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ABSTRACT

Chronic lymphocytic leukemia B cells express auto/xeno antigen-reactive antibodies that bind to self-epitopes and
resemble natural IgM antibodies in their repertoire. One of the antigenic structures recognized is oxidation-
induced malonedialdehyde that is present on low-density lipoprotein, apoptotic blebs, and on certain microbes.
The poor-prognostic stereotyped subset #1 (Clan I IGHV genes-IGKV1(D)-39) express IgM B-cell receptors that
bind oxidized low-density lipoprotein. In this study, we have used for the first time this authentic cognate antigen
for analysis of downstream B-cell receptor-signal transduction events, since it is more faithful to B-cell physiology
than anti-IgM. Multivalent oxidized low-density lipoprotein showed specific binding to subset #1 IgM/IgD B-cell
receptors, whereas native low-density lipoprotein did not. The antigen binding induced prompt receptor clustering
followed by internalization. However, the receptor-signal transduction was silenced, revealing no Ca’* mobiliza-
tion or cell-cycle entry, while phosphorylated extracellular-regulated kinase 1/2 basal levels were high and could
not be elevated further by oxidized low-density lipoprotein. Interestingly, B-cell receptor responsiveness was
recovered after 48-h culture in the absence of antigen in half of the cases. Toll-like receptor 9-ligand was found to

breach the B-cell receptor-signalin

incompetence in 5 of 12 cases pointing to intra-subset heterogeneity.

Altogether, this study supports B-cell receptor unresponsiveness to cognate self-antigen on its own in poor-prog-
nostic subset #1 chronic lymphocytic leukemia, indicating that these cells proliferate by other mechanisms that
may override B-cell receptor silencing brought about in a context of self-tolerance/anergy. These novel findings
have implications for the understanding of chronic lymphocytic leukemia pathobiology and therapy.

Introduction

Molecular and functional studies support the concept that
chronic Iymphocytic leukemia (CLL) cells are antigen-experi-
enced. Alternatively, CLL may be derived from a specialized
subset of self-replenishing innate Bl-like cells that produce
natural IgM antibodies (Abs) without apparent antigen expo-
sure early in life."® From an immunogenetic perspective, per-
haps the strongest evidence for antigen involvement is the
existence of different subsets of cases with highly similar or
‘stereotyped’ immunoglobulins (Igs) in their B-cell receptors
(BcRs),*” indicating selection by antigen in CLL ontogeny.*’
Several self and exogenous antigens (i.e. non-muscle myosin,
vimentin, cofilin, oxLDL, bacterial polysaccharides, fungal -
glycans) are considered to be involved in the initiation and/or
progression of CLL*"**in synergy with microenvironment
factors,"" that signal via innate immune receptors, such as
Toll-like receptors (TLRs)."®

Within stereotyped subsets, similarities between different
cases extend from BcR Ig sequences to biological and prognos-
tic features, clinical presentation, and even outcome. For
example, patients assigned to subset #4 (IGHV4-34/IGKV2-
30) are relatively young at diagnosis,” uniformly express
mutated IgG-switched Igs with pronounced intraclonal diver-
sifications,””" display distinctive gene expression and
microRNA profiles,** and follow an indolent disease

course.” In contrast, patients belonging to subset #1 (Clan I
IGHV/IGKV'1(D)-39) uniformly express unmutated BcR Igs,
exhibit a distinctive gene expression signature with several
differentially expressed transcripts involved in BcR signaling,
apoptosis regulation, cell proliferation and oxidative process-
es,” and suffer from a poor prognosis even when compared to
other patients with unmutated IGHV genes.””

Recent studies from our group and others showed that CLL
Abs may recognize oxidation-specific neo-epitopes on
lipoproteins and apoptotic cells. It is worthy of note that these
structures may also share molecular identity with epitopes on
infectious pathogens (molecular mimicry).*""* In mice and
men, natural germ-line Abs bind to these oxidation-specific
epitopes and IgM anti-oxLDL Abs are frequently found in the
circulation of healthy persons.' For this reason, we have pro-
posed that CLL cells may be derived from self-reactive natural
Ab-producing B cells that are part of the innate first-line
defence.”

