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Abstract
Chronic lymphocytic leukemia (CLL) can be immunosuppressive in humans and mice, and CLL
cells share multiple phenotypic markers with regulatory B cells that are competent to produce
IL-10 (B10 cells). To identify functional links between CLL cells and regulatory B10 cells, the
phenotypes and abilities of leukemia cells from 93 patients with overt CLL to express IL-10 were
assessed. CD5+ CLL cells purified from 90% of the patients were IL-10-competent and secreted
IL-10 following appropriate ex vivo stimulation. Serum IL-10 levels were also significantly
elevated in CLL patients. IL-10-competent cell frequencies were higher among CLLs with IgVH
mutations, and correlated positively with TCL1 expression. In the TCL1-transgenic (TCL1-Tg)
mouse model of CLL, IL-10-competent B cells with the cell-surface phenotype of B10 cells
expanded significantly with age, preceding the development of overt, CLL-like leukemia.
Malignant CLL cells in TCL1-Tg mice also shared immunoregulatory functions with mouse and
human B10 cells. Serum IL-10 levels varied in TCL1-Tg mice, but in vivo low-dose
lipopolysaccharide treatment induced IL-10 expression in CLL cells and high levels of serum
IL-10. Thus, malignant IL-10-competent CLL cells exhibit regulatory functions comparable to
normal B10 cells that may contribute to the immunosuppression observed in patients and TCL1-
Tg mice.
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Introduction
Chronic lymphocytic leukemia (CLL) is the most common adult leukemia in North America
and Europe. It is characterized by the monoclonal expansion of small, mature,
CD5+CD23+CD19+ B lymphocytes.1 CLL cells share phenotypic markers (e.g., cell surface
expression of CD5 and other activation markers) with several cell types, including activated
mature B cells, marginal zone B cells, memory B cells, and B1 cells.2–4 CLL cells generally
have restricted patterns of immunoglobulin V (IgV) gene utilization, although some patients
express unmutated IgV sequences, while others have mutated IgV receptors. These two
categories (unmutated and mutated) define patient groups with distinct clinical courses.1

Generalized immunosuppression is also frequently observed in CLL patients.5 A better
understanding of the etiology and functional capacity of CLL cells may reveal new
management strategies for this incurable leukemia.

The Eµ-TCL1 transgenic (TCL1-Tg) mouse with B cells that overexpress TCL1 is a well-
characterized model for CLL development and progression.6–8 A clonal preleukemic
population of CD5+B220int B cells develops in the blood and lymphoid tissues of TCL1-Tg
mice by 4–6 mo of age; this clonal population gives rise to a CLL-like leukemia. CLL in
TCL1-Tg mice is characterized by splenomegaly, lymphadenopathy, and a lethal malignant
lymphocyte infiltration into vital organs.6,8–10 The transfer of leukemic CLL cells from
TCL1-Tg mice also transfers disease.11 TCL1-Tg mice also represent a model for CLL-
associated immunosuppression, with decreased T cell activation, proliferation, and cytokine
production.12 Thus, TCL1-Tg mice share multiple characteristics with CLL patients, and
TCL1 expression is proposed to correlate with different molecular subtypes of human
CLL.13,14

A subset of regulatory B cells has been functionally defined in humans and mice by their
ability to express IL-10.15–18 Regulatory B cells that are competent to express IL-10
following 5 h of ex vivo stimulation have been functionally labeled as B10 cells to
distinguish them from other regulatory B cell subsets that modulate immune responses
through IL-10-independent mechanisms.18,19 B10 cells are found in the tissues of young
naïve mice at low frequencies (1–5%), but expand with age or autoimmunity.20 In the
spleen, ex vivo B10 cells predominantly represent a subset of the CD1dhiCD5+CD19hi B
cell subpopulation16,17,21 that shares overlapping cell surface markers with multiple
phenotypically defined B cell subsets, including marginal zone B cells and B1 cells.22–24

Additional CD1dhiCD5+ B10 progenitor (B10pro) cells have also been functionally
identified that are induced to become IL-10-competent during 48 h in vitro cultures with
agonistic CD40 monoclonal antibody (mAb).18,20 Human B10 and B10pro cells that are
functionally comparable to their mouse counterparts have also been identified.15 B10 and
B10pro cells are generally rare in healthy individuals, represent a subset within the
circulating CD24hiCD27+ “memory” B cell subpopulation, and can expand significantly in
patients with autoimmune disease.15 The capacity of human and mouse B10pro and B10
cells to express IL-10 is central to their ability to negatively regulate inflammation,
autoimmunity, and adaptive and innate immune responses.15–18,20,21,25–27

Since CLL cells and B10 cells share several phenotypic markers and can be
immunosuppressive, detailed studies were carried out to assess the ability of CLL cells to
express IL-10 in humans and mice. Unexpectedly, CLL cells from 90% of patients and from
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100% of TCL1-Tg mice were competent to express IL-10 and thereby shared regulatory
functions with B10/B10pro cells. These results suggest that the regulatory functions of
IL-10-competent CLL cells may contribute to the immunosuppression observed in patients.

Materials and methods
Patients

Patients with CLL and age-matched healthy controls were recruited from the Duke
University and Durham Veterans Affairs (VA) Medical Centers. CLL diagnosis and staging
were according to NCI Working Group criteria.28 All 93 patients had not received therapy
for ≥4 weeks, did not exhibit other pathologic complications before blood isolation, and
gave informed consent according to protocols approved by the VA and Duke University
Institutional Review Boards. Blood CLL cells were purified using ficoll-hypaque density
gradients, with B cell enrichment using the RosetteSep Human B Cell Enrichment Cocktail
(Stem Cell Technologies, Vancouver, BC).29 CLL preparations were generally >98% pure,
and were always >90% CD5+CD19+ B cells. Normal B cells in CLL patient’s blood samples
were generally <1% of CD19+ cells as identified by their normal cell surface distributions of
κ and λ light chains and absence of CD5 expression.

