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Abstract

B-cell receptor (BCR) signaling is a central pathogenetic pathway in chronic lymphocytic
leukemia (CLL). Most CLL cells express BCRs of IgM and IgD isotypes, but the contribution of
these isotypes to functional responses remains incompletely defined. We therefore investigated
differences between IgM and IgD signaling in freshly isolated peripheral blood CLL cells and in
CLL cells cultured with nurselike cells (NLC), a model that mimics the lymph node
microenvironment. IgM signaling induced prolonged activation of ERK kinases, promoted CLL
cell survival, CCL3 and CCL4 chemokine secretion, and down-regulation of BCL6, the
transcriptional repressor of CCL3. In contrast, IgD signaling induced activation of the cytoskeletal
protein HS1, along with F-actin polymerization, which resulted in rapid receptor internalization,
and failure to support downstream responses including CLL cell survival and chemokine secretion.
IgM and IgD receptor down-modulation, HS1 and ERK activation, chemokine secretion and BCL6
down-regulation were also observed when CLL cells were co-cultured with NLC. The BTK kinase
inhibitor ibrutinib effectively inhibited both, IgM and IgD isotype signaling. In conclusion,
through a variety of functional readouts, we demonstrate very distinct outcomes of IgM and IgD
isotype activation in CLL cells, providing novel insight into the regulation of BCR signaling in
CLL.

Introduction

B cell receptor (BCR) signaling is now recognized as a central pathway in CLL pathogenesis
(1) based on preclinical studies that demonstrated the importance of BCR activation for
survival and proliferation of CLL cells /n vitro (reviewed in (2)), and in mouse models of
CLL (reviewed in (3)). The vast majority of CLL patients treated with Bruton’s tyrosine
kinase (BTK) or phosphoinositide 3-kinase delta (PI3K8) inhibitors (ibrutinib, idelalisib),
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which primarily target BCR signaling, achieve durable responses, corroborating the
relevance of BCR signaling in CLL pathogenesis (reviewed in (4)).

IgM and IgD receptor isotypes are co-expressed on mature B cells and their function in B-
cell development and maturation is widely interchangeable, as demonstrated in IgM (5) and
IgD (6) knock-out mouse models. The two isotypes bear the same antigenic specificity and
differ only in terms of their heavy chains, IgMs carry mu () and IgDs carry delta (§) heavy
chains (7). Most CLL cells express both IgMs and IgDs, (8-10) and several studies
characterized the importance of IgM BCRs for CLL cell survival, cell-cycle entry, and
proliferation (9, 11-13). The function of IgD in CLL has also been studied, with
controversial results, mostly related to the effects of IgD stimulation on either inducing cell
survival (14), or rather apoptosis (15). The mutational status of immunoglobulin heavy chain
variable (/GHV) genes has strong prognostic significance (16, 17), and CLL cases carrying
unmutated BCRs (U-CLL) show more aggressive disease features than mutated CLL (M-
CLL). IgM responsiveness typically increases in U-CLL cases (8, 18, 19), while such
differential responses are generally not seen after IgD stimulation (8-10).

BCR triggering activates a complex signaling cascade including upstream kinases, such as
the SRC-kinase LYN, spleen tyrosine kinase (SYK), BTK and P13K$, which transduce
signals to cytoskeletal activators, such as hematopoietic cell-specific Lyn-substrate 1 (HS1)
(20-22), and downstream effectors, including AKT and extracellular signal-regulated (ERK)
kinases (23, 24). Another response to BCR stimulation is the production of C-C motif ligand
(CCL)3 and CCL4 chemokines (25, 26), which are released at high concentrations by CLL
cells after IgM stimulation, as well as in co-culture with nurselike cells (NLC), a CLL lymph
node microenvironment model (27, 28). CCL3 and CCL4 secretion by CLL cells has been
linked to the recruitment of accessory cells (T cells and monocytes/macrophages) for
cognate interactions with activated and/or proliferating CLL cells within secondary
lymphatic tissues (25, 29, 30), which is similar to the function of these chemokines during
normal adaptive immune responses.

The aim of the present study was to analyze functional differences between IgM and IgD
isotypes in the outcome of the BCR response, and to characterize the NLC-mediated
activation of BCR signaling in CLL.