In addition to natural Abs, there are numerous mechanisms
to protect against the presence of oxidation-induced self-anti-
gens and microbes. These include TLRs, scavenger receptors
(SRs), i.e. CD5, CD6, CD36, complement, C-reactive protein,
mannose binding protein,' and they constitute a link between
innate and adaptive immune responses. In particular, TLR
stimulation provides a signal that synergizes with BcR trigger-
ing,* and T cells help to amplify human B-cell responses to
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antigen.” Hence, stimulation with TLR agonists increases
the expression of co-stimulatory molecules, which in turn
raise the surface expression of activation markers such as
CD25 and CD86.7**

Overall, CLL cells display TLR expression profiles simi-
lar to those of memory cells, supporting the assumption
that they are antigen-experienced.”* As we recently
showed, however, subgroups of CLL cases, especially
those belonging to subsets with stereotyped BcRs, exhib-
ited differential responses to immune stimulation through
the TLRs, and these responses may extend to cell prolifer-
ation control, apoptosis, B-cell anergy, or TLR tolerance.”

Stereotyped subset #1 is the largest subset among the
IGHV-unmutated CLL with frequencies of approximately
2.5-3%.%7% We recently found that [gM from subset #1
CLL cells bind to oxidized phospholipids,” and more
specifically to malondialdehyde (MDA), a major degrada-
tion product of unsaturated lipids reacting with reactive
oxygen species. The discovery of subset #1 antigenic tar-
gets enabled us to study the contribution of a specific and
natural (polyvalent) antigen in triggering proliferation
and/or differentiation of CLL cells.

In the present work, we hypothesized that purified
oxLDL, a multivalent cognate T-independent antigen (con-
taining several MDA epitopes), could induce a full prolif-
erative response on its own in this aggressive subset; this
was based on previous studies showing that antigen alone
could induce proliferation.*"** By analyzing BcR-signaling
events, we found, however, that oxLDL alone was not suf-
ficient for induction of Ca*-flux or elevation of phospho-
rylated extracellular regulated kinase 1/2 (pERK1/2), indi-
cating that cell proliferation in this progressive CLL subset
is brought about by a constellation of factors superim-
posed on BcR signaling.

Methods

Patients

Peripheral blood mononuclear cells (PBMCs) were collected
from 12 consenting CLL patients diagnosed according to revised
guidelines of the National Cancer Institute Working group. All

Table 1. Characteristics of the subset #1 CLL patient cases.

patients were either untreated or had been off therapy for at least
six months before sampling. Patients’ clinical data are shown in
Table 1. The study was approved by the local ethics committee
(Diary n. M30-05).

Antibodies and flow cytometry

Study Ab reagents are listed in Online Supplementary Table S1.
Antigens or Abs were incubated for 30 min on ice. Live CLL cells
were always detected using anti-CD5 and anti-CD19 Abs gated
on annexinV-negative cells. Cell surface markers were analyzed in
a Gallios flow-cytometer using Kaluza software v.1.2 (Beckman
Coulter, Brea, CA, USA).

Cell cultures

PBMC (45-98% CD5/CD19") or MACS microbead negatively-
selected (Miltenyi Biotec, Auburn, CA, USA) CD5"/CD19" cells
(298% CD5'/CD19") were cultured in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS) (Invitrogen) for 2-3 days. Cells
were stimulated with 25 pug/mL oxLDL, 5 ug/mL CpG-
oligodeoxynucleotide (CpG),
25 ug/mL native-LDL (nLDL), 10 pg/mL goat anti-IgM F(ab"),, or
50 ng/mL PMA.

PCR amplification and sequence analysis of
IGHV-IGHD-IGHJ rearrangements

PCR amplification and sequence analysis of IGHV-IGHD-IGH]J
rearrangements and assignment to stereotyped subsets were per-
formed as previously described.*

LDL and modifications

nLDL was isolated by sequential ultracentrifugation from
pooled healthy donor plasma and MDA modification was per-
formed as previously described.® In this paper, MDA-LDL is
termed oxLDL.

Competition oxLDL ELISA

Ab binding to oxLDL-coated MicroFluor plates (Dynatech
Laboratories, Chantilly, VA, USA) was performed as detailed pre-
viously,” using primary CLL IgM Abs (<3 ug/mL), oxLDL or nLDL
competitors in various concentration, and anti-IgM alkaline phos-
phatase-conjugate (ALP) and LumiPhos530 substrate (Lumigen,
Southfield, MI, USA).