Mice
TCL1-Tg mice on a B6/C3 background6 and TCL1−/− mice on a C57BL/6 background were
as described.30 Other mice were from the Jackson Laboratories (Bar Harbor, ME). All mice
were housed in a conventional environment facility. In some experiments, mice were
injected i.p. with LPS (10 µg; Sigma Aldrich, St. Louis, MO). The Animal Care and Use
Committees of the Duke University and Durham VA Medical Centers approved all studies.

Antibodies and immunofluorescence analysis
Single-cell leukocyte suspensions from mouse tissues were prepared as described.31 Mouse
and human blood mononuclear cells were isolated by centrifugation over a discontinuous
Lymphoprep (Axis-Shield PoC As, Oslo, Norway) gradient. For multi-color
immunofluorescence analysis, single cell suspensions of mononuclear cells (106 cells) were
stained as described.31 Intracellular IL-10 analysis, and B10 cell and B10+B10pro cell
enumeration were as described.15,32 Fc receptors were blocked using FcγR-Binding
inhibitor (Biolegend, San Diego, CA). Cells with the forward and side light scatter
properties of single viable lymphocytes were analyzed using Live/Dead Viability/Vitality
reagent (Invitrogen) and a Becton Dickinson (BD; San Jose, CA) FACSCanto flow
cytometer. Background staining was assessed using non-reactive, isotype-matched control
mAbs (Caltag Laboratories, San Francisco, CA).

Mouse CD20 (MB20-11)33 and CD22 (MB22-8)34 mAbs were conjugated to Alexa488 or
biotin (Invitrogen; Carlsbad, CA). FITC-, PE-, PE-Cy5-, APC, PE-Cy7, or biotin-conjugated
mouse B220 (RA3–6B2), F4/80 (BM8), CD1d (1B1), CD4 (H129.19), CD5 (57–7.3), CD8
(53–6.7), CD11b (M1/70), CD19 (6D5), CD21 (7G6), CD23 (B3B4), CD24 (M1/69), CD93
(AA4.1), CD138 (281–2), IL-10 (JES5–16E3), and TNFα (MP6-XT22) were from
Biolegend (San Diego, CA). Fluorophore- or biotin-conjugated human IgM (MHM-88), IgD
(IA6-2), CD1d (51.1), CD5 (UCHT2), CD11b (ICRF44), CD19 (HIB19), CD20 (2H7),
CD21 (LT21), CD22 (HIB22), CD23 (EBVCS-5), CD24 (ML5), CD27 (O323), CD38
(HIT2), CD43 (CD43-10G7), TCL1 (1–21), and IL-10 (JES3–19F1) mAbs and
unconjugated low endotoxin, azide-free IL-10 mAb were from Biolegend. PE-conjugated
anti-mouse IgM (II/41) mAb was from eBioscience (San Diego, CA). Anti-mouse IgD (11–
26) mAb was from Southern Biotech (Birmingham, AL). PE- or PE-Cy7-conjugated
streptavidin was from BD.
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IL-10 ELISA and in vitro suppression assays
Serum, plasma, or secreted IL-10 levels were quantified using IL-10 OptEIA ELISA kits
(BD). Magnetic bead (Miltenyi Biotech; Auburn, CA) purified B cells (4×105) were cultured
in 0.2 ml of medium.15,16

Purified spleen CLL and B cells from 12–14-mo-old TCL1-Tg mice were cultured with LPS
+CD40 mAb for 24 h, as described.32 Purified bone marrow CD11b+ cells from wild type
mice were cultured in replicate wells either alone (106/ml), with washed LPS+CD40 mAb-
stimulated B cells (106/ml), or with unstimulated B cells (106/ml) for 20 h. Neutralizing
anti-IL-10 mAb (10 µg/ml) was added as indicated. LPS (1 µg/ml) and Brefeldin A were
added during the final 5 h of culture, and the cells were subsequently stained for cell surface
CD11b, F4/80, and cytoplasmic TNFα expression before flow cytometry analysis.

TCL1 quantification
Purified patient’s CLL cells were frozen and lysed in Mammalian Protein Extraction
Reagent® (Pierce, Rockford, IL) containing a protease inhibitor. A standard lysate of Ramos
cells was used as a quantitation control in each individual gel. Cell lysates (50 µg total
protein per lane) were electrophoresed and blotted onto PVDF membranes. The membranes
were then rinsed in distilled water and incubated in 0.1% Ponceau S Solution (Sigma) as
described.35 Blocked membranes were incubated with anti-TCL1 antibody followed by anti-
goat IgG antibody-horseradish peroxidase conjugate (Santa Cruz Biotechnology, Santa
Cruz, CA) and SuperSignal® West Femto Maximum Sensitivity Substrate (Thermo
Scientific, Rockford, IL). Quantified band densities were expressed as a ratio of TCL1 band
density/Ponceau band density (total proteins) and expressed relative to TCL1 in Ramos cell
lysates (arbitrarily established as 100).

Statistical analysis
Data are shown as means (±SEM). Significant differences between sample means were
determined using the Student’s t test. Correlations between IL-10+ cell frequencies and
clinical parameters (Table 1) were assessed using the Mann-Whitney test. IL-10 expression
was considered significant if IL-10+ cell frequencies were mean+2 SD greater than
Brefeldin A culture results.