Materials and Methods

Primary samples and reagents

Peripheral blood (PB) samples were obtained from previously untreated patients fulfilling
diagnostic and immunophenotypic criteria for CLL at the Leukemia Department at MD
Anderson Cancer Center after informed consent and Institutional Review Board approval
(Table I). All functional assays were performed on fresh CLL B cells, negatively selected
from PB samples by EasySep Human B cell enrichment kit (StemCell Technologies,
Vancouver, Canada), isolated by density gradient centrifugation over Ficoll-Plaque (GE
Healthcare, Little Chalfont, UK), and cultured at 107 cells/mL in RPMI 1640 medium
supplemented with 10% Fetal Bovine Serum (FBS; Gibco, Waltham, MA), and penicillin-
streptomycin-L-Glutamine solution (Corning Inc., Corning, NY) (complete RPMI). Purity of
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all preparations was = 95%, as assessed by CD19 and CD5 positivity by flow cytometry.
Polyclonal goat F(ab”), fragments to human IgM, to human IgD or to human kappa light
chain (Southern Biotechnology, Birmingham, AL) were used for cell stimulation (anti-IgM,
anti-IgD, anti-lgx), and were dialyzed against PBS prior to use in Slide-A-Lyzer Dialysis
Cassettes 10.000 MWCO (Thermo Fisher Scientific). lbrutinib was provided by
Pharmacyclics, resuspended at 100 mM in DMSO and used at a final concentration of 1 uM.

Flow cytometry

Flow cytometry staining of surface molecules (27), phospho-flow cytometry (31), viability
assessment (27) and F-actin polymerization (31) were performed as previously described.
Purity of B cells after isolation was tested with allophycocyanin (APC)-conjugated anti-
human CD19 (clone HIB19; BD Pharmingen, San Jose, CA) and phycoerythrin (PE)-labeled
anti-human CD5 (clone 111 518; BD Pharmingen), or respective isotype controls (BD
Pharmingen). Surface staining of IgM and IgD receptors was performed, in technical
duplicates, with PE-conjugated goat polyclonal heavy chain specific anti-lgM or anti-lgD
antibodies (Southern Biotechnology), or anti-lIgG isotype control (Southern Biotechnology).
Kappa light chain expression was evaluated with a PE-conjugated goat polyclonal anti-
kappa antibody (Southern Biotechnology). For surface receptor staining before and after
NLC co-culture, PBMCs were stained with CD19, and IgM and IgD MFIRs were analyzed
on gated CD19™ cells. For F-actin polymerization studies, 2 x 108 CLL cells per condition
were serum starved for 2 hours, then either left untreated or exposed to 10 ug/ml anti-IgM or
anti-lgD for 30 seconds, 1, 2 or 5 minutes. Next, a solution containing 40 uM fluorescein
isothiocyanate (FITC)—phalloidin (Sigma-Aldrich, Saint-Louis, MO), 0.5 mg/mL 1-a-
lysophosphatidylcholine (Sigma-Aldrich), and 4% paraformaldehyde (PAF; Electron
Microscopy Sciences, Hatfield, PA) in PBS was added to stop the reaction and fix the cells.
Cells were additionally incubated for 20 minutes at 37°C, then analyzed by flow cytometry.
CLL cell viability was determined by analysis of mitochondrial transmembrane potential
using 3,3" dihexyloxacarbocyanine iodide (DiOCB6; Invitrogen) and propidium iodide (PI;
Sigma-Aldrich) (32) after 24, 48 or 72 hours of stimulation with 10 pg/ml anti-lgM, anti-
IgD, or the combination of both. For IgM and IgD surface expression detection following
BCR stimulation, 106 cells were treated with 10 pg/ml anti-IgM or anti-IgD F(ab’),
fragments for 5 minutes, then placed on ice to stop the reaction, and washed once with
FACS buffer [RPMI + 0.5% Bovine Serum Albumine (BSA)], prior to staining with PE-
conjugated anti-IgM or anti-IgD heavy chain specific antibodies. To exclude any potential
interference between the heavy-chain specific F(ab”), fragments used for stimulation and the
antibodies used for BCR staining, we also assessed IgM and IgD surface levels after
stimulation of the light chain with 10 pug/ml anti-kappa F(ab’), fragments, as previously
described (10). For phospho-flow cytometry, 106 cells were either left untreated or exposed
to 10 pg/ml anti-IgM or anti-lgD, or the combination of both, for up to 60 minutes. Cells
were then fixed with 4% PAF for 10 minutes at room temperature, permeabilized with 90%
methanol in PBS at —20°C overnight, washed twice in PBS supplemented with 1% BSA and
stained and with Alexa 488-conjugated phospho-SRC [Tyrosine (Y)-416] clone 9A6 (1:350;
EMD Millipore, Darmstadt, Germany), PE-conjugated phospho-HS1(Y397) clone D12C1
(1:100; Cell Signaling Technology, Danvers, MA), Alexa488-conjugated phospho-p44/42
[Threonine(T)202/Tyrosine (Y)204] clone D13.14.4E (1:100; Cell Signaling Technology),
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or respective isotype controls (Cell Signaling Technology) for 30 minutes at 4°C. Samples
were acquired with FACSCalibur (Becton Dickinson, Franklin Lakes, NJ) and data analyzed
using FlowJo software Version 9.6.4 (TreeStar, Ashland, OR).