Patient  Patient IGHV IGHD IGHJ % IGHV VH CDR3 sequence Rai/Binet CD38+ ZAP-70+  FISH Disease
study ID gene gene gene germ-line (%) (%) status
identity
CLLI P2355 12 6-19 4 1000 CARAQWLVVTNFDYW 1I/A 45 47 13q- Progressive
CLL2 P3073 13 619 4 100 CAREQWLVRVNFDYW  IVC 40 65 Normal  Progressive
CLL3 P3506 12 6-19 4 99.7 CARAQWLVLSVYFDYW  0A 311 49 12+ Progressive
CLL4 P3870 1-2 6-19 4 100 CARGQWLVQLNFDYW /A 132 ND Normal Stable
CLL5 P6857 12 6-19 4 100 CARDQWLPLANFDYW 0/A 31.2 479 12+ ND
CLL6 P8139 551  6-19 4 100 CARQQWLGLNYFDYW  ND 56.4 61 13q- ND
CLL7 SWE106 13 619 4 100 CAREQWLVIRNFDYW 11/B 85 ND 11g- ND
CLL8 SWE456 13 619 4 100 CARDQWLVIPNFDYW ND ND ND Normal ND
CLLY CLLA485 5a 6-19 4 1000 CAREQWLVQVNFDYW 0/A 70 ND Normal Progressive
CLL10  CLL570 13 619 4 100 CARWQWLALSSLDYW 0/A 69 ND Normal Stable
CLLIT ~ CLL751  3-11  6-19 4 9 CAREQWLVKENFDYW /A 36 ND 13q- Progressive
CLL12  CLL983 13 619 4 99.7 CAREQWLVPASLDYW ND ND ND ND ND

ND: not determined.
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Figure 1. Subset #1 CLL cells bind and internalize oxLDL through BcR. (A) Specificity of secreted subset #1 CLL IgM Abs tested in competition
ELISA. B/BO indicates ratio of IgM bound in presence of competitor (oxLDL or nLDL) divided by IgM bound without competitor. (B) Live subset
#1 CLL cells bind oxLDL. Cells were incubated with biotinylated oxLDL and Streptavidin-Alexa488. Streptavidin-Alexa488 (Ctrl) and nLDL were
used as controls in flow cytometry. Gating was performed on CD5'/CD19*/annexinV- cells. (C) BcR clustering and internalization by oxLDL.
(Left) At time TO subset #1 CLL cells after pre-incubation for 30 min on ice with oxLDL-biotin. (Middle) BcR-oxLDL receptor internalization after
60 min at 37 °C. (Right) Negative control Streptavidin-conjugate only. Cells were examined in a Zeiss Axiovert 200 fluorescence microscope
equipped with a 63X planar objective and images were collected with an AxioCam MRm CCD camera (Carl Zeiss, Heidelberg, Germany).
(D) I1gM surface expression of 8 subset #1 CLL cases. Only CD5'/CD19/annexinV- cells were analyzed.
(E) Surface expression of CD36 (stained with anti-CD36-PE, clone CD38 from BD) in viable CD5*/CD19* cells was analyzed by flow cytometry
in 4 subset #1 CLL cases. Healthy donor PBMC served as positive control. The flow diagrams represent one of nine experiments performed on
subset #1,I r;on-subset #1, and normal B cells, including staining with different CD36 Abs (clones CD38 and 336213 from BD and BioLegend,
respectively).
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Figure 2. oxLDL ligation does not induce Ca*-flux. (A) Subset #1 lym-
phocytes from 7 CLL cases were analyzed for Ca*-release. Cells were
loaded with the Ca*-sensitive dye Fluo-4-AM and analyzed by flow
cytometry before and after addition of oxLDL (50 ug/mL), anti-IgM
F(ab”), (20 pg/mL), and/or CpG (10 ug/mL). The calcium ionophore
ionomycin was used as a positive control. The dot plot shows percent
of responding cells of total viable cells. (B) The Ca*-mobilization data
of CLL2 (1 of the 7 CLL cases included in A) is shown for clarity. The
diagrams show percent responding cells of total viable cells. The
insert shows flow image for Ca*-flux responses. (See Online
Supplementary Figure S2 for all flow images).

