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Abstract Purpose:We have recently shown that the novel nuclear factor-nB (NF-nB) inhibitor LC-1 is
effective in primary chronic lymphocytic leukemia (CLL) cells. Herewe elucidated themechanism
of action of LC-1, evaluated its relative cytotoxicity in prognostic subsets, and investigated its
potential synergistic interaction with fludarabine.
Experimental Design: Ninety-six fully characterized CLL cases were assessed for in vitro
sensitivity to LC-1and fludarabine. In selected cases, caspase activation, inhibition of Rel ADNA
binding, and the transcription of CFLAR, BIRC5, and BCL2 were measured before and after
exposure to LC-1. In addition, the efficacy of LC-1was assessed in the presence of the survival
factors CD154 and interleukin-4, and the potential synergistic interaction between LC-1and
fludarabine was evaluated.
Results: Cell death was associated with caspase-3 activation mediated via activation of both
caspase-8 and caspase-9. Apoptosis was preceded by a reduction of nuclear Rel ADNAbinding
and inhibitionofCFLAR,BIRC5, andBCL2 transcription. Importantly, LC-1overcame the cytopro-
tective effects by interleukin-4 and CD40 ligand and was equipotent in CLL cells derived from
good and bad prognostic subsets. LC-1 exhibited strong synergy with fludarabine, and the
combination produced a highly significant mean dose reduction index for fludarabine of >1,000.
Conclusions: In view of imminent first-in-man study of LC-1 in Cardiff, these data show an
important mechanistic rationale for the use of LC-1in this disease. Furthermore, it validates the
concept of targeting nuclear factor-nB in CLL and identifies the therapeutic potential of LC-1 in
combination with fludarabine even in patients with fludarabine resistance.

B-cell chronic lymphocytic leukemia (CLL) is the most
common form of leukemia in adults in the western world
and is characterized by the accumulation of CD5-, CD19-, and
CD23-positive lymphocytes in the peripheral blood, lymph
nodes, bone marrow, liver, and spleen. Factors contributing to
the pathogenesis and progression of this disease are poorly
understood, but decreased susceptibility to apoptosis (1) and
altered control of proliferation have been implicated (2). CLL
manifests a heterogeneous clinical course, with some patients

having normal age-adjusted survival whereas the median
survival for those patients with advanced-stage disease is
only 3 years (3). Clinical treatment of CLL is limited by the
development of progressive drug resistance and the non-
selectivity of most drugs toward malignant cells. Chemother-
apeutic drugs, such as fludarabine, chlorambucil, prednisolone,
and certain monoclonal antibodies are able to induce CLL cell
apoptosis in vivo, but complete remissions are rare and all
patients eventually relapse (4). Therefore, new treatment
options based on the biological characteristics of CLL cells are
required to improve the prognosis of this incurable leukemia.
The nuclear factor-nB (NF-nB) cell signaling pathway is an

attractive therapeutic target as NF-nB proteins have been
implicated in the regulation of genes controlling apoptosis,
proliferation, angiogenesis, and metastasis in various cancers
(5–8). Consequently, numerous small molecular inhibitors of
NF-nB have undergone preclinical investigation (9–12) but
none has yet reached clinical trials. In the context of CLL, a
number of studies have suggested that CLL cells exhibit
constitutive NF-nB activation (13–15). More recently, however,
we showed that there is considerable variation in the degree of
activation of NF-nB in CLL patient samples (16). We and others
have shown that parthenolide and its analogue LC-1 are able
to induce apoptosis in vitro and this seemed to be mediated
via the inhibition of NF-nB (16, 17). In view of an imminent
phase 1 clinical trial of LC-1 in patients with CLL and other
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hematologic malignancies, we set out to fully elucidate the
mechanism(s) of action of LC-1, to assess its relative efficacy in
poor prognostic subsets, and to examine the potential for
synergy with fludarabine in CLL patient samples. We also
assessed the ability of LC-1 to overcome survival signals
thought to be critical for in vivo CLL cell survival.