Western Blot

ELISA

Western Blot was performed as previously described (21). Purified B cells were cultured at
107cells/mL and stimulated with 10ug/mL anti-IgM or anti-IgD for the indicated time
points, then placed on ice to stop the reaction. In the NLC setting, PBMCs were cultured at
1.5 x 107cells/mL. Cells were lysed on ice for 15 minutes in RIPA Buffer (Sigma-Aldrich)
containing fresh phosphatase inhibitor cocktail (phosSTOP; Roche, Mannheim, Germany)
and complete protease inhibitor cocktail (Roche). Cells were then centrifuged at 13,200 rpm
for 15 minutes at 4°C, and supernatants were collected and stored at —80°C until further use.
Protein content was determined using the DC protein assay kit (Bio-Rad Laboratories,
Hercules, CA), according to the manufacturer’s instructions. 30 pg of total protein were
supplemented with NuPage Sample Buffer (4x) and NuPage Sample Reducing Agent (10x)
and loaded onto 4-12% sodium dodecyl sulfate-polyacrylamide gradient gels (Invitrogen),
then transferred to nitrocellulose membranes (Thermo Scientific). Membranes were blocked
for 15 minutes in PBS-Tween containing 5% BSA and incubated overnight with primary
antibodies (diluted 1:1000) followed by species-specific horseradish peroxidase-conjugated
secondary antibodies (diluted 1:5000) for 1 hour. Membranes were probed with the
following primary antibodies: p44/42-MAPK (ERK1/2), phospho-p44/42 (T202/Y204), HS1
(clone D83AB8), phospho-HS1 (Y397; clone D12C1), BCL6 (clone D412V), MYC (clone
D84C12) and GAPDH (Cell Signaling Technology). Luminata Forte Western HRP Substrate
(Millipore, Billerica, MA) or SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific) were used to visualize immuno-reactive bands of phospho-proteins or total
proteins, respectively. Quantification of relative protein expression levels was performed by
ImageJ software analysis.

CCL3 and CCL4 chemokine levels were measured in the supernatants of purified B cells
from CLL patients following stimulation with anti-lgM or anti-lgD, or the combination of
both anti-IgM and anti-1gD, or in the supernatants of CLL cells after 14 days of co-culture
with NLC by quantitative ELISA according to the manufacturer’s instructions (Quantikine,
R&D Systems, Minneapolis, MN).

CLL-NLC co-cultures

PBMC:s, isolated by density gradient centrifugation over Ficoll-Plague, were seeded at 1.5 x
107/mL in complete RPMI medium and utilized to generate NLC, as previously described
(25, 27). Co-cultures were used for further experiments only when = 85% CLL viability was
detected by flow cytometry after 14 days of CLL-NLC co-culture. After 14 days of CLL-
NLC co-culture, CLL cells were removed from NLC by repetitive washes in complete
RPMI, centrifuged and resuspended at 1.5 x 107/mL, prior to culture for up to 72 hours in
the absence of NLC.
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Statistical analyses

Results

Statistics were performed using GraphPad Prism software, version 6.0b for Macintosh. Two-
tailed paired or unpaired Student’s t tests, or Mann-Whitney tests were used for comparison,
as appropriate. A Pvalue lower than 0.05 was considered as statistically significant.

Compared to IgM, IgD stimulation induces strong HS1 activation and F-actin
polymerization

During the course of the study, 84 fresh CLL samples (42 M-CLL, 42 U-CLL), were
analyzed for IgM and IgD expression (Fig. 1, Table I). IgM and IgD expression were both
significantly higher in U-CLL as compared to M-CLL (Fig. 1, A(1gM )<0.0001;

PAgD )=0.0088). The mean relative expression of IgM was 83.38+8.71 for U-CLL and
35.2845.19 for M-CLL; the mean relative 1gD expression was 55.60+6.37 for U-CLL and
35.12+4.48 for M-CLL.

We dissected upstream and downstream signaling events in representative subgroups of U-
CLL and M-CLL (Table Sl), and started by analyzing the activation of the BCR-proximal
cytoskeletal protein HS1 after anti-lgM and anti-l1gD stimulation by flow cytometry (Fig.
2A, 2B, S1A) and Western Blot analysis (Fig. 2C, S1B) of Y397 phosphorylation. Seven U-
CLL and 5 M-CLL cases were analyzed by flow cytometry, and 5 cases per subset were
analyzed by Western Blot. We noted robust HS1 activation 2 and 5 minutes after anti-lgD
stimulation in U-CLL (Fig. 2A, 2B, 2C), as compared to IgM (Fig. 2B; A2")=0.034;
A(5")=0.048). M-CLL cases showed higher baseline phosphorylation of HS1 and an overall
lower relative increase in HS1 phosphorylation after both IgM and IgD stimulation (Fig.
S1A, S1B), as compared to U-CLL.

As another readout for cytoskeletal activation following BCR stimulation, we measured F-
actin polymerization after IgM and IgD stimulation in 4 U-CLL (Fig. 2D) and 4 M-CLL
cases (Fig. S1C) and noted stronger F-actin polymerization following IgD stimulation, when
compared to IgM stimulation, which peaked 30 seconds after stimulation, reaching
significance in U-CLL cases (Fig. 2D; P=0.045).