Immunofiuorescence

Cells were incubated with 50 ug/mL oxLDL-biotin or anti-IgM-
biotin for 30 min on ice, washed and incubated at 37°C for 0 and
60 min. Cells were fixed on microscope slides with 4%
paraformaldehyde (PFA), permeabilized with 0.1% saponin, and
incubated with Streptavidin-Alexa488.

Intracellular Ca*-flux

Intracellular Ca*-flux was measured as described, using a
threshold of 5% or more responding cells.** Cells were stimulated
with 20 ug/mL goat anti-human IgM F(ab "),, 50 pg/mL oxLDL, 10
ug/mL CpG. Data were acquired in a BD FACSCalibur (BD
Biosciences, San José, CA, USA) and analyzed with FlowJo soft-
ware v.7.2.4 (Tree Star, Ashland, OR, USA).

Analysis of proliferation by BrdU-incorporation

Magnetic-bead selected CLL cells (298% CD57/CD19*) or CLL
PBMC (45-98% CD5+/CD19+) were stimulated as described for
56 h followed by addition of 10 uM 5-bromo-2'-deoxyuridine
(BrdU) for 16 h. Medium alone was used as control. Cells were
stained with anti-BrdU mAb (BD Biosciences). Cells were ana-
lyzed in a BD FACSCalibur using Kaluza software.

Figure 3. BcR responsiveness at start (O h) and after 48 h of in vitro
culture. (A) Subset #1 CLL cells were analyzed for phosphorylation of
ERK1/2 by Western blot analysis at basal level (TOh), and (B) after
48-h in vitro culture (T48h). Cells were maintained in RPMI 1640
medium with 10% FCS (unstimulated control) or stimulated at both
time points with 50 ug/mL oxLDL or 10 ug/mL anti-lgM F(ab "), for
5 min. Densitometric analyses of all the Western blot analyzed sam-
ples are shown and data are presented as optical density (OD) ratio
of pERK/OD of total ERK1/2. Individual CLL cases and mean values
are shown.

IgM ELISA and cytokine assay

Cell supernatants were analyzed for 10 different cytokines,
IL1B, IL-2, IL-4, IL5, IL6, IL8, IL10, TNF-q, IFN=y, and GM-CSE
using Luminex Human Cytokine TenPlex-kit (Invitrogen), and for
secreted IgM using ELISA as described.”

Western blot

CLL cells were cultured in the presence or absence of 10 pg/mL
anti-human IgM F(ab "), or 50 ug/mL oxLDL for indicated time
points. Cell lysates were separated by gel electrophoresis and ana-
lyzed for pERK1/2 (Thr202/Tyr204) and total ERK1/2.
Densitometric analysis of ERK-specific bands was performed
using ImageLab software v.4.1 (Bio-Rad, Hercules, CA, USA). OD
ratios for pERK/total ERK were calculated.

Results

Subset #1 cells bind and internalize oxLDL through the
clonotypic BcR

We previously showed that monoclonal IgM Abs from
CLL subset #1 bind to oxidized phospholipids.”> Here
specificities of IgM Abs from CLL subset #1 patients (n=6)

Silenced BCR-signals in stereotyped subset #1 CLL -
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were further evaluated in competition ELISA. All Abs
showed specific binding to oxLDL, whereas none bound
to nLDL with the exception of CLL6, which showed par-
tial affinity for nLDL (Figure 1A). The avidity (e.g. accu-
mulated strength of multiple binding site affinities) of the
subset #1 IgM Abs was in the range 1-10 pM as estimated
from IC50 values. Furthermore, flow analysis of oxLDL
surface-binding to subset #1 CLL patient cells (n=5)