Results
CLL cells from most patients are IL-10-competent

B10 cells normally represent 0.62±0.05% of blood B cells in healthy individuals, while
B10+B10pro cells represent 3.8±0.3% of normal B cells (Fig. 1A).15 While measuring
blood B10 and B10pro cell frequencies among 72 normal individuals and 92 patients with
autoimmunity,15 a pemphigus foliaceus patient with 29% blood B10pro cells, but low B10
cell frequencies was identified (Fig. 1B). On detailed assessment, this patient was diagnosed
with early stage CLL one month later, with the vast majority of B cells representing
CD5+CD20int clonal CLL cells (10,000 lymphocytes/µl). Among healthy individuals, one
control subject had few if any B10 cells, while 30% of their blood CD19+ B cells resembled
B10pro cells and acquired IL-10-competence during 48 h cultures (Fig. 1C). The 30% value
is 6- and 4-fold above the mean for healthy individuals and patients with autoimmune
disease, respectively. A further evaluation revealed that >90% of the B cells in this
individual were clonal CD5+CD20int cells, representing classical monoclonal B cell
lymphocytosis (MBL; a precursor condition to CLL) with a normal lymphocyte count (3,000
cells/µl). The extraordinarily high frequency of IL-10-competent cells in these individuals
suggested that patients with overt CLL might share this functional property.
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Malignant CD5+ B cells purified from the blood of 93 patients with overt CLL were
therefore assessed for IL-10-competence. CD5+ CLL cells from 25 of 91 patients (27%)
were competent to express IL-10 (range 0.4–6.1%) after 5 h stimulation with CpG plus
PMA, ionomycin, and brefeldin A (PIB) relative to background IL-10 staining in Brefeldin
A cultures (Fig. 1D). Moreover, mean blood IL-10+ CLL cell numbers were 18- to 30-fold
(p<0.0001) greater than mean absolute blood B10 cell numbers in healthy age-matched
individuals. By contrast, CD5+ CLL cells from 78 of 91 patients (86%) expressed IL-10
after 48 h of in vitro stimulation (range 2.1–27%; Fig. 1E). On average, CD5+ CLL cells
expressed IL-10 at significantly higher frequencies (6.7±0.8%, p<0.0001) after 48 h
stimulation than blood B10+B10pro cell frequencies (3.2±0.3%) among age-matched
healthy individuals. Moreover, mean numbers of blood CLL cells capable of being induced
to express IL-10 after 48 h cultures (B10+B10pro cells, CD40L+CpG cultures) were 98-fold
(p<0.0001) higher than blood B10+B10pro cell numbers in healthy controls. Thus, despite
heterogeneity among CLL cases, CD5+ CLL cells from only 10% of patients were unable to
express measurable IL-10 after ex vivo stimulation.

Human CLL and B10 cells share a common phenotype
Blood B10pro and B10 cells from healthy donors express a CD24hiCD27+ phenotype.15

Blood CD5+ CLL cells also shared this CD24hiCD27+ phenotype, although decreased and
variable IgM, IgD, CD20, and CD38 expression were also noted (Fig. 2A,B), as reviewed by
others.1 Importantly, IL-10 induction by PIB stimulation did not affect ex vivo cell surface
molecule expression due to the presence of Brefeldin A and the short 5 h stimulation
period.15,16 Thus, human CLL cells and B10 cells share similar phenotypes.

Human CLL cells can secrete IL-10
Whether purified CLL cells secrete IL-10 when stimulated in vitro was assessed as
described for human B10 cells.15 Following CpG or CD40L/CpG stimulation, CLL cells
secreted IL-10, and the quantity of IL-10 correlated directly with cytoplasmic IL-10+ CLL
cell frequencies in cell samples (Fig. 3A). Plasma IL-10 levels varied among CLL patients,
but mean IL-10 levels were 1.5-fold (n=42, p=0.008) higher than those from age-matched
normal donors (Fig. 3B). However, plasma IL-10 levels did not correlate with absolute
numbers of circulating IL-10-competent CLL cells, suggesting that specific triggers may
induce IL-10 secretion by CLL cells in vivo. Thus, human CLL cells had the functional
capacity to both express and secrete IL-10.

IL-10 competence correlates with CLL cell mutation status, cytogenetics and TCL1
expression

The clinical characteristics of the CLL patients are shown in Table 1. The frequency of
IL-10-competent CLL cells among cases did not segregate with CD38 or Zap70 expression,
Rai stage, length of follow-up, treatment, or death in the current subset of patients. However,
the mean frequency of IL-10-competent cells after 5 h of ex vivo stimulation was
significantly higher among CLL cases with mutated IgVH than for CLL cases with
unmutated IgVH (Fig. 3C). IL-10+ CLL cell frequencies after 48 h of in vitro stimulation
were not significantly different between CLL cases with mutated or unmutated IgVH,
suggesting the possibility that IL-10 competence could be driven by antigen stimulation
among CLL cases with mutated IgVH. Furthermore, none of the cells from six CLL cases
with 11q chromosomal deletions expressed significant levels of IL-10 after 5 h stimulation
with PIB relative to background IL-10 staining in Brefeldin A cultures (Fig. 3D).
Nonetheless, the CLL cases with 11q chromosomal deletions were able to express IL-10
following 48 h in vitro cultures. IL-10-competent CLL cell frequencies did not correlate
with any other cytogenetic alterations.
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Since TCL1 expression correlates with different molecular subtypes of human CLL,13,14

overall TCL1 protein expression was quantified in CLL cell samples from 52 patients.
Remarkably, TCL1 protein levels correlated positively with IL-10-competent CLL cell
frequencies (Fig. 3E) and their absolute numbers (p=0.015). TCL1 expression by IL-10+

CLL cells was therefore examined by immunofluorescence staining in patients with diverse
frequencies of IL-10-competent CLL cells. TCL1 expression was significantly higher
(17±3.8%, p=0.003, n=11) in IL-10+ CLL cells than in IL-10− CLL cells from the same
patients (Fig. 3F). Thus, TCL1 overexpression by CLL cells may contribute to their IL-10-
competent phenotype.