Compared to IgM, IgD surface levels are rapidly reduced following stimulation

Since F-actin polymerization is a critical event in antigen-mediated receptor endocytosis
(33), we then asked whether IgM and IgD receptors would show a distinct pattern of
receptor internalization following stimulation. We tested both anti-lgM and anti-IgD effects
on IgM and IgD expression, respectively, in 9 U-CLL and 6 M-CLL cases (Fig. S1D). We
also analyzed IgM and IgD expression following stimulation of the light chain of 4 U-CLL
Igx* samples (Fig. 2E, 2F). Although IgM receptors were down-modulated in both U-CLL
(Fig. S1D; P=0.017) and M-CLL cases (Fig. S1D; P=0.01), IgD down-modulation was much
more pronounced (Fig. S1D; AU-CLL)= 0.0009; AM-CLL)=0.0007), and this effect was
also evident when stimulation was performed through the Igx light chain (Fig. 2F).
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IgM stimulation induces prolonged activation of ERK kinases

We then analyzed the kinetics of ERK kinases activation after IgM and IgD stimulation in 5
U-CLL (Fig. 3) and 5 M-CLL cases (Fig. S2), by flow cytometry and Western Blot analysis.
We observed prolonged phosphorylation of ERK kinases for up to 60 minutes following IgM
stimulation of U-CLL (Fig. 3B, (15", 30", 60")=0.016); IgD activation was more transient,
with an earlier rebound of phospho-ERK levels after approximately 15 minutes following
stimulation. Similar activation kinetics were observed by Western Blot analysis (Fig. 3C).
Consistent to the pattern observed for HS1 activation, U-CLL cases were overall more
responsive to both IgM and IgD (Fig. 3B, 3C) than M-CLL (Fig. S2A, S2B), and higher
baseline phospho-ERK levels were observed in M-CLL (Fig. S2B), when compared to U-
CLL (Fig. 3C).

Ibrutinib interferes with IgM and IgD signaling activation

We then tested the effects of treatment with the BTK kinase inhibitor ibrutinib on IgM and
IgD- induced activation of SRC-Y416, used as a surrogate marker for LYN kinase activity,
HS1-Y397 and ERK-T202/Y204, in 4 U-CLL cases (Fig. 4). We chose to test LYN as the
main Kinase responsible for HS1 phosphorylation (21), and a known additional target of
ibrutinib (34). Western Blot analysis was used to verify inhibition of the auto-
phosphorylation site on BTK (Y223) (data not shown). Ibrutinib interfered with the
activation of LYN, HS1 and ERK, up to 60 minutes following anti-lgM (Fig. 4A, 4C, 4E) or
anti-1gD (Fig. 4B, 4D, 4F) stimulation, and also reduced baseline activation of both HS1
(Fig 4C, 4D) and ERK (Fig. 4E, 4F).

IgM, but not IgD stimulation, induces chemokine secretion and BCL6 down-regulation

We quantified CCL3 and CCL4 chemokine secretion by CLL cells after a 24-hour
stimulation with anti-IgM or anti-IgD in the supernatants of 7 U-CLL and 5 M-CLL
samples. High concentrations of CCL3 (Fig. 5A) and CCL4 (Fig. 5B) were detected after
IgM, but not after IgD stimulation. Low, if any, production of CCL3 (Fig. S3A) and CCL4
(Fig. S3B) was detected after stimulation of M-CLL cases. BCL6 protein is an established
transcriptional repressor for the CCL3gene (35), which is known to be targeted for
proteasomal degradation after IgM stimulation in Burkitt’s lymphoma cells (36). We
therefore modeled the kinetics of BCL6 degradation following anti-IgM and anti-1gD
stimulation, and concomitantly measured CCL3 chemokine secretion in 3 U-CLL and 3 M-
CLL cases. We observed down-regulation of BCL6 at 6 and 9 hours following IgM
stimulation of U-CLL (Fig. 5C, 5D; A6h)=0.009; A9h)=0.008), with a concomitant
increase in CCL3 production (Fig. 5E). Low, if any, down-modulation of BCL6 was
observed in M-CLL (Fig. S3C, S3D), as well as minor CCL3 secretion (Fig. S3E). Similar
patterns of BCL6 down-modulation were observed in 6 additional cases (3 U-CLL, 3 M-
CLL) with a polyclonal anti-BCL6 antibody (data not shown).