showed a mean of 79% positive cells (range 49-96%),
whereas nLDL (included as specificity control) did not
bind (Figure 1B). Surface BcR-oxLDL-interaction was fur-
ther verified in a kinetic live cell analysis with oxLDL-
biotin, which showed potent binding at onset (TOh) fol-
lowed by cross-linking of BcR and receptor uptake at 60
min (Figure 1C). We next explored whether oxLDL also
bound to SRs, previously reported to be expressed in a
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from 6 patients were cultured in
the presence or absence of oxLDL
(25 ug/mlL), nLDL (25 ug/mlL),
anti-IgM F(ab”), (10 pg/mL), PMA
(50 ng/mL) and/or CpG (5 ug/mL)
for 72 h. BrdU was added to cells
during the last 16 h followed by
development with anti-BrdU Ab.
(B) Isolated subset #1 CLL cells
(298% CD5'/CD19*) from 4
patients were untreated or stimu-
lated as indicated for 5, 15, and 60
min and analyzed for ERK1/2
phosphorylation and total ERK1/2
protein by immunoblotting.
Densitometric analyses are shown
and data are presented as optical
density (OD) of pERK/OD of total
ERK ratio. (C) Western blot analysis
of phosphorylated ERK1/2 and
total ERK1/2 in one representative
case (CLL7). (D) CLL subset # 1
cells (PBMC fraction with 45-98%
CD5*/CD19") from 12 patients
were cultured as in A.
B-cell proliferation was determined
in (A) and (D) as BrdU-positive cells
in flow cytometry. CD5'/CD19*-
gated cells were analyzed. Data
are expressed as mean + SEM.
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fraction of B cells including CLL cells.*** To this end, we
first determined sIgM levels; these were low (mean
MFI=2.3) compared with normal B cells (mean MFI=17) as
was to be expected in CLL (Figure 1D and Omnline
Supplementary Figure S1). The expression of sIgM strongly
correlated in a linear fashion with oxLDL binding sites
(R*=0.9482; P=0.0051) (Online Supplementary Figure S2A)
indicating that oxLDL almost exclusively binds to BcRs
and not to other receptors in these cells. Secondly, recep-
tor-inhibition analysis showed that anti-IgM Ab (anti-
u+anti-k), and anti-IgD Ab (anti-d+anti-x) (Online
Supplementary Figure S2B) blocked oxLDL binding sites in
a linear fashion in the range of 0.01-10 ug/10°ells.
Scavenger receptor CD36 expression was analyzed and
found to be absent in subset #1 cells, as determined with
2 different Abs (Figure 1E), and oxLDL binding was not
blocked by anti-CD36 Abs. Preliminary data show that
scavenger receptors SR-B1 and SR-PSOX were expressed
at low levels in subset #1 cells (data not shown). Taken
together these results indicate that oxLDL preferentially
binds to BcRs and that binding to SRs is negligible. It has
been suggested that SRs can be induced by TLR-ligands;”
however, we found no changes in SR (CD36 or SR-B1)
expression after 24-h stimulation of subset #1 cells with
oxLDL + CpG (data not shown).

oxLDL-BcR-ligation does not induce Ca*-flux in subset
#1 CLL cells

BcR-signaling competence (at the single cell level) was
determined by intracellular Ca* mobilization after expo-
sure to oxLDL; surrogate antigen control was anti-IgM
F(ab"),. Cognate antigen oxLDL did not induce a
detectable level of Ca®-flux in any of the subset #1
patients’ cells (Figure 2A and Online Supplementary Figure
S3). Anti-IgM F(ab’), response was also very low; in 3 of 7
cases, less than 5% of cells released Ca** (termed non-
responders), and in 4 of 7 cases, 5% or more (but less than
20% of cells in this study) were positive (termed respon-
ders). CpG, alone or in combination with cognate antigen
oxLDL also failed to induce Ca*-flux. The Ca* ionophore,
ionomycin, was used as positive control showing signal-
ing competence in all included cases. Data in Figure 2B
illustrate, as an example, one of the 7 cases represented in
Figure 2A; all 7 cases can be found in Online Supplementary
Figure S3. A CLL non-subset #1 clone (K]) was used as a
positive control (to check the stimulatory capacity of anti-
IgM F(ab"),), showing 45% responding (Ca**-releasing)
cells.

Molecular mechanisms maintaining BcR
unresponsiveness to oxLDL in subset #1

The subset #1 cell unresponsiveness to oxLDL and anti-
IgM prompted us to analyze this condition in detail.
Purified (298% CDS5*/CD19*) leukemic B cells from 9
patients were stimulated with oxLDL (50 ug/mL, 5 min,
37°C) or anti-IgM (10 ug/mL, 5 min, 37°C) and analyzed
for ERK1/2 phosphorylation by Western blot. Constitutive
(high) phosphorylation of ERK1/2 at basal (ex vivo) level
was observed in all 9 subset #1 cases (Figure 3A). The cells
could not be stimulated further with oxLDL (n=7) or anti-
IgM (n=9) (Figure 3A). There was no significant difference
between pERK/ERK ratios in stimulated cells and ratios in
unstimulated cells (P=0.8).