B10-like cells expand with age in TCL1-Tg mice
TCL1 overexpression in IL-10-competent human CLL cells, prompted studies examining
IL-10 production in TCL1-Tg mice overexpressing human TCL1 (Fig. 3F).6–8 Compared to
humans with CLL, these mice are amenable to mechanistic in vivo studies. As TCL1-Tg
mice have a mixed B6 x C3H/HeJ (C3) genetic background, spleen B10 cells were
quantified in 2-mo-old B6, C3, and B6/C3 F1 mice. B10 cells were identified by
cytoplasmic IL-10 expression following 5 h of ex vivo stimulation with PMA and
ionomycin, with monensin (PIM) included to block IL-10 secretion.16–18 Monensin-treated
cells served as controls for background IL-10 staining. B10 cell frequencies were ∼2.0-fold
greater in young C3 mice when compared with B6 mice (p<0.01), while B6/C3 F1 mice had
intermediate B10 cell numbers (Fig. 4A). Likewise, 2-mo-old TCL1-Tg and B6/C3 F1 mice
had intermediate IL-10+ B cell numbers (p≤0.01) relative to B10+B10pro cell frequencies in
C3 and B6 mice following in vitro CD40 mAb stimulation for 48 h.16–18 In contrast to
young mice, the vast majority (50–90%) of B cells from ≥12-mo-old TCL1-Tg mice were
IL-10-competent (p<0.0001, Fig. 4B,C). B10 cell and B10+B10pro cell frequencies were
not significantly increased in old B6 or C3 mice. Similar results were obtained under all
culture conditions used to induce B cell IL-10 expression. Thus, B10 cells develop normally
in young TCL1-Tg mice, while B cells in aged TCL1-Tg mice were IL-10-competent.

TCL1-Tg CLL cells are IL-10-competent
An age-associated expansion of blood and spleen IL-10-competent CD5+B220int B cells in
TCL1-Tg mice was frequently apparent by 6-mo of age (Fig. 5A). In all cases, the ability of
B cells to express IL-10 correlated linearly with the acquisition of a CD5+B220int B cell
phenotype and with circulating B cell numbers. By 12 mo of age, significant expansion of
the IL-10-competent CD5+B220int B cell subset occurred at the expense of other B cells. In
fact, most aged TCL1-Tg mice (12–14 mo-old) had dramatically (>4 fold) increased
numbers of clonally expanded, IL-10-competent CD5+B220int B cells within the blood and
spleen. In contrast to B cells, blood CD4+ and CD8+ T cell numbers changed minimally
with age (Supplementary Fig. 1A). IL-10-competent CD5+B220int B cell frequencies also
increased with age in the bone marrow, lymph nodes, and peritoneal cavity (Fig. 5B, and
Supplementary Fig. 1B–D). Thus, a >4-fold expansion in blood or spleen IL-10-competent
CD5+B220int B cell numbers was interpreted to indicate progression to CLL.

Some TCL1-Tg mice retained normal frequencies and absolute numbers of blood and spleen
IL-10-competent B cells through 16 mo of age (Fig. 5A–B), demonstrating that neither the
TCL1 transgene nor age alone drove expansion of this IL-10-competent B cell subset. There
was also heterogeneity among mice. In one example, some mice exhibited an expansion of
blood CD5+B220int B cells but only a fraction of these cells expressed IL-10 during 5 h
assays (Fig. 5C). While overall blood and spleen B cell numbers remained normal, the
majority of spleen CD5+B220int B cells were IL-10-competent. Thus, differences in IL-10-
competence can occur between cells from different tissues. By contrast, blood and spleen
CD5+B220int B cells from mice with overt CLL were more uniformly IL-10-competent (Fig.
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5D). Regardless, expansion of the IL-10-competent CD5+B220int B cell subset always
preceded the development of overt, malignant CLL in TCL1-Tg mice.

TCL1-Tg CLL cells and regulatory B10 cells share a common phenotype
The IL-10-competent CD5+B220int B10 cells from aged TCL1-Tg mice with >4-fold
increases in spleen B cell numbers exhibited the characteristic
IgM+CD11bhiCD23lowCD43hiCD19+ phenotype of mouse CLL cells (Fig. 6A) as described
previously.6,8 These CLL cells also shared similar phenotypes with CD5+ B cells from 2-
mo-old TCL1-Tg mice (Fig. 6A) and IL-10-competent B10 cells from 2 mo-old B6/C3 and
TCL1-Tg mice (Fig. 6B). Importantly, IL-10 induction by LPS+PIM stimulation does not
affect ex vivo cell surface molecule expression due to the presence of monensin and the
short 5 h stimulation period.16 Thus, IL-10-competent regulatory B10 cells and CLL cells
share multiple phenotypic characteristics.

TCL1-Tg CLL cells are immunoregulatory
Assays for human and mouse B10 cell regulatory function15,27 were used to determine
whether purified TCL1-Tg CLL cells were also able to suppress monocyte/macrophage
function. Activated CLL cells significantly inhibited macrophage TNFα production in co-
culture assays (63%, p<0.01), while resting CLL cells were not able to significantly inhibit
macrophage TNFα production (Fig. 7A). CLL cell inhibition of macrophage TNFα
production was reversed by the addition of a neutralizing anti-IL-10 mAb to the co-cultures
(1.8-fold, p<0.0001). Thus, CLL cells from TCL1-Tg mice functionally parallel human and
mouse B10 cells and suppress macrophage activation in a stimulation- and IL-10-dependent
manner.

TCL1-Tg CLL cells produce IL-10 in vivo
The relationship between CLL cell numbers and serum IL-10 levels was assessed using aged
TCL1-Tg mice with CLL expansion (as determined by >4-fold increases in spleen B cell
numbers). Ex vivo IL-10 secretion was highest for CLL cases with higher frequencies of
cytoplasmic IL-10+ cells after 5 h of in vitro LPS+PIM stimulation (Fig. 7B). Spleen TCL1-
Tg CLL cells secreted significantly more IL-10 when compared with cultured B cells from
2-mo-old wild type B6/C3 mice (p<0.0001). After stimulation, CLL cells also secreted
significantly more IL-10 than activated wild type B cells, with mean differences of 7.8- to
11-fold depending on the stimulus (p≤0.04). Thus, CLL cells actively secreted IL-10 ex vivo
and after in vitro stimulation.