CLL cell survival is mainly promoted by IgM stimulation

We measured CLL cell viability after 48 hours of anti-IgM or anti-IgD stimulation in 13 U-
CLL and 13 M-CLL (Fig. 6). In contrast to IgD, IgM stimulation significantly increased U-
CLL cell viability. The mean relative viability of U-CLL cells after anti-IgM stimulation was
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185 £ 19.6%, compared to 113.9 £ 6.6% after anti-1gD stimulation (Fig. 6B, mean £ SEM, P
=0.0001). M-CLL cell viability was less affected by IgM stimulation. Ibrutinib treatment
(1uM) significantly reduced IgM-induced survival of 7 U-CLL cases (Figure 6A and 6C,
P=0.018).

Combination of IgM and IgD stimulation increases early, but not long-term funstional

responses

Since IgM and IgD receptors have the same antigenic specificity, and are therefore expected
to be concomitantly engaged /n vivo, we then tested whether combination of IgM and IgD
receptor stimulation had an effect on early signaling events, including HS1 and ERK
phosphorylation, or long-term functional responses, such as CCL3 chemokine secretion and
CLL survival (Fig. 7). We observed increased phosphorylation of HS1 protein at 2 and 5
minutes following stimulation with combined anti-IgM and anti-IgD in 5 U-CLL cases (Fig.
7A), as compared to each stimulation alone. Similarly, ERK phosphorylation was increased
up to 60 minutes following stimulation with combined anti-lgM and anti-IgD, as analyzed
on 4 U-CLL cases (Fig. 7B). A modest, if any, increase in CCL3 chemokine secretion (Fig.
7C), CCL4 secretion (data not shown) and CLL viability (Fig. 7D), was observed when IgM
and IgD were concomitantly stimulated, as compared to IgM stimulation alone.

BCR signaling activation in the NLC co-culture system

Co-culture with NLC supports CLL cell survival (25, 27) 28), chemokine secretion (25, 27),
and a BCR signaling signature by gene expression profiling (25), suggesting that NLC
engage CLL-BCRs. We therefore tested the features of BCR signaling in CLL-NLC co-
culture, which represents an /n vitro model of the lymph node microenvironment conditions.
We analyzed IgM and IgD expression on 4 U-CLL cells before and after 14 days of co-
culture with NLC (Fig. 8A, 8B). Then, CLL cells were removed from the NLC co-culture
and BCR surface expression was analyzed for up to 72 hours after removal. We noted
significant down-regulation of IgM and IgD after NLC contact in 4 U-CLL cases. IgM levels
were significantly down-modulated after 14 days of CLL-NLC co-culture (Fig. 8B,
P=0.038), and recovered at 48 hours following /n vitro culture in the absence of NLC (Fig.
8B, P=0.039), reaching pre-exposure levels after 72 hours (Fig. 8B, £=0.0071). IgD levels
also showed a similar pattern of down-regulation (Fig. 8B, A=0.021), and re-expression.
Robust HS1 and ERK activation was detected in 4 U-CLL cases after NLC co-culture (Fig.
8C), whereas phosphorylation levels declined when CLL cells were cultured without NLC.
We also detected high levels of CCL3 (Fig. 8D, £=0.0062) and CCL4 (data not shown)
chemokines in supernatants of U-CLL cells co-cultured with NLC, which were lower in M-
CLL cases. Interestingly, we also observed down-regulation of BCL6 protein after 14 days
of CLL-NLC co-culture, which was particularly evident in U-CLL cases (Fig. 8E, 8F;
P=0.011). U-CLL cells also displayed higher induction of MYC protein, in particular of the
higher molecular weight isoform (Fig. 8E, 8F; P=0.047), which served as a surrogate marker
for BCR activation in the CLL lymph node microenvironment (37).
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Discussion

CLL cells express both IgM and IgD BCRs carrying the same antigenic specificity, but the
contribution of these different isotypes to BCR signaling responses remains incompletely
understood. Here, we show different outcomes of BCR signaling after IgM or I1gD receptor
stimulation, by dissecting proximal and downstream signaling events through a number of
functional assays, which we exclusively performed on freshly isolated CLL cells. We
observed rapid and robust activation of the cytoskeletal protein HS1 (Fig. 2B, 2C), together
with F-actin polymerization (Fig. 2D), and subsequent receptor internalization (Fig. 2F,
S1D) after IgD stimulation. HS1 activation and cytoskeletal remodeling are important early
events after antigen engagement by the BCR (21, 38, 39), which favor early signalosome
assembly and occur prior to antigen internalization and signal transduction (40). Our data
suggest that IgDs are primarily involved in these early stages of BCR pathway activation in
CLL.

In contrast to IgD, IgM signaling induced prolonged downstream activation of ERK kinases,
up to 60 minutes following receptor engagement (Fig. 3), consistent with a previous study
(9). The rapid internalization of IgD receptors (Fig. 2F, S1D) may, at least in part, explain
the transient nature of IgD responses, considering that surface BCR retention after
stimulation prolongs signal transduction, as reported for normal (41, 42) and leukemic (43)
B cells. In accordance with previous reports (8, 18, 19, 21, 24), U-CLL cases expressed
higher 1IgM surface levels and were more responsive to IgM stimulation than M-CLL, and
M-CLL displayed higher baseline phospho-HS1 and phospho-ERK levels. Low IgM
responsiveness and higher baseline phosphorylation of signaling proteins, in particular ERK
kinases (23, 24), are features of anergic B cells, which mainly belong to the M-CLL subset
of patients.