Materials andMethods

Peripheral blood samples from 96 patients with CLL were obtained
with the patients’ written informed consent (LREC 02/4806). CLL was
defined by clinical criteria as well as cellular morphology and the
coexpression of CD19 and CD5 in lymphocytes simultaneously
displaying restriction of light-chain rearrangement. Clinical informa-
tion including treatment histories was available for all patients, and
none of the previously treated patients had received chemotherapy
within 3 mo before sample collection. The novel compound LC-1 is a
dimethylamino derivative of the naturally occurring small molecule
parthenolide. LC-1 (also known as DMAPT) was prepared from the
reaction of parthenolide with dimethylamine, and the resulting
dimethylamino analogue was then converted to its water-soluble
fumarate salt. The irreversible inhibitor of InB kinase (InK), BAY 11-
7082, was purchased from Calbiochem. The Rel A inhibitory peptide set
(Ser276) was purchased from Imgenex.
Isolation of mononuclear cells. Human peripheral blood was layered

onto Histopaque 1077 (Sigma-Aldrich) and centrifuged at 300 � g for
30 min. After centrifugation, the opaque interface containing mono-
nuclear cells was aspirated and transferred into a clean sterile centrifuge
tube. The mononuclear cells were then washed with PBS (pH 7.2;
Sigma-Aldrich) at 300 � g for 5 min. After washing, the supernatant
was aspirated and discarded. The pellet containing mononuclear
cells was then washed with 0.87 mol/L of ammonium chloride
(Sigma-Aldrich) solution to lyse contaminating erythrocytes at
300 � g for 5 min. After centrifugation, the supernatant was aspirated
and discarded, and the pellet was again washed with PBS (pH 7.2;
Sigma-Aldrich) at 300 � g for 5 min and repeated. After final wash, the
mononuclear cells were resuspended in PBS (pH 7.2; Sigma-Aldrich)
and counted using a Vi-cell XR cell counter (Beckman Coulter).

In vitro cytotoxicity assays. Peripheral blood lymphocytes from 96
CLL patients were isolated from freshly collected blood samples by

density centrifugation. Mononuclear cells from CLL patients were
cultured in RPMI 1640 supplemented with 10% heat-inactivated FCS
(Invitrogen), 100 units/mL penicillin, and 100 Ag/mL streptomycin in
the presence of LC-1 (0.5-8 Amol/L) and fludarabine (0.25-16 Amol/L).
Control cultures were also carried out to which no drug was added.
Cells were subsequently harvested by centrifugation and were analyzed
by flow cytometry for apoptosis or used for protein extraction. Similar
experiments were also done using BAY 11-7082 and the Rel A inhibitory
peptide.
Measurement of apoptosis by Annexin V/propidium iodide dual

labeling. Apoptosis was assessed by dual-color immunofluorescent
flow cytometry as described previously (18). Briefly, 1 � 106 cells were
washed in ice-cold PBS and were incubated for 15 min in the dark in
196 AL of binding buffer and 4 AL of Annexin V-FITC. Propidium iodide
(10 Ag/mL; Invitrogen) was added and cells were immediately analyzed
on a FACS Calibur flow cytometer (Becton Dickinson).

In vitro synergy assessment. Peripheral blood lymphocytes from 24
CLL patients were isolated from freshly collected blood samples by
density centrifugation. After the optimal molar ratio for the combina-
tion of LC-1 and fludarabine (2:1) was experimentally determined, CLL
lymphocytes were cultured in the presence of LC-1 (0.5-8 Amol/L) and/
or fludarabine (0.25-4 Amol/L) for up to 48 h. Control cultures were
also carried out in which no drug was added. Apoptosis was assessed by
Annexin V/propidium iodide dual labeling.