Serum IL-10 increased with age in most TCL1-Tg mice, but was not detectable in B6/C3 or
TCL1-Tg mice younger than 8 mo of age (data not shown, and Fig. 7C). As in humans, there
was no close relationship between serum IL-10 levels and blood CD5+B220int B cell
frequencies or numbers in individual mice (data not shown). Therefore, the ability of
inflammation to induce serum IL-10 production was measured in aged TCL1-Tg mice with
overt CLL but with low serum IL-10 levels. Remarkably, low-dose LPS treatment in vivo
induced serum IL-10 levels in TCL1-Tg mice with CLL. One hour after LPS administration,
IL-10 levels were 159-fold (p=0.003) higher in TCL1-Tg mice than in wild type mice (Fig.
7D). Thus, low-level in vivo inflammatory signals induced serum IL-10 in mice with CLL.
This indicates that inflammatory signals are likely to induce CLL cell IL-10 secretion in
vivo, and this likely explains the observed variability in serum IL-10 levels among aged
TCL1-Tg mice and CLL patients.

Whether CLL cells themselves could be induced to produce IL-10 in vivo was assessed by
staining CLL and clonal CD5+B220int preleukemic B cells for cytoplasmic IL-10 following
in vivo low-dose LPS treatment. In mice with overt CLL, IL-10+ CLL cell frequencies
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increased significantly at 24, 48 and 72 h after LPS treatment in parallel with significantly
increased serum IL-10 levels (Fig. 7E). In fact, ex vivo examination showed that up to 15%
of CLL cells produced IL-10 after in vivo low-dose LPS treatment. Spleen B cells from
TCL1-Tg mice with CD5+B220int B cell expansions but normal total blood B cell numbers
also expressed significantly higher frequencies of IL-10+ CD5+B220int B cells. By contrast,
spleen B cells from young B6 or aged C3 mice did not express detectable IL-10 following in
vivo low-dose LPS treatment relative to isotype-matched control mAb staining. Thus,
inflammatory stimuli can induce significant CLL cell IL-10 production in vivo.

Discussion
These collective studies demonstrate that CLL cells in both humans and mice share a
molecular mechanism for immunosuppression that is also utilized by regulatory B10 cells.
CLL cells expressed the immunoinhibitory cytokine IL-10 both in vitro (Figs. 1–5) and in
vivo (Fig. 7). Moreover, mouse CLL cells suppressed monocyte/macrophage activation
through IL-10-dependent pathways (Fig. 7A), a feature previously noted in human and
mouse B10 cells.15,27 The CD24hiCD27+ phenotype of human CLL cells also matched the
phenotype of human blood B10pro and B10 cells (Fig. 3A–B).15 Human CLL and B10 cells
also shared a common CD5+IgMhiIgDlowCD23low phenotype with cells from TCL1-Tg mice
(Fig. 6). Despite their similar phenotypes, IL-10-competent CLL cells were clearly separable
from normal B10pro and B10 cells in both patients and in TCL1-Tg mice, and cannot be
explained as normal B10 cell contamination of the CLL cell populations. In fact, as many as
30% of some human CLL cell samples were induced to express IL-10 (Figs. 1–2), and >90%
of CLL cells in TCL1-Tg mice were IL-10-competent (Figs. 4–5). Thus, shared CD5
expression, a shared capacity to secrete IL-10, and the similar phenotypes of CLL, B10pro,
and B10 cells in humans and mice suggests shared regulatory functions for these cells.

Plasma IL-10 levels were significantly elevated in some patients with high frequencies of
circulating IL-10-competent CLL cells (Fig. 3E). Previous studies have also identified some
CLL patients with increased plasma IL-10.36,37 Blood IL-10 levels were also increased with
age in most TCL1-Tg mice (Fig. 7C). However, detectable CLL cell IL-10 expression in
vivo was primarily induced following stimulation. For example, in vivo low-dose LPS
treatment induced significant serum IL-10 levels in TCL1-Tg mice with CLL in parallel
with significantly increased numbers of IL-10-expressing CLL cells. By contrast, in vivo
low-dose LPS treatment did not significantly affect serum IL-10 levels in disease-free or
wild type mice, thereby demonstrating that CLL cells were a significant source of serum
IL-10 in vivo. Inflammatory signals are likely to also induce serum IL-10 in CLL patients;
this may explain differences in IL-10 levels among patients in the current study (Fig. 3B)
and the heterogeneous levels of IL-10 reported in CLL patients from other studies.37–39

Based on these findings, infections or host inflammatory responses to CLL may induce CLL
cell IL-10 secretion and contribute directly to the systemic immunosuppression observed in
CLL patients.5

CLL-derived IL-10 may also reduce responsiveness to CD20 (Rituximab) immunotherapy.
Even small numbers of endogenous B10 cells can inhibit CD20 mAb-induced lymphoma
depletion in a mouse model.27 In the present study, CLL cell IL-10 production significantly
inhibited monocyte activation (Fig. 7A), which is required for CD20 mAb-induced tumor
clearance in vivo.27,40 Monocytes also express high levels of IL-10 receptor,41 and B10 cell-
derived IL-10 inhibits monocyte activation in vivo and in vitro.15,27 CLL cell-derived IL-10
may also inhibit normal and anti-tumor immune responses42 by altering T cell frequencies43,
T cell activation44,45, regulatory T cell numbers46, CTLA-4 expression,47 and T cell gene
expression and function.5 Thus, IL-10 production by CLL cells may reduce the effectiveness
of CD20 immunotherapy, as well as other immune cell-based treatments.
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CLL and B10 cells may develop IL-10-competence and a shared phenotype as a
consequence of (a) similar molecular events or activation signals, (b) shared self-reactive
antigen receptors, (c) common cellular origins, or (d) the malignant transformation of CLL
cells. The finding that IL-10+ human CLL cells expressed higher levels of TCL1 than
IL-10− CLL cells (Fig. 3F) along with the observation that essentially all CLL cells in
TCL1-Tg mice express IL-10 (Fig. 5) suggests that shared molecular events or activation
signals contribute to CLL cell IL-10 production. However, TCL1 expression was not
essential for B10 cell development (Supplementary Fig. 2A). Constitutive TCL1
overexpression was also insufficient to drive CLL development since some TCL1-Tg mice
retained normal blood B cell numbers and subset distributions until 16 months of age (Fig.
5A). However, TCL1-Tg mice developed IL-10-competent pre-leukemic CD5+B220int B
cells that progressively increased in frequency and displaced other B cell subsets (Fig. 5A–
B), but otherwise remained stable until CLL conversion and subsequent expansion.6,8,9,48