We observed higher IgD responsiveness of U-CLL cases (Fig. 2, 3) compared to M-CLL
(Fig. S1, S2), which correlated with higher IgD expression on U-CLL cells (Fig. 1). The
prognostic relevance of high gD responsiveness was previously proposed (44), and it can be
inferred that /n vivo, where concomitant engagement of IgM and IgD is the expected mode
of stimulation, IgDs contribute to the initiation of IgM signaling, leading to an overall
stronger BCR signaling response in U-CLL, as compared to M-CLL cells. Consistently,
when IgM and IgD stimulations were combined, we observed increased activation of
proximal BCR signaling, including HS1 and ERK phosphorylation (Fig. 7A, 7B), as
compared to each stimulation alone, whereas long-term functional responses, including
chemokine secretion (Fig. 7C) and viability (Fig. 7D) were less affected by concomitant
stimulation of both receptors, as compared to anti-lgM alone.

It is relevant to point out that the Fab stimulating reagents that are used in these and
previously published /n vitro studies (8-15, 18, 19, 45) differ from the ligands that CLL-
BCRs encounter /n vivo, and that additional characteristics of the stimulating antigen,
including affinity (46, 47) and valency (48, 49), may influence the BCR signaling outcome.

The most differential responses after IgM or IgD stimulation of CLL cells were effects on
viability and secretion of CCL3 and CCL4 chemokines (25, 26). Both, CLL viability (Fig. 6,
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7D) and chemokine secretion (Fig. 5, S3, 7C) were mainly supported by IgM, but not by IgD
stimulation. Interestingly, we noted that the CCL 3 transcriptional repressor BCL6 (35) was
down-regulated following IgM stimulation with similar kinetics as CCL3 secretion by U-
CLL cells (Fig. 5). Information about BCL6 expression in CLL is limited, and mainly
related to BCL 6 gene mutations (50-53); our data suggest that BCL6 may be involved in the
regulation of CCL3 production in CLL.

In NLC co-cultures, we noted significant down-regulation of surface IgM and IgD (Fig. 8A,
8B), which recovered during 72 hours of culture in the absence of NLC, consistent with the
pattern of BCR recovery observed when CLL cells are cultured /n vitroin the absence of
antigenic stimulation (10). We hypothesize that NLC expose antigens that can trigger CLL-
BCRs, as previously described (54), providing an explanation for the down-modulation of
both IgM and IgD receptors. We also detected HS1 and ERK activation on CLL cells after
14 days of co-culture on NLC (Fig. 8C), measured high levels of CCL3 chemokine (Fig. 8D)
and observed BCL6 protein down-regulation (Fig. 8E, 8F) in CLL-NLC co-cultures derived
from U-CLL, thus recapitulating the functional outcomes of BCR stimulation in the absence
of NLC. Although it was not possible to investigate short term BCR signaling responses in
this long-term co-culture system, these data suggest that IgM and IgD may both be engaged
and involved in BCR signaling activation in CLL cells when in co-culture with NLC.

In conclusion, IgM signaling induces durable and robust signaling responses that result in
CLL survival, chemokine production and down-regulation of BCL6 (Fig. 9). In contrast,
IgDs contribute primarily to proximal BCR signaling and to activation of the cytoskeleton,
which results in rapid receptor internalization and transient downstream responses (Fig. 9).
BCR down-modulation, signaling protein activation, chemokine secretion and BCL6 down-
regulation are also observed when CLL cells are co-cultured with NLC (Fig. 8). Of note, the
BTK kinase inhibitor ibrutinib interferes with both IgM and IgD signaling (Figure 4 and 6),
consistent with known effects of ibrutinib on CLL cell viability (31), chemokine secretion
(31, 55), and activation of the CLL cytoskeleton (31, 56, 57).

Collectively, our data provide insight into the differential regulation of BCR signaling in
CLL, with clearly distinct response patterns following stimulation of IgM and IgD receptors.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IgM and IgD surface expression in U-CLL and M-CLL cases
Mean + SEM of IgM and IgD receptor expression, expressed as Mean Fluorescent Intensity