Caspase-3 activation assay. CLL cells were incubated at

37jC in a humidified 5% carbon dioxide atmosphere in the presence

of LC-1 (0.5-8 Amol/L) for up to 48 h. Cells were then harvested by

centrifugation and labeled with CD19-APC antibody. Subsequently the

cells were incubated for 1 h at 37jC in the presence of the PhiPhiLux

G1D2 substrate (Calbiochem). The substrate contains two fluorophores

separated by a quenching linker sequence that is cleaved

by active caspase-3. Once cleaved, the resulting products fluoresce

green and can be quantified using flow cytometry. Also cells were

further analyzed using caspase inhibition with caspase-8 inhibitor

(ZIETD.fmk; 50 Amol/L), caspase-9 inhibitor (ZLEHD.fmk; 50 Amol/L),

or pan-caspase inhibitor (ZVAD.fmk; 50 Amol/L).
Nuclear and cytosolic protein extraction. Nuclear extracts were

prepared using a method previously described (19). Cells were first
washed in 1 mL of hypotonic buffer [10 mmol/L HEPES (pH 7.9),
1.5 mmol/L MgCl2, 10 mmol/L KCl] and centrifuged at 10,000 � g for
1 min. Cells were then lysed in 100 AL hypotonic buffer supplemented
with 1 mmol/L phenylmethosulfonylfluoride, 1:100 dilutions of
phosphatase inhibitor cocktails I and II (Sigma P-2850 and P-5726),
and 0.1% (v/v) NP40 detergent and placed on ice for 5 min. Following
centrifugation (10,000 � g , 5 min, 4jC), the supernatant was retrieved
and this represented a cytosolic extract. Before extraction, the nuclear
extract was washed by the addition of 1 mL of hypotonic buffer
followed by centrifugation. Nuclear extracts were prepared by incubat-
ing the remaining pellet for 15 min in 50 AL high salt buffer
[20 mmol/L HEPES (pH 7.9), 420 mmol/L NaCl, 1.5 mmol/L MgCl2,
25% (v/v) glycerol] supplemented with 1 mmol/L phenylmethosulfo-
nylfluoride and 1:100 dilutions of phosphatase inhibitor cocktails I and
II immediately before use. Following centrifugation (10,000 � g , 5 min,
4jC), the supernatant was collected representing the nuclear extract.
Quantification of protein was by Bradford-based assay (Bio-Rad).
ZAP-70 and CD38 expression. The VH gene mutational status, and

ZAP-70 and CD38 expression were assessed as previously described
(16). VH sequences with a germline homology of z98% were regarded
as unmutated. The cutoff point for ZAP-70 and CD38 positivity was
z20% expression.
Rel A detection by ELISA. Nuclear proteins were assayed for Rel A

DNA binding with a TransAM NF-nB kit according to
the manufacturer’s instructions (Active Motif). NF-nB binding assays
in microwells are reported to be at least 10 times more sensitive than
electrophoretic mobility shift assay (20). The consensus oligonucleotide
used for NF-nB binding was 5¶-GGGACTTTCC-3¶. A wild-type and
mutated consensus oligonucleotides were used to monitor the

Translational Relevance
Our study contains important new evidence on the

mechanismof actionof thenuclear factor (NF)-nBinhibitor
LC-1 and represents the most thorough investigation to
date of the biological consequences of NF-nB inhibition in
chronic lymphocytic leukemia. Our findings clearly show
that LC-1 inhibits Rel A DNA binding and consequently
down-regulates the transcription of NF-nB target genes.
These events precede the induction of apoptosis. Impor-
tantly, LC-1 is able to overcome the prosurvival effects of
CD40 ligand and interleukin-4; both thought to be impor-
tant in maintaining chronic lymphocytic leukemia cells
in vivo. In addition, we showed that LC-1 is equipotent in
good and poor prognostic subsets and showed profound
synergy with fludarabine, suggesting that this therapeutic
strategy may have clinical application particularly in drug
resistant/poor prognostic disease. Given that LC-1will
undergo first-in-man studies in Cardiff later this year, our
data are both timely and relevant.
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Fig. 1. LC-1induces both the intrinsic and extrinsic apoptotic pathways. A, LC-1induced a time- and dose-dependent increase in apoptosis in CLL cells. Here a composite
graph of six representative patients is shown. B, the cytotoxic effects of LC-1were consistent across the whole cohort (n = 96). C, CLL cells were treated with LC-1
(0-8 Amol/L) for 24 h and 48 h and were then labeled with AnnexinVand propidium iodide. A concentration-dependent increase in AnnexinV ^ positive cells was observed.
The percentage of apoptotic cells was calculated as the sum of the upper and lower right quadrants, i.e., AnnexinV ^ positive/propidium iodide ^ positive and Annexin
V ^ positive/propidium iodide ^ negative. D, under the same conditions, caspase-3 activity was determined by using a fluorogenic substrate molecule that once cleaved by
active caspase-3, fluoresced green and was detected by flow cytometry.The increase in caspase-3 activation was concentration-dependent and was correlated with an
increase in apoptotic cell death. E, cells were cultured with caspase-8 inhibitor (50 Amol/L), caspase-9 inhibitor (50 Amol/L), or pan caspase inhibitor (50 Amol/L) with or
without LC-1.Caspase-3 activation was measured as in B.
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specificity of the assay. The absorbance reading at 450 nm (A450) was
read on a microtiter plate reader (Bio-Rad). A450 values were converted
into ng Rel A NF-nB per microgram of nuclear protein for each sample
tested from a standard curve constructed using known quantities of
recombinant Rel A.
Real-time reverse transcription-PCR. The amount of CFLAR, BIRC5,