We next evaluated whether the BcR-responsiveness
could be recovered after 48 h in culture (without antigen).
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Leukemic ex vivo cells from 5 patients were kept in culture
for 48 h after which they were either unstimulated (n=5),
or stimulated with anti-IgM (n=4) or oxLDL (n=5), and
again analyzed for ERK1/2 phosphorylation (Figure 3B).
As previously reported for anergic cells, ERK1/2 phospho-
rylation was decreased after in vitro culture,*and 3 of 5 of
the cultured leukemic cells also regained their ability to
respond to BcR-triggering (Figure 3B), indicating that con-
tinuous autoantigen occupancy may be critically implicat-
ed in attenuated BcR triggering, similar to reports in other
contexts.” The elevated level of pERK1/2 after anti-IgM
exposure was statistically significant (P=0.027), whereas
the elevation seen after oxLDL-stimulation was not
(Figure 3B). The data plotted as fold increase of pERK/total
ERK showed a 2.5-3.0-fold increase after the in vitro relax-
ation time (‘antigen wash-out time’) (Online Supplementary
Figure S4A and B).

oxLDL does not induce cell cycle entry in subset #1
CLL cells but TLR9 can breach BcR-silence in a
proportion of cases

Since oxLDL is a multivalent low-affinity T-independent
antigen, we hypothesized that it would induce efficient
proliferative drive. However, we found that oxLDL failed
to induce cell cycle entry of subset #1 cells and neither did
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Figure 5. Surface expression of CD25 and CD86 after BcR and TLR
stimulation. CLL subset #1 cells from 5 patients were cultured in the
presence or absence of oxLDL (25 ug/mL), nLDL (25 ug/mL), anti-
1EM F(ab”), (10 ug/mL), and/or CpG (5 pg/mL) for 24 h. Surface
expression of CD86 (A) and CD25 (B) was measured with flow cytom-
etry. Only annexinV negative cells were analyzed. Data are expressed
as mean * SEM.




anti-IgM F(ab "), (Figure 4A). CpG induced a low level of
proliferation, in line with previously reported data® (Figure
4A), and we observed no additive effect of oxLDL + CpG
(Figure 4A) and no significant pERK1/2 elevation after
anti-IgM, anti-IgM+CpG, oxLDL or oxLDL + CpG stimu-
lation in 4 patients (Figure 4B). WB image from CLL7
exemplifies the data (Figure 4C). The data from these 4
patient cases are also included in the group of 9 cases pre-
sented in Figure 3 (TOh).

In a second series of proliferation/BrdU-incorporation
experiments, we analyzed 12 subset #1 cases using
PBMCs containing a low fraction of T cells, which may
contribute to B-cell proliferation. However, there was no
response to oxLDL alone (Figure 4D), and nor to anti-IgM
or nLDL. In 10 of 12 cases, as expected, a significant pro-
liferative response to CpG was detected.” Interestingly,
we found that TLR9/CpG ligation could breach the silent
state in 5 of the 12 cases (CLL3, CLL4, CLL6, CLL7,
CLL12) (Figure 4D), where we observed a low, but signif-
icant, augmentation of response to oxLDL in combination
with CpG. However, since 7 of 12 cases were not affected,
these results reveal intra-subset heterogeneity.

IgM, IL6, and IL10 secretion in subset #1 CLL cells
after oxLDL and CpG stimulation

IgM released from the 12 subset #1 cases analyzed above
were also determined. Antigen alone did not induce IgM
release, whereas CpG triggered secretion in 11 of 12 cases.
The combination of oxLDL and CpG augmented IgM
release in 4 of 11 cases only (Online Supplementary Figure S5).