By contrast, human CLL cells may lose IL-10-competence with disease progression as
genetic alterations accumulate or various clones outgrow their IL-10-competent parental
cells. This may explain why IL-10-competence was more common in less aggressive CLL
cells with mutated IgVH as compared to the more aggressive CLLs with unmutated IgVH
(Fig. 3C). The observation that CLL cells with 11q deletions had low numbers of CLL cells
with a capacity to rapidly express IL-10 (Fig. 3D) suggests that a genetic element on
chromosome 11 may contribute to signals that drive IL-10-competence in vivo.
Alternatively, the strong correlation between IL-10 competence and mutated IgVH
expression suggests that IL-10 production could be induced by antigen stimulation in vivo
rather than genetic mutations. Thereby, the correlations between IL-10 competence, mutated
IgVH genes, and TCL1 expression in patients may not be discordant. Regardless of the
differences in IL-10-competent cell frequencies among CLL patients, CLL cells from most
patients exhibited a functional program that is shared with the functionally defined
regulatory B10 cell subset.

There are valid arguments that CLL cells represent malignant CD5+ B cells, memory B
cells, marginal zone B cells, or antigen-stimulated follicular cells, or that they possess a
heterogeneous etiology as reflected in different patients.1,3,4,49 Similar arguments have been
made for IL-10 producing regulatory B cells.16,17,22–24 Nonetheless, human CLL cells
frequently express self-reactive antigen receptors,50 and B10 and B10pro cell numbers are
frequently increased in patients and mice with autoimmune disease.15,20 Consistent with
antigen encounter in vivo, human B10pro and B10 cells also predominantly express a
“memory” CD24hiCD27+ phenotype,15 and B10 cells respond rapidly to mitogenic stimuli
in vivo and in vitro following TLR stimulation.15,16,18,20 Antigen receptor signals are also
critical for the generation of mouse B10 cells that additionally quickly mature to secrete
antibodies following mitogenic activation.20 B10 cells in wild type mice also predominantly
express cell surface IgM that is unmutated, autoreactive, and poly-reactive.51 Similarly,
CD5+B220int B cells in TCL1-Tg mice predominantly express unmutated IgM, and these B
cells can express poly-reactive antibodies.10 Additional studies will therefore be required to
establish the molecular basis for shared properties between CLL and B10 cells, but the
current findings clearly demonstrate their shared functional capacity to express IL-10.

These collective data support the hypothesis that the capacity of CLL cells to produce IL-10
in response to external stimuli may contribute to immunodeficiency and thereby influence
disease progression or outcome. Consequently, the further identification, characterization
and enumeration of IL-10-competent CLL cells may help explain some of the heterogeneous
features of CLL disease, prognosis, and outcome. Larger patient populations and
longitudinal studies will also determine whether IL-10-competence correlates with known
CLL subtypes and clinical course (Table 1). These studies should also reveal whether IL-10-
competent CLL cell frequencies vary in patients in response to in vivo triggers such as
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during infections or inflammation as was observed in mice (Fig. 7E). Nonetheless, current
and future therapies should consider that CLL cells have the potential for IL-10-competence
and production, and that increased plasma IL-10 levels may affect therapy outcome. Future
studies may also identify further links between CLL and B10 cells and help determine
whether they develop IL-10-competence as a consequence of shared molecular events.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Human CLL cells are IL-10-competent
(A) Representative cytoplasmic IL-10 expression by blood B10 cells and B10+10pro cells
from a healthy control. Representative CD5 vs. CD20 surface staining and/or cytoplasmic
IL-10 staining by viable, single CD19+ B cells is shown in the flow cytometry dot-plots,
with percentages of IL-10+ cells within the gates indicated. Blood B cells were
immunophenotyped or cultured with Brefeldin A (BFA Control), or LPS, PMA, ionomycin,
and Brefeldin A (PIB), or CpG+PIB for 5 h before cell surface CD19 and cytoplasmic
IL-10+ staining to enumerate B10 cell frequencies. To enumerate B10+B10pro cell
frequencies, the cells were also cultured with CD40L+LPS or CD40L+CpG for 48 h, with
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PIB added during the final 5 h of culture. (B) Blood B cell cytoplasmic IL-10 expression by
a patient with pemphigus 1 mo before early CLL diagnosis. Cell analysis was as in (A). (C)
Blood B cell cytoplasmic IL-10 expression by an individual with MBL. Cell analysis was as
in (A). (D–E) CD5+ CLL cells are IL-10-competent. Representative cytoplasmic IL-10
expression by purified CLL cells from 2 patients (>98% CLL cells, <1% normal B cells)
that were stimulated for 5 (D) or 48 (E) h as in (A). Graphs in the lower frames of D and E
show the frequencies (left panel) and absolute numbers (right panel) of IL-10+ CLL cells
after treatment with the indicated stimuli in comparison with normal B cells from age-
matched healthy donors. Horizontal bars indicate group means. Dashed lines indicate 95%
confidence intervals (mean + 2 SD) for background IL-10 staining in unstimulated samples.
Significant differences between means are indicated: ** p<0.01.
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Figure 2. Human B10 cells and CLL cells share a common phenotype
(A) Representative B10 cell phenotype. Blood B cells from a normal donor were stimulated
with LPS, PMA, ionomycin, and Brefeldin A (PIB) for 5 h before cell surface and
intracellular immunoflourescence staining with flow cytometry analysis. Representative
IL-10 vs. CD19 and CD5 flow cytometry dot plots are shown gated on viable, single CD19+