and BCL2 mRNA was assessed using real-time reverse transcription-PCR
(RT-PCR) using the Light Cycler System (Roche Diagnostics). Total RNA
was extracted, reverse-transcribed with random hexamers, and ampli-
fied using CFLAR-specific primers 5¶-AGAGTGAGGCGATTTGACCTG-3¶
(forward) and 5¶-AAGGTG-AGGGTTCCTGAGCA-3¶ (reverse); BIRC5-
specific primers 5¶-TGTTGGGAATCTGGAGATGA-3¶ (forward) and
5¶-CGGATGAACTCCTGTCCTTT-3¶ (reverse); and BCL2-specific primers
5 ¶-GGTCATGTGTGTGGAGAGCG -3 ¶ ( f o rw a r d ) and 5 ¶-
GGTGCCGGTTCAGGTACTCA-3¶ (reverse) purchased from Eurogentec
S.A. In addition, the amount of RPS14 mRNA was quantified in all
samples as an internal housekeeping control using 5¶-GGCAGACCGA-
GATGAACTCT-3¶ (forward) and 5¶-CCAGGTCCAGGGGTCTTGGT-3¶
(reverse) and SYBRGreen as a detection method. The results of the
real-time RT-PCR were expressed as normalized target gene values, e.g.,
the ratio between CFLAR and RPS14 transcripts calculated from the
crossing points of each gene. All experiments were done in duplicate.
Statistical analysis. All statistical analyses were done using Graphpad

Prism 4.0 software (Graphpad Software, Inc.). Drug sensitivity for each
individual drug and drug combination was evaluated using nonlinear
regression and line of best fit dose-response curves. Curves were then
analyzed using the median effect method to determine the degree of
synergy (21). Combination indices and dose reduction indices were
assessed using Calcusyn software (Biosoft).

Results

LC-1 induces both the intrinsic and extrinsic apoptotic path-
ways. We have previously shown that LC-1 is able to induce
apoptosis in primary CLL cells. Here we extend those studies to
investigate the dynamics of LC-1–induced cell killing and the
specific mechanism(s) of apoptosis induction in a cohort of 96
CLL patient samples. CLL cells were incubated with a range of
concen t r a t ions o f LC -1 (0 .5 -8 Amol /L ) fo r up
to 48 hours and apoptosis was quantified using Annexin V
and propidium iodide labeling. LC-1–induced apoptosis was
dose- and time-dependent (Fig. 1A) with mean LD50 values
(FSD) of 2.9 Amol/LF 1.4 at 24 hours and 1.8 Amol/LF 1.0 at
48 hours (Fig. 1B). LC-1–induced apoptosis was associated with
caspase-3 activation (Fig. 1C and D) that was inhibited
by the pan-caspase inhibitor (zVAD.fmk), a caspase-9 inhibitor
(zLEDH.fmk), and a caspase-8 inhibitor (zIETD.fmk). These
data indicate that LC-1 induces apoptosis through the induction
of both the intrinsic and extrinsic apoptotic pathways (Fig. 1E).
LC-1 inhibits Rel A DNA binding. Our previous study showed