Ten different cytokines (IL1f, IL-2, IL-4, IL5, IL6, ILS,
IL10, TNE-a, IFN-y and GM-CSF) were analyzed in 3 sub-
set #1 cases after 72-h stimulation with oxLDL + CpG.
OxLDL alone did not generate any cytokines, whereas
CpG induced prompt and significant IL6 and IL10 release
from all 3 cases. Finally, combined treatment with CpG
and oxLDL had no significantly different effects compared
to CpG alone (Online Supplementary Figure S6). No signifi-
cant release of the other 8 cytokines was found after stim-
ulation as compared to unstimulated cells, except for IL4
that was induced by CpG (data not shown).

CD25 and CD86 expression after TLR9 activation

Expression of the co-stimulatory molecules CD25 and
CD86 was analyzed after activation of TLR9 with or with-
out BcR engagement. After addition of oxLDL alone, there
was a significant increase in CD86 expression (Online
Supplementary Figure S7A) in only 2 of 5 cases (CLL1 and
CLL4). This was not observed with the control antigen
nLDL. CD86 expression was also significantly further
increased in these 2 cases when stimulating cells via TLR9
with CpG (P=0.001 for CLL1 and CLL4) together with
oxLDL, but not nLDL, compared with TLR-ligand alone
(Online Supplementary Figure S7A). Expression of CD25
was not affected by oxLDL exposure, yet it was increased
significantly by CpG (Figure 5B and Ounline Supplementary
Figure S7).

Taken together, CpG was the only stimulant that signif-
icantly induced CD25 and CD86 in subset #1 CLL cells
(Figure 5A and B).

Discussion

In the present study, we explored the potential role of
antigen stimulation in the clonal dynamics of CLL using a
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natural multivalent (auto)antigen oxLDL shown to interact
with good avidity (ICs 1-10 pM) with the BcR of stereo-
typed subset #1 CLL. This is one of the largest subsets
(2.5-3% of the entire cohort)”” and the patients have a
poor prognosis with short time to treatment.

Whereas most previous studies have investigated BcR-
signaling in CLL using surrogate antigen (anti-IgM and/or
anti-IgD),** we explored BcR-to-cognate antigen interac-
tion, which we consider more faithful than the i vivo situ-
ation. The antigen was analyzed alone or in combination
with TLR ligands on the grounds that TLRs exert co-stimu-
latory effects on the BcR. Cognate antigen has the advan-
tage over surrogate antigens (anti-IgM or IgD) in functional
studies of CLL cells since it allows for multiple (low-affinity)
interactions with both sIgM, slgD, and potentially with B-
cell SRs such as SR-B1, SR-PSOX and CD36. Receptor-inhi-
bition analysis confirmed that oxLDL preferentially binds to
slgM and slgD in stereotyped subset #1 cells, whereas SRs
did not interact with oxLDL as judged by the low or absent
expression and lack of anti-SR blocking capacity. It is wor-
thy of note that oxLDL-binding is not unique to subset #1
CLLs and binding to IgM from certain non-subset #1 CLL
e.g. IGHV1-69UM, IGHV3-30.3UM/subset#32, IGHV1-
2UM, IGHV3-21UM, IGHV3-30M, as well as CLL subsets
#6, #8, and #9 has been reported,”™" underscoring the
importance of these natural Abs in innate immunity.'

The main finding of this study is that the multivalent cog-
nate antigen oxLDL can bind, cluster and internalize BcR of
subset #1 CLL cells. Yet on its own this is not translated into
proliferative signals due to a silenced BcR pathway, as evi-
denced by absence of Ca™-flux, elevated basal ERK1/2
phosphorylation, and lack of proliferative antigenic drive.

Interestingly, half of the subset #1 cases regained BcR
responsiveness (to anti-IgM or oxLDL) after 48-h culture
without antigen, indicating that continuous BcR occupan-
cy by self-antigen may be implicated in the induction of
self-tolerance in subset #1. However, due to the relatively
limited number of cases, more extended studies should be
performed, including testing of different ‘antigen-wash-
out’ times, as well as analysis of other self-antigen in dif-
ferent CLL subsets, in order to draw any definitive conclu-
sions. Of note, concurrent stimulation of TLR9 by CpG
was found to breach BcR silence in a sizable proportion of
cases, highlighting a potential mechanism of proliferative
drive that, combined with other mechanisms, e.g. high
constitutive NF-kB activity or NOTCH1 mutations,
recently reported to be frequent in subset #1,” may under-
lie the clinical aggressiveness of CLL subset #1.

