
Higher levels of reactive oxygen species are 
associated with anergy in chronic lymphocytic
leukemia 

There is a growing interest in the role of reactive oxygen
species (ROS) in chronic lymphocytic leukemia (CLL) in
which tumor cells accumulate higher levels of such species
than do normal B cells.1-3 As in other cells, mitochondria
appear to be the main source of ROS and CLL cells have an
increased mitochondrial mass compared to that of normal
B cells.2,4 Higher levels of ROS confer increased sensitivity
to induction of apoptosis by agents which further enhance
ROS and it may be possible to exploit this as the basis for

new treatments.1,2,5 

Although ROS levels are generally higher in CLL cells
than in normal B cells, the levels vary considerably
between patients’ samples.1-3,5,6 Analyses have mainly been
performed on samples from patients with more advanced
disease and, in that setting, prior therapy appeared to be a
major determinant of ROS levels.3,5,6 This may reflect a
direct effect of drugs on ROS production, perhaps linked to
accumulation of mitochondrial DNA damage.6 However, a
recent study demonstrated variable ROS levels in cells from
untreated patients2 indicating an influence of other factors.

The B-cell receptor (BCR) is now recognized as a key
determinant of variable behavior of CLL7 and is a target for
therapeutic attack. Antigen engagement appears to be iter-
ative, with the outcome being either proliferation or aner-
gy, a balance likely to influence disease outcome.7,8 Anergy
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Figure 1. Inter-patient variability in ROS levels. (Ai) CLL peripheral blood monocuclear cells
(PBMC) were recovered from cryopreservation, rested for 3 h and then stained with CM-
H2DCFDA for 1 h at 37°C prior to flow cytometric analysis. Representative results for six of
33 samples analyzed. Shaded areas represents unlabeled, control cells. Open areas repre-
sents  CM-H2DCFDA-labeled cells. (Aii) As (Ai), except a proportion of the sample was addi-
tionally incubated with anti-CD19 and anti-CD5 antibodies prior to flow cytometry. (B)
Correlations between mean CM-H2DCFDA fluorescence (GeoMFI) in CLL PBMCs and (i) IGHV
mutation status; (ii) anti-IgM-induced calcium; (iii) sIgM expression and (iv) cell viability.
Results of statistical comparisons are shown. (i) Mann-Whitney test; (ii-iv) Spearman corre-
lation. 
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is characterized by strong down-modulation of both
expression and function of sIgM, and is evident in all CLL
but predominates in cases expressing mutated IGHV genes
(M-CLL) and is associated with a good prognosis. By con-
trast, growth-promoting BCR signaling is more evident in
cases expressing unmutated IGHV genes (U-CLL) and is
associated with progressive disease. In this work, we inves-
tigated potential links between ROS, anergy and clinical
progression in CLL.

We used the ROS-sensitive fluorescent probe CM-
H2DCFDA to quantify ROS in peripheral blood mononu-
clear cells from 33 patients (Figure 1Ai and Online
Supplementary Table S1). ROS measurements were made on
singlet, viable cells (based on forward and side scatter in
flow cytometry analysis). We focused mainly (27/33) on
untreated patients to avoid perturbing effects of
chemotherapy, and the majority (27/33) had stage A dis-
ease. Samples generally contained a high proportion of
CD19+CD5+ CLL cells (median 93%) to reduce contamina-
tion by non-malignant cells. Moreover, combined staining
with CM-H2DCFDA and anti-CD19 and anti-CD5 antibod-
ies in a subset of randomly selected samples demonstrated
that quantification of ROS in total peripheral blood
mononuclear cells and CD19+CD5+ cells yielded very simi-
lar results, including in sample 520A which contained
~80% CLL cells (Figure 1Aii). Repeat testing of samples on
separate occasions confirmed high reproducibility of CM-
H2DCFDA measurements (data not shown) and staining
with a mitochondrial ROS-specific probe confirmed that
CLL cells produced substantial levels of mitochondria-
derived ROS (Online Supplementary Figure S1).2

ROS levels were highly variable between individual sam-
ples (Figure 1B and Online Supplementary Table S1). We first
compared ROS levels with IGHV status and detected rela-
tively low but consistent expression within U-CLL, but sig-
nificantly higher and more heterogeneous expression in 
M-CLL (Figure 1Bi).  There was also a significant negative
association with sIgM signaling capacity, pointing to a cor-
relation with anergy which predominates in M-CLL (Figure
1Bii).8 There was also an inverse correlation between ROS
levels and sIgM expression (Figure 1Biii).  Cell viability was
generally high (median 84%) in the samples. However,
there was a significant inverse correlation between ROS
levels and cell viability (Figure 1Biv). 

We also investigated potential correlations between ROS
levels and disease behavior using Kaplan-Meier analysis.
Receiver operating characteristic (ROC) analysis was used

to segregate samples into two groups based on ROS levels
and correlations with time-to-first treatment (TTFT). Using
a ROC-derived cut-off of 2483, high ROS levels were asso-
ciated with a significantly longer TTFT (Figure 2A). As
expected, expression of mutated IGHV genes (M-CLL) was
also associated with a significantly longer TTFT (Figure 2B).
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Figure 2. Association between elevated ROS and better prognosis.
(A) Kaplan-Meier analysis of correlation between mean CM-
H2DCFDA fluorescence (GeoMFI), as a measure of ROS, and time
to first treatment (TTFT). (B) Kaplan-Meier analysis of correlation
between IGHV mutation status and TTFT within the cohort of
patients studied.