Ratio (MFIR) in U-CLL (n=42), and M-CLL (n=42), **P<0.01; ****P<0.0001; Mann-

Whitney test.
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Figure 2. HS1 activation, F-actin polymerization and receptor internalization assays
(A) Representative histograms of HS1-Y397 phosphorylation (P-HS1) flow cytometry

analysis at 2 and 5 minutes following anti-lgM or anti-IgD receptor stimulation in one U-
CLL case. Isotypes are shown, as control. (B) Mean + SEM of P-HS1, after 2 and 5 minutes
of anti-IgM or anti-IgD stimulation, as analyzed by flow cytometry on 7 U-CLL cases, and
expressed as percentage (%) of the untreated control. *~<0.05; Mann-Whitney test. (C)
Western Blot analysis of P-HS1 at the activatory tyrosine residue Y397 and HS1 total levels
after 2 and 5 minutes of anti-IgM or anti-lIgD stimulation. Two representative U-CLL cases
(U-CLL#1, U-CLL#2) out of 5 tested are shown. (D) Mean £ SEM of F-actin
polymerization after a period of 5 minutes of anti-IgM or anti-IgD stimulation, as analyzed
on 4 U-CLL cases, and expressed as % of the untreated control. */~<0.05; unpaired t test.
(E) Representative histograms of IgM and IgD surface staining of one U-CLL case before
and after 5 minutes of anti-IgM, anti-IgD or anti-Igx stimulation. Isotypes are shown, as
control. (F) Comparison of the effect of heavy chain stimulation (anti-IgM, anti-IgD) and
light chain stimulation (anti-1gx) on surface IgM and IgD levels. Mean + SEM of IgM and
IgD receptor expression, expressed as Mean Fluorescent Intensity Ratio (MFIR) before and
after 5 minutes of anti-lgM, anti-IgD or anti-lgx, as analyzed in 4 Igx* U-CLL cases.
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Figure 3. ERK kinases activation assays
(A) Representative histograms of ERK kinase phosphorylation (P-ERK) flow cytometry

analysis at serial time points following anti-IgM or anti-lgD receptor stimulation in one U-
CLL sample. Isotypes are shown, as control. (B) Mean + SEM of P-ERK, at serial time
points following anti-IgM or anti-IgD stimulation, as analyzed by flow cytometry on 5 U-
CLL samples, and expressed as percentage (%) of the untreated control. *~<0.05; Mann-
Whitney test. (C) Western Blot analysis of P-ERK and ERK total levels at serial time points
following anti-IgM or anti-lgD stimulation. Two representative U-CLL cases (U-CLL#1, U-
CLL#2) out of 5 tested are shown.

J Immunol. Author manuscript; available in PMC 2017 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hacken et al.

Page 17
3 400 -e- anti-IigM '_0‘400 -~ anti-IgD
5 - jbrutinib + = -4 ibrutinib +
§ 300 anti-lgM § 300 anti-lgD
3} [3)
T x T
03 w3
o § 200 o EZOO
K =R |
3 100 3100 3™
= 50+TT— T T = 50+ T T
025 15 30 60 025 15 30 60
anti-IlgM stimulation (minutes) anti-lgD stimulation (minutes)
2507 - anti-igM 250 - anti-lgD
-a- ibrutinib + -4 jbrutinib +
200+ anti-igM 200 anti-lgD
150+ 150

P-HS1

(% untreated control)
P-HS1

(% untreated control)

10045 B B S : 10042 4q. - .
I"} ¥ ] ‘j:l ~~~~~ " JRRRER— a
5041 ' ' 50+ r '
025 15 30 60 025 15 30 60
anti-IlgM stimulation (minutes) anti-lgD stimulation (minutes)
— 300 -~ anti-IgM %500' - anti-lgD
g -& jbrutinib + = & ibrutinib +
£ 250 anti-IgM £ 400 anti-IlgD
X 2 200 % = 300
E3 we
1 ] ©
d g 150 2 2001
5 100 £ SN s
= =100+
= 50+ T T 50 T
025 15 30 60 025 15 30 60
anti-lgM stimulation (minutes) anti-IgD stimulation (minutes)

Figure 4. Phospho-flow analysis of SRC, HS1 and ERK activation after ibrutinib treatment
Mean + SEM of (A) SRC-Y416, (C) HS1-Y397 and (E) ERK T202/Y 204 phosphorylation

at serial time points following anti-IgM stimulation, as analyzed by flow cytometry on 4 U-
CLL cases in the absence or presence of 1-hour pretreatment with 1uM ibrutinib, and
expressed as percentage (%) of the untreated control. Mean + SEM of (B) SRC-Y416, (D)
HS1-Y397 and (F) ERK T202/Y204 phosphorylation at serial time points following anti-
IgD stimulation, as analyzed by flow cytometry on 4 U-CLL cases in the absence or
presence of 1-hour pretreatment with 1uM ibrutinib, and expressed as percentage (%) of the
untreated control. *P<0.05; **P<0.01; ***P<0.001; ns: not significant; paired t test.
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Figure5. CCL3 and CCL 4 chemokine secretion and BCL 6 protein expression analyses
(A) CCL3 and (B) CCL4 measurement by ELISA in the supernatants of 7 U-CLL samples