that LC-1 inhibited NF-nB as evidenced by decreased DNA
binding in electrophoretic mobility shift assays (16). Here we
extend these observations by examining its effects on the
specific NF-nB subunit Rel A. LC-1 induced a time-dependent
(Fig. 2A) and dose-dependent (Fig. 2B) decrease in Rel A DNA
binding. Importantly, these effects preceded the induction of
apoptosis (Fig. 2C and D). To show that the inhibition of Rel A
was important for the induction of CLL cell apoptosis, we used
a previously described Rel A inhibitory peptide (22) to evaluate
the consequences of specific Rel A inhibition. The Rel A
inhibitory peptide induced significantly more cell death in CLL
cells than both the no-peptide controls and the control
peptide–treated cells (Fig. 2E).

LC-1–induced suppression of NF-kB target gene transcription.
Rel A contains a transactivating domain that regulates the
transcription of NF-nB target genes (22). Therefore, a down-
stream consequence of inhibiting Rel A DNA binding should be
the inhibition of specific Rel A transactivated genes. Therefore,
we next examined whether LC-1–mediated inhibition of Rel A
had an effect on downstream gene transcription using real-time
RT-PCR. We studied three NF-nB-regulated genes (CFLAR,
BIRC5 , and BCL2) selected for their importance in CLL cell
survival (15, 23, 24). Gene transcription was compared in
paired samples from individual patients (n = 6) with and
without the addition of 2 Amol/L LC-1 for 4 hours. Figure 2F
shows significant reductions in the transcription of all three
NF-nB-regulated genes following exposure to LC-1 (CFLAR by
2.7-fold, BIRC5 by 5.3-fold, and BCL2 by 3-fold). Furthermore,
we showed similar reductions in gene transcription of CFLAR,
BIRC5, and BCL2 following incubation with the InK inhibitor
BAY 11-7082 (25) with a 1.3-, 2.5-, and 2.5-fold reduction in
expression, respectively (Fig. 2G).
LC-1 overcomes the cytoprotective effects of CD40 ligand and

interleukin-4. There is growing evidence that microenviron-
mental factors play a major role in the in vivo survival of CLL
cells (26). A number of these factors, including CD40 ligand
(CD154) and interleukin-4 (IL-4), cause their prosurvival
effects, at least in part, via the induction of NF-nB (14, 27,
28). As these signals seem crucial to CLL cells in vivo, it was
important to assess the cytotoxic effects of LC-1 in the presence
of these survival signals in vitro. We therefore added recombi-
nant CD154 (1 Amol/L) or recombinant IL-4 (5 nmol/L) to
our in vitro cytotoxicity assays. As expected, the addition of
CD154 and IL-4 significantly reduced spontaneous apoptosis
in the untreated control cultures (P = 0.0006 and P = 0.004,
respectively). However, in the presence of LC-1 the prosurvival
effect of both CD154 (P = 0.49; Fig. 3B) and IL-4 (P = 0.33;
Fig. 3D) was abrogated, suggesting that LC-1 has the potential
to overcome in vivo survival signaling.
LC-1 is equipotent in poor prognostic subsets of CLL. Pleio-

tropic drug resistance is a significant obstacle to the successful
clinical management of CLL whereby treatment with one
agent causes resistance to others (29). To evaluate whether LC-1
was subject to conventional drug resistance mechanisms, we
compared the in vitro effects of fludarabine and LC-1 in samples
derived from previously treated and untreated CLL patients.
Previously treated patients were relatively more resistant to
fludarabine than their untreated counterparts (P < 0.0001;
Fig. 4A). In contrast, both treated and untreated groups show
equal sensitivity to LC-1 (P = 0.53; Fig. 4A). We next compared
the LC-1 LD50 values within prognostic subsets to assess their
relative sensitivity to LC-1. As shown in Fig. 4B, there was no
significant difference in LC-1 LD50 values between prognostic
subsets defined by VH gene mutation status (P = 0.21) and
in vitro response to fludarabine (P = 0.21). Prognostic groups
defined by CD38 expression (P = 0.06) and ZAP-70 expression
(P = 0.05) showed a trend toward increased sensitivity to LC-1
in the poor prognostic subsets. In addition, patients with 17p
and 11q abnormalities also showed similar sensitivity to the
apoptotic induction by LC-1. Taken together, these data show
the potential value of inhibiting NF-nB as a therapeutic strategy
in CLL, particularly in resistant and relapsed disease.
LC-1 shows strong synergy with fludarabine in primary CLL