Figure 3. Heterogeneity of ROS in
primary CLL. CLL samples were
recovered from cryopreservation,
rested for 3 h and then stained
with CM-H2DCFDA and anti-CD19,
anti-CD5 and anti-CXCR4 antibod-
ies prior to flow cytometric analy-
sis. (A) Representative flow analy-
sis showing (i) CM-H2DCFDA fluo-
rescence in CD19+CD5+ cells and
(ii) CXCR4 expression in “ROSlow”
and “ROShigh” sub-populations. (B)
Quantitative data for CXCR4
expression in “ROSlow” and “ROShigh”
sub-populations from four CLL
samples analyzed.

A

B

A B

i ii

ROS > 2483
ROS < 2483

M-CLL
U-CLL

TTFT (months)
0 100 200 300 400

0 100 200 300 400
TTFT (months)

Co
un

ts

Re
la

tiv
e 

CX
CR

4 
(G

eo
M

FI
)

P=0.003

P=0.03

Low High

Pe
rc

en
t r

em
ai

ni
ng

Pe
rc

en
t r

em
ai

ni
ng

P=0.02

100

80

60

40

20

0

100

80

60

40

20

0

ROS level

348

CM-H2DCFDA CXCR4



In addition to inter-sample variation, CM-H2DCFDA
staining also revealed intra-sample heterogeneity in ROS
levels (Figure 1Ai). Relatively discrete sub-populations were
detected in samples from 16/33 patients. Similar results
were obtained when we specifically quantified ROS in
CD5+CD19+ cells confirming that this heterogeneity exists
within the malignant clone (Figure 1Aii). Subpopulations
were somewhat more common in U-CLL (9/14) than in M-
CLL (7/19) although this difference was not statistically sig-
nificant (data not shown).

We performed co-staining with CM-H2DCFDA and anti-
CXCR4 to probe the basis for intraclonal ROS heterogene-
ity. CXCR4 is strongly down-modulated following
CXCL12 engagement in tissues; reduced CXCR4 expres-
sion therefore marks cells that have recently emigrated
from tissues to blood.9,10 In 4/4 randomly selected samples
(3 M-CLL, 1 U-CLL), there was an inverse relationship
between CXCR4 and ROS and, on average, CXCR4
expression was 2.1-fold higher in ROSlow cells than in ROShi

cells (Figure 3A,B). Thus, ROS levels are higher within the
most recently released cells, suggesting that increased ROS
is a consequence of tissue-based stimulation. 

Taken together, our results demonstrate that increased
ROS may be associated with anergy in CLL since ROS lev-
els were highest in M-CLL, and in samples with strong
down-modulation of sIgM expression and function. CLL
anergy appears to be a feature of more indolent forms of
disease and high levels of ROS were also associated with
longer TTFT. Consistent with the idea that CLL anergy is
driven by antigen engagement within tissues,8 increased
ROS may also be a consequence of tissue-based stimula-
tion since the highest levels of ROS were found in cells
with low CXCR4 that had been most recently released into
the circulation.9,10 Interestingly, gene expression profiling
revealed significant perturbation of ROS-related gene
expression between CXCR4lowCD5hi and CXCR4hiCD5low

sub-populations further supporting the idea that ROS pro-
duction is a consequence of tissue-based stimulation 
in vivo.10 

The mechanisms that mediate increased levels of ROS in
anergic CLL cells remain unclear. One possibility is that
increased ROS is a consequence of anergy-promoting, anti-
gen interactions acting via the BCR. We attempted to meas-
ure effects of anti-IgM stimulation on ROS levels of CLL
cells using CM-H2DCFDA (to quantify total ROS) or a
sIgM-localizing ROS probe, to specifically quantify ROS in
the vicinity of activated sIgM.11 However, we were unable
to detect consistent changes in ROS levels using either
approach (data not shown). Given the relatively low signal-
ing capacity of CLL cells, more sensitive, regiospecific
probes will be required for meaningful investigation of
direct effects of sIgM of ROS production in CLL cells 
in vitro. Moreover, responses induced by anti-IgM in
responsive samples in vitro most closely resemble positive,
growth-promoting signal responses and may therefore not
adequately model anergy-promoting antigen responses 
in vivo. 

Increased ROS may be a consequence of increased pro-
duction and/or decreased metabolism via cellular antioxi-
dant protective mechanisms. Mitochondrial-derived ROS
are mainly produced as a by-product of mitochondrial res-
piration and BCR signaling is known to modulate metabo-
lism, including oxidative phosphorylation, with differences
between naïve and anergic B cells.12 Thus, differences in
metabolism, perhaps linked to changes in mitochondrial
mass,2,4 between individual CLL samples may explain, at
least in part, variation in ROS levels. It is also possible that
ROS production may be linked to apoptosis. Interestingly,
although the viability of the samples studied was generally

high, we did identify a significant inverse correlation
between ROS levels and the proportion of viable cells. One
possibility is that increased ROS may be a consequence of
activation of cell death pathways. Alternatively, high levels
of ROS in CLL cells may promote susceptibility to apopto-
sis. Indeed, antioxidants can decrease CLL cell apoptosis.13,14

Although anergy is apparently benign, it is a reversible
state and anergic CLL cells may act as a reservoir of cells
which may be subject to subsequent growth-promoting
antigen signaling and/or acquire secondary genetic alter-
ations.15 Regardless of the underlying mechanisms, the
observation that ROS are increased in anergic CLL cells
suggests that targeting anergic CLL cells using agents that
further elevate ROS levels may be an approach for selective
induction of apoptosis and allow effective elimination of
this important reservoir of malignant cells.
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