B cells (top panels). Percentages indicate cell frequencies within the indicated gates and
quadrants. Representative surface molecule expression by IL-10+ (heavy lines) and IL-10
(thin lines) CD19+ cells from 5 normal donors is shown (lower panels). (B) Representative
CLL cell surface molecule phenotype. Purified blood CLL cells were assessed by
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immunofluorescence staining with flow cytometry analysis as in (A). Representative cell
surface molecule expression levels by CD19+CD5+ CLL cells (heavy lines) from 5 CLL
patients are shown (lower panels).
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Figure 3. Human CLL cell IL-10 competence correlates with disease markers
(A) CLL cells secrete IL-10 in vitro. Purified blood CLL cells from five individual patients
(dots) were cultured with the indicated stimuli for 72 h. Horizontal bars indicate mean
values. The right panel shows supernatant fluid IL-10 concentrations vs. the frequency of
IL-10+ cells detected by intracellular cytokine staining (after 48 h culture with CD40L and
CpG, with PIB stimulation during the final 5 h of culture) from the corresponding sample. A
regression line is shown for reference. (B) Plasma IL-10 concentrations in CLL patients and
age-matched healthy donors. The graph (right panel) shows plasma IL-10 concentration vs.
absolute numbers of blood IL-10+ CLL cells after 48 h cultures with CD40L and CpG, with
PIB stimulation during the final 5 h of culture. The horizontal bars and line designate means.
The dashed line indicates the mean + 2 SD. (C) CLL cell IL-10 competence correlates with
IgVH mutation status. B10 and B10+B10pro cell frequencies were determined as in figure
1C–D. Mutated (M) or unmutated (UM) status was assessed as in table 1. D) CLL cell IL-10
competence correlates with cytogenetic abnormalities. B10 and B10+B10pro cell
frequencies were determined as in figure 1C–D, with cytogenetic abnormalities assessed as
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in table 1. (E) CLL cell IL-10 competence positively correlates with TCL1 protein
expression. Relative TCL1 protein levels in CLL cells from 52 patients were determined by
quantitative Western blot analysis. IL-10-competent CLL cell frequencies were determined
after 48 h stimulation with CD40L/CpG stimulation. (F) Human TCL1 expression by human
CLL cells and TCL1-Tg mouse B cells. Representative intracellular TCL1 staining of
human CD19+ CLL cells (n=27; left panel) and CD19+ cells from 12 to 14-mo-old TCL1-Tg
mice (n=4; right panel). Human CLL cells were stimulated with CD40L and CpG for 48 h
before the addition of PMA, ionomycin, and brefeldin A for 5 h. Mouse TCL1-Tg B cells
were stained directly ex vivo. TCL1 expression levels by IL-10+ cells (heavy lines) and
IL-10 cells (thin lines) are shown. Shaded lines in histograms indicate background staining
using isotype-matched control mAb. Representative differences in TCL1 expression
densities (MFI, mean fluorescence intensities) between IL-10+ and IL-10 CLL cells are
shown (n=11, middle panel). (A–D, F) Significant differences between means are indicated:
* p<0.05; ** p<0.01.
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Figure 4. IL-10-competent cells dominate in aged TCL1-Tg mice
(A) Representative B cell IL-10 production in young (2-mo) wild type B6, C3, B6/C3, and
B6/C3 TCL1-Tg mice. Splenocytes were cultured with monensin alone, PMA, ionomycin,
plus monensin (PIM), LPS+PIM, or CpG+PIM for 5 h and stained for cell viability, cell
surface CD19, and cytoplasmic IL-10. Alternatively, B10+B10pro cell frequencies were
determined after ex vivo culture with CD40 mAb for 48 h, with LPS+PIM or CpG+PIM
added during the final 5 h of culture. Representative cytoplasmic IL-10 staining by viable,
single CD19+ B cells is shown in the flow cytometry dot-plots. Numbers indicate mean ±
SEM cytoplasmic IL-10+ B cell frequencies within the indicated gates from 4 mice.
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Splenocytes cultured with monensin alone before immunofluorescence staining served as
negative controls; background staining in these negative controls was similar to that
obtained using isotype-matched control mAbs. (B) Representative B cell IL-10 production
in old (>9 mo) wild type B6, C3, and B6/C3 TCL1-Tg mice. (C) IL-10+ B cell frequencies
among CD19+ cells from mice after culture under the indicated conditions as in (A) and (B).
Horizontal bars indicate means.
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Figure 5. IL-10-competent CLL cells expand with age in TCL1-Tg mice
(A) Blood and (B) spleen CD5+B220int B10 cells in TCL1-Tg mice. Cells were isolated
from B6/C3 and TCL1-Tg mice of the indicated ages and assessed by immunofluorescence
staining with flow cytometry analysis. Splenocytes were cultured with LPS, PMA,
ionomycin, and monensin for 5 h and stained for cell viability, cell surface CD5, B220, and
CD19 expression, and cytoplasmic IL-10. Representative dot plots (top panels) show IL-10
vs. CD19, IL-10 vs. CD5, and B220 vs. CD5 staining by viable, single CD19+ cells. Cell
frequencies within the gates are indicated. Each point within the graphs represents an
individual mouse. Horizontal dashed lines indicate mean values from 2-mo-old wild type
B6/C3 mice (n≥4). Regression lines are shown for reference. Axillary, brachial, and inguinal
lymph nodes were pooled. (C) Representative B cell IL-10 expression in a 3-mo-old TCL1-
Tg mouse with high frequencies of blood and spleen CD5+B220int B cells, but normal blood
and spleen CD19+ B cell frequencies (43 and 48%, respectively), and CD19+ B cell numbers
(blood, 0.17×106/ml; and spleen, 46×106). (D) Representative B cell IL-10 expression in a
12-mo-old TCL1-Tg mouse with high frequencies of blood and spleen CD5+B220int B cells,
and high blood and spleen CD19+ B cell numbers (blood, 56×106/ml; and spleen, 774×106).
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Figure 6. CD5+B220int CLL cells and B10 cells share cell-surface phenotypes in TCL1-Tg and
wild type mice
(A) Representative cell surface molecule expression by CD5+B220int cells (heavy lines) and
CD5B220+ B cells (thin lines) from 14- and 2-mo-old TCL1-Tg mice. (B) Representative
cell surface molecule expression by IL-10+ (heavy lines) and IL-10 cells (thin lines) from 2-
mo-old wild type B6/C3 and 2-mo-old TCL1-Tg mice after 5 h stimulation with LPS, PMA,
ionomycin, and monensin. (A–B) Flow cytometry histograms are representative of ≥3 mice.
Shaded lines in all histograms indicate background isotype-matched control mAb staining.
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Figure 7. CLL cells from TCL1-Tg mice are regulatory
(A) CLL cells from TCL1-Tg mice suppress monocyte activation in vitro. Histograms show
TNFα expression by CD11b+F4/80+ cells cultured alone (M, thin line), cultured with
unstimulated (top histogram) or CD40+LPS-stimulated (bottom histogram) CLL cells (M
+CLL, heavy line), or with CLL cells plus neutralizing anti-IL-10 mAb (M+CLL αIL-10,
dotted line). Monocytes cultured with Brefeldin A alone served as background staining
controls (shaded lines). Graph values indicate mean ± SEM TNFα fluorescence staining
intensities from six independent experiments using CLL cells from 12–14-mo-old TCL1-Tg
mice with >4-fold increases in total spleen B cell numbers. Significant differences between
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means are indicated: **, p<0.01. (B) CLL cells from TCL1-Tg mice secrete IL-10 in vitro.
Purified spleen CD19+ B cells from wild type mice (open symbols) or spleen CLL cells
from 12–14-mo-old TCL1-Tg mice (filled symbols) were cultured with the indicated stimuli
for 72 h. Culture supernatant fluid IL-10 was quantified by ELISA. In separate assays, 5–6%
of wild type B cells and 83% (circle), 76% (square), 60% (triangle), and 52% (diamond) of
CLL cells expressed intracellular IL-10+ after 5 h of LPS+PIM stimulation. (C) Serum
IL-10 levels increase with age in TCL1-Tg mice. Each point represents serum IL-10
concentrations from individual mice at the indicated ages. (D) LPS elevates serum IL-10 in
TCL1-Tg mice. Serum samples from wild type (2-mo-old) and TCL1-Tg (2- or 12-mo-old)
mice were obtained before and 1 h after low-dose (10 mg) LPS treatment. (e) CLL cells
express IL-10 in vivo. Young B6, aged C3, and TCL1-Tg mice with clonal preleukemic
populations of CD5+B220int B cells or CLL cells (n=3 mice per group) were given low-dose
(10 µg) LPS. Representative histograms show frequencies of spleen B cells, CD5+B220int B
cells, or CLL cells expressing IL-10 as assessed by immunofluorescence staining at 72 h.
Control cells were cultured with monensin alone (5 h) before staining with an isotype
control mAb, while other cells were cultured with monensin, PIM or LPS plus PIM for 5 h
before IL-10 staining. The top graph shows mean IL-10+ cell frequencies for monensin-only
treated CD19+ cells, with serum IL-10 levels shown below. Serum samples were collected
before and after LPS treatment as indicated, with IL-10 levels measured by ELISA. The
values for B6 and C3 mice are superimposed. (A–E) Significant differences between means
are indicated: *, p<0.05; **, p<0.01. Individual symbols represent individual mice.
Horizontal bars indicate mean values.
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Table 1