cells. Having shown the cytotoxic profile of LC-1 in poor
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Fig. 2. Effects of LC-1on constitutive Rel A activity and antiapoptotic genes in primary CLL cells. A, CLL cells were treated with 2 Amol/L of LC-1for1, 2, 4, and 6 h before
apoptosis assay and nuclear protein extraction. ELISA analysis revealed a time-dependent decrease in Rel ADNA binding. B, CLL cells were treated with LC-1 (0-8 Amol/L)
for 4 h before apoptosis assay and nuclear protein extraction. ELISA analysis revealed a dose-dependent decrease in Rel ADNA binding. C and D, up to 4 h time point there
was little evidence of apoptosis induction as measured by flow cytometry using theAnnexinV/propidium iodide assay.Therefore, the loss of NF-nB activity preceded the
induction of apoptosis and was not merely a consequence of the commitment to cell death. CLL cells showed a time- and dose-dependent reduction in Rel ADNA binding
following exposure to LC-1. E, we confirmed the importance of Rel A for the maintenance of CLL cell survival by specifically inhibiting this transcription factor with a Rel A
inhibitory peptide.The peptide (50 Amol/L) induced apoptosis in all of the samples tested (n = 6) following exposure for 24 h. F, we also examined the transcription of
downstream NF-nB target genes by real-time RT-PCR. CLL cells were treated with or without 2 Amol/L of LC-1for 4 h and (G) with or without 2 Amol/L of BAY11-7082
for 4 h.The expression of CFLAR, BIRC5, and BCL2 were quantified using real-time RT-PCR and were normalized to the housekeeping gene RPS14. Both LC-1and
BAY11-7082 induced similar reductions in these genes over the same time period, suggesting a commonmechanism of action. All experiments were carried out in duplicate.
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prognostic subsets of CLL and its ability to overcome in vitro
resistance to fludarabine, we next investigated potential synergy
between LC-1 and fludarabine. We experimentally determined
the optimal molar ratio (2:1, LC-1: fludarabine) for the
combination of the two drugs by comparing the combination
index derived from different molar combinations. Subsequent-

ly, we measured the cytotoxic effects of each drug and their
combination over a 24-hour culture period. Figure 5A shows
a representative dose-response curve for CLL cells derived
from one patient treated with each drug and their combination.
The combination of the two drugs was significantly more
cytotoxic than either single agent as shown by the median effect

Fig. 3. LC-1overcomes the cytoprotective effects of CD40 ligand and IL-4.A, mononuclear cells from sevenpatient samples were culturedwith or without CD154 (1 Amol/L)
for up to 48 h.There was a significant cytoprotective effect by CD154 when compared with control cultures (P = 0.0006). B, addition of LC-1 (2 Amol/L) overcomes the
prosurvival effect of CD154 (P = 0.49). C, mononuclear cells from five patient samples were cultured with or without IL-4 (5 nmol/L) for 24 h.There was a significant
cytoprotective effect by IL-4 when compared with control cultures (P = 0.004). D, addition of LC-1 (2 Amol/L) overcomes the prosurvival effect of IL-4 (P = 0.33).
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plots (Fig. 5B). Furthermore, the combination index plot
(Fig. 5C) showed synergism across a wide range of cell killing
(fractional effect). The combination index values revealed
strong synergistic effects in the LC-1/fludarabine combination
with a mean combination index of 0.26 (Fig. 5D). In addition,
we showed undiminished synergy in samples from poor
prognosis subsets (Fig. 5E). Our finding that the LC-1/
fludarabine combination exerts synergistic cytotoxicity in
fludarabine-resistant cells raises the possibility that the combi-
nation of NF-nB inhibitors and conventional chemotherapy
may be clinically useful in poor prognosis groups of CLL.
Combination of LC-1 with fludarabine would facilitate a