Previous studies by Stevenson’s group have shown that
CLL cells are heterogeneous in their ability to respond by
Ca’*-release after stimulation via the BcR (responders and
non-responders).** Although responses tended to be asso-
ciated with IGHV-unmutated status, still there were sev-
eral non-responders also among /GHV-unmutated cases.”
Non-responsiveness appeared to be isotype specific, since
cases that failed to signal via sIgM were capable of signal-
ing via sIgD.* In the present study, we compared oxLDL-
triggered effects with those triggered by anti-IgM and
found that 4 of 7 (57%) subset #1 clones actually respond
to anti-IgM (range 5-20% positive cells), although all were
negative with oxLDL. Thus, cognate antigen responses are
less pronounced than anti-IgM responses, which may be
explained by the fact that natural cognate antigens such as
oxLDL bind with lower affinity to IgM and IgD, than anti-
IgM, which binds with high affinity to epitopes outside
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the V-region of sIgM.

IgM from stereotyped subset #1 CLL cases thus resem-
ble natural Abs that exhibit a stable and restricted reper-
toire against diverse structures such as phospholipids, car-
bohydrates, glycoproteins, and nucleic acids.” The natural
Abs are encoded by germ-line IGHV and IGHV/V genes,
with no or few mutations. The relatively low antigen-
binding affinities are largely compensated by the pen-
tameric structure of secreted IgM molecules, and the
apparent polyreactivity may often reflect the ubiquitous
nature of the common structures they recognize, as exem-
plified by the oxidation-specific epitopes.'

Observations of B-cell anergy in CLL subgroups have been
extended to separate subsets of CLL**and recently stereo-
typed subset #4, which is clinically indolent, seemed to pres-
ent B-cell anergy.* BcR unresponsiveness in a context of B-
cell anergy is brought about by a condition in which self-
reactive B cells are silenced upon chronic exposure to low-
affinity autoantigens i vivo. Anergized B cells are character-
ized by low sIgM as a result of constant BcR internalization
and recycling, elevated basal intracellular Ca* concentration,
and subsequent constitutive activation of ERK1/2.*
Eventually the BcR-signaling components are re-directed to
generate a block through various alteration processes.”* The
state of paralysis may be recovered by exogenous or endoge-
nous factors overriding the lack of response and this is rele-
vant for understanding CLL clonal dynamics. Indeed, co-sig-
nals from exogenous microbes, or, alternatively, aberrant sig-
nals via endogenous innate receptors such as NOTCH1, may
circumvent normal controls. Importantly, BcR synergizes
with TLRs for efficient triggering of both normal and CLL B
cells, while TLR signaling, which induces differentiation,
has been reported to breach B-cell anergy,”as was also the
case in roughly half of the CLL cases of the present study
(Figure 4D). Recent studies on PRDM1/Blimp-1, a regulator
of plasmacytic differentiation, suggest that the reduced differ-
entiation capacity seen in CLL may be a consequence of aner-
gy.” Most likely, therefore, a combination of several signals
(including environmental/microbial TLR-ligands) are
required to surpass a critical threshold for allowing S-phase
entry in these CLL cells.

The functional significance of silenced or dampened
BCR signaling may lie in the observation that CLL B cells
(at least the unmutated CLL cases with stereotyped IgM)
resemble innate Bl-like cells as far as the expression of
natural IgM Abs is concerned. In this cell population, it is
possible that endogenous antigen binding may provide the
essential survival signal, adequate to prevent clonal dele-
tion, but not strong enough to induce Ab production and
cell cycling.® For this second signal, macrophage and stro-
mal cell factors in the microenvironment seem to be cru-
cial, which may also be relevant for the still elusive CLL
precursor.”

In conclusion, we provide evidence for signaling incom-
petence with antigen alone in a unique cognate BcR-ligand
setting relevant for CLL subset #1, a large and clinically
aggressive stereotyped CLL subset. Our data show that
self-antigens alone favor efficient maintenance of unre-
sponsiveness. The observed BcR-signaling incompetence
in the face of progressive disease suggests that other
mechanisms may override the blocked BcR pathway,
eventually promoting B-cell proliferation. The data pre-
sented in this study have important implications not only
for an improved understanding of CLL biology, but also
for ongoing and future treatment strategies targeting BcR
signaling.*
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