CLL patient clinical features

Age at diagnosis [median (IQR a)] 61.0 (range 53.5 – 67.0) years n = 93

Men & women 65 (70%) men n = 93

28 (30%) women

VA & Duke patients 15 (16.1%) VA n = 93

78 (83.9%) Duke

Race 82 Caucasian (88.2%) n = 93

  8 African American (8.6%)

  2 Asian (2.2%)

  1 Native American (1.1%)

Rai stage: 0 63 (67.7%) n = 93

  1 18 (19.4%)

  2   4 (4.3%)

  3   2 (2.2%)

  4   6 (6.5%)

CD38 expression 84 negative (90.3%) n = 93

  9 positive (9.7%)

Zap70 expression 40 negative (43%) n = 93

53 positive (57%)

IgVH mutation status 21 unmutated (27.6%) n = 76 b

55 mutated (72.4%)

Cytogenetics Normal 15 (18.1%) n = 83 b

13q del alone 43 (55.4%)

13q del ± other abn. 49 (59.0%) c

Trisomy 12 alone 10 (12.7%)

Trisomy 12 ± other abn. 14 (17.7%)

17p del 4 (4.8%)

17p del ± other abn. 8 (9.6%)

11q del alone 3 (3.8%)

11q del ± other abn. 6 (7.6%)

Length of follow-up (median, IQR) 4.3 (1.9–8.2) years n = 93

Treated during the course of disease 33 (35.5%) n = 93

Died   3 (3.2%) n = 93

a
IQR signifies interquartile range (25th to 75th percentile).

b
Not all of these analyses were performed on samples from each patient.

c
“±” signifies that the patient had the designated cytogenetic abnormality alone or in combination with additional cytogenetic abnormalities.
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