK and AKT [45, 46], and to
make them more prone to migrate outside the bloodstream, as
shown by increased/more efficient actin polymerization, ulti-
mately influencing recirculation and homing of circulating cells
whose integrin receptor is engaged [33]. The increased survival
and migratory capacity observed in CD49d+ CLL cells following
plasma stimulation [32] as well as the clinical notion that
CD49d+ CLL patients are more likely to have lymphadenopathy
and/or are more prone to acquire lymphadenopathy over time
[47] is consistent with these data.

In this study, we also demonstrated that, following exposure
to ibrutinib in vivo, the levels of constitutive VLA-4 activation,
expressed in circulating CD49d+ CLL cells, progressively decreased.
This observation, in addition to corroborating the link between
BCR signaling and constitutive VLA-4 activation, underlines the

Leukemia
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role of BTK inhibition in suppressing, at least partially, such a
BCR-dependent VLA-4 activation occurring in circulating
CD49d+ CLL cells [48, 49]. A by-pass mechanism involving
phosphorylation of phosphatidylinositide 3-kinase (PI3K) that
reactivates VLA-4 through the more effective antigen-dependent
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BCR stimulations has been described allegedly occurring in
protective tissue compartments [18, 19]. A similar adaptation
mechanism is apparently lacking in blood circulation where CLL
cells only rely upon an autonomous (less effective?) BCR signaling to
reactivate VLA-4.
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Fig. 7 BCR pathway inhibitors treatment impairs BCR autonomous signaling and constitutive VLA-4 activation. A Calcium response in
four TKO-high cell lines. Cells either untreated or pre-treated with ibrutinib, idelalisib, a combination of ibrutinib and idelalisib and copanlisib
were stimulated with 4-OHT followed by anti-IgM (xlgM; black arrows). Each row represents a different cell line and each column corresponds
to a different treatment. B Flow cytometric real-time kinetic curves of a representative TKO cell line (TKO RMPTV327) stimulated with 4-OHT at
the following conditions (from left to right): untreated (black), pre-treated with ibrutinib (light blue), idelalisib (orange), combination ibrutinib/
idelalisib (green), and copanlisib (pink). C VLA-4 affinity in TKO cell lines treated as reported in (B). For the ibrutinb condition, cells were also
stimulated with 4-OHT + algM or Mn?". Values are expressed as K¢ fold change using for each cell line the untreated, 4-OHT stimulated
condition as reference condition. Each dot represents the mean value of at least two experiments with two replicates for each TKO cell line.
Data are presented as mean + SD. P values refer to the ratio paired t-test; ns not significant.

Besides the association of constitutive VLA-4 activation with definite
BCR characteristics (IGHV with M configuration, expression of the
IGHV3/IGHV4 gene families or of the subset #2 stereotype) [24, 38, 50],
constitutive VLA-4 activation was also accompanied with higher Ca®*
influx, according to the experiments with TKO cells, and increased ERK
phosphorylation. Notably, all these features mostly associate to the so-
called anergic state of CLL [51]. In this context, it could be speculated
that anergic CLL cells expressing VLA-4 are particularly favored to
remain alive in blood and, given the expression of a frequently
activated integrin, are more prone to migrate to tissue sites where both
BCR and VLA-4 can be more robustly engaged by their natural
microenvironmental ligands. Several intrinsic factors responsible for the
reversibility of the anergic state in CLL have been described [51-53];
here we propose the expression of VLA-4 and its constitutive activation
occurring through tonic inside—out activation via BCR as an additional
mechanism to prolong the survival of anergic CLL cells in the blood, as
well as to promote their migration to tissues where they become prone
to positive signals. The well-known negative prognostic impact of high
CD49d expression in the context of M-CLL [1, 2, 54, 55] could be
explained on the basis of these reasonings.

The anchor-independent process described here, allegedly
aimed at keeping CLL cells alive in bloodstream, might resemble
a similar mechanism occurring in solid tumors to counteract the
phenomenon of apoptotic cell death by tissue detachment known
as anoikis [56]. In this context, detached solid tumor cells exploit
their own surface adhesion molecules to interact with soluble
serum factors and promote their survival during bloodstream
recirculation ultimately reaching their final sites of metastasis [56].

The functionally active interactions of BCR/VLA-4 on circulating
CD49d+ CLL cells open up the possibility that similar cross-talks
may operate in the bloodstream by exploiting other adhesion
molecules and/or chemokine receptors, which in turn may interact
with their respective soluble ligands present in plasma [57-59].
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