after a 24-hour stimulation with increasing concentrations of anti-lgM and anti-IgD.
Displayed are the means £ SEM of chemokine concentrations in pg/mL. (C) Western Blot
analysis of BCL6 protein expression at serial time points following anti-IgM or anti-1gD of a
U-CLL case. GAPDH protein levels were analyzed, as loading control. A representative U-
CLL case out of 3 is shown. (D) Quantification of BCL6 protein expression after anti-lgM
or anti-IgD in 3 U-CLL cases, expressed as normalized intensity between BCL6 and
GAPDH levels. **/<0.01; paired t test with time-matched control. (E) CCL3 chemokine
measurement in the supernatants of 3 U-CLL cases at serial time points following anti-IgM
or anti-lgD stimulation. Displayed are the means + SEM of chemokine concentrations in
pg/mL.
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Figure 6. Viability assessment after BCR stimulation and ibrutinib treatment
(A) Representative flow cytometry contour plots of viability assessment by DiOC6 and Pl

staining of one U-CLL case treated with anti-lgM or anti-1gD for 48 hours in the presence or
absence of 1uM ibrutinib. (B) Mean = SEM of viability after 48 hours of stimulation with
anti-IgM or anti-1gD, as analyzed on 13 U-CLL and 13 M-CLL cases, and expressed as
percentage (%) of the untreated control. ***P<0.001; ns: not significant; Mann-Whitney
test. (C) Mean + SEM of the absolute % reduction in viability after ibrutinib treatment, and
48 hours stimulation with anti-lgM or anti-IgD, as analyzed on 7 U-CLL and 7 M-CLL
cases. *P<0.05; ns: not significant; Mann-Whitney test.
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Figure 7. Functional outcomes of combination of anti-IgM and anti-lgD stimulation
(A) Mean = SEM of HS1 phosphorylation (P-HS1), after 2 and 5 minutes of anti-IgM or

anti-1gD stimulation, or the combination of both, as analyzed by flow cytometry on 5 U-
CLL cases, and expressed as percentage (%) of the untreated control. (B) Mean + SEM of
ERK phosphorylation (P-ERK), at serial time points following anti-IgM or anti-lIgD
stimulation, or the combination of both, as analyzed by flow cytometry on 4 U-CLL
samples, and expressed as percentage (%) of the untreated control. (C) CCL3 measurement
by ELISA in the supernatants of 4 U-CLL samples after a 24-hour stimulation with
increasing concentrations (pg/mL) of anti-IgM or anti-IgD, or the combination of both.
Displayed are the means £ SEM of chemokine concentrations in pg/mL. (D) Mean + SEM
of viability after 24, 48, or 72 hours of stimulation with anti-IgM or anti-IgD, or the
combination of both, as analyzed on 5 U-CLL cases, and expressed as percentage (%) of the

untreated control.
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Figure 8. BCR signaling activation in the NL C co-culture system
(A) Representative histograms of flow cytometry analysis of surface IgM and IgD

expression before and after 14 days of co-culture with NLCs (on NLC) and up to 72 hours of
culture after removal from the CLL-NLC co-culture (off NLC), in one representative U-CLL
case. Isotypes are shown, as control. (B) Mean £ SEM of IgM and IgD MFIR before and
after 14 days of co-culture with NLC (on NLC) in 4 U-CLL and up to 72 hours of culture
after removal from the CLL-NLC co-culture (off NLC). */<0.05; **/<0.01; paired t test.
(C) Western Blot analysis of HS1 and ERK phosphorylation (P-HS1, P-ERK) and total
levels before and after 14 days of co-culture with NLC (on NLC) and up to 72 hours of
culture after removal from the CLL-NLC co-culture (off NLC). One representative U-CLL
case out of 4 tested is shown. (D) Means + SEM of CCL3 chemokine levels in pg/mL in the
supernatants of CLL-NLC co-cultures of 10 U-CLL and 8 M-CLL cases after 14 days of co-
culture with NLC. **/<0.01, Mann-Whitney test. (E) Western Blot analysis of BCL6 and
MY C protein expression in PBMCs from U-CLL and M-CLL patients before and after 14
days of co-culture with NLC. Three representative cases per group are shown. GAPDH
protein levels were analyzed, as loading control. (F) Relative expression of BCL6 and MYC
protein after 14 days (d14) of CLL-NLC co-culture as a ratio of the levels prior to co-culture
(d0) in 6 U-CLL and 6 M-CLL cases. *~<0.05, unpaired t test.
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Figure 9. Schematic representation of IgM and 1gD isotype functions
IgM and IgD isotype stimulation triggers very distinct signaling outcomes. IgM induces

prolonged signaling activation, and is mainly responsible for CLL survival and chemokine
secretion. IgD receptors, which are structurally very similar to IgM, induce strong activation
of proximal signaling proteins and of the cytoskeleton, but are rapidly internalized following
stimulation and fail to activate downstream responses. V: variable region of the heavy
chain; Cy: constant region of the heavy chain; V| : variable region of the light chain; C :
constant region of the light chain.
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