significant dose reduction of fludarabine. One of the major
benefits of using combinations of drugs that have synergistic
effects is that doses of individual drugs can be reduced to limit
dose-dependent side effects, while maintaining efficacy. In this
study we calculated the dose reduction index (DRI) for
fludarabine in each patient sample tested (n = 24). Figure 5F
shows a representative DRI for fludarabine (DRI/fractional
effect curve) in CLL cells derived from one patient treated with
the combination of LC-1 and fludarabine. The DRI was highly
favorable in all the samples tested with a mean DRI for
fludarabine when combined with LC-1 of >1,000. This means
that there could be a theoretical 3 log reduction in the dose of
fludarabine.

Discussion

Molecular targeted therapies can alter the natural course of
malignant disease because they have the potential to preferen-
tially target the cancer cells (30). Our previous studies have
shown that the NF-nB subunit Rel A is a biomarker of disease
progression in CLL (16). Furthermore, we showed that
inhibition of NF-nB by the novel parthenolide analogue LC-1
resulted in CLL cell-killing. Here we extend these observations
by characterizing the cytotoxic effects of LC-1 in a cohort of 96
CLL patient samples. All of the samples were sensitive to LC-1
with a mean LD50 at 24 hours of 2.9 Amol/L. Furthermore,
there was no significant difference in sensitivity to LC-1 within
prognostic subsets. Indeed, LC-1 showed a trend toward
increased efficacy in poor prognostic groups even in cells that
showed marked in vitro resistance to fludarabine. Unusually,
LC-1–mediated apoptosis resulted in the activation of both the
intrinsic and extrinsic pathways, and this provides one possible
explanation for the efficacy of this agent in samples with drug
resistance to conventional therapy.
We went on to show that LC-1 specifically inhibited the DNA

binding of Rel A in a dose- and time-dependent manner. This
inhibition preceded the induction of apoptosis, indicating that
it may be a critical regulator of LC-1–mediated cell-killing. We
confirmed this by using a specific Rel A inhibitory peptide; the
peptide induced significant cell death in primary CLL cells,
showing that Rel A plays a key role in CLL survival and is
therefore an important drug target in this condition. We next
explored the downstream consequences of Rel A inhibition by
quantifying the transcription of three NF-nB-regulated genes,
CFLAR, BCL2, and BIRC5, which have been implicated in
CLL cell survival and resistance to chemotherapy (15, 23, 24,
31–34). Transcription of all three genes was significantly
suppressed by LC-1, suggesting that NF-nB plays a role in
preventing the activation of both the intrinsic and extrinsic

apoptotic pathways in CLL. This notion is substantiated by the
fact that CFLAR is involved in the inhibition of the extrinsic
pathway and BCL2 inhibits the intrinsic pathway (35).
Importantly, we recapitulated the inhibition of these NF-nB
target genes when we exposed CLL cells to the specific InK
inhibitor BAY 11-7082, thereby reinforcing the credentials of
LC-1 as a NF-nB inhibitor.
Despite their prolonged survival in vivo , most CLL cells

undergo spontaneous apoptosis when cultured in vitro (36),
suggesting that humoral factors and cellular interactions
provide critical survival signals in vivo . There is growing

Fig. 4. LC-1is equipotent in poor prognostic subsets of CLL. A, fludarabine LD50

and LC-1LD50 values were compared between treated and untreated patient
groups. Previously treated patients showed significant ex vivo resistance to
fludarabine (P < 0.0001), but treated and untreated patient groups were equally
sensitive to LC-1 (P = 0.53). B, LC-1LD50 values were compared between
prognostic subsets of patients. CLL cells derived from patients with CD38
expressionz20% (n = 40) and <20% (n = 50), ZAP-70 expressionz20% (n = 37)
and <20% (n = 53), unmutatedVH genes (n = 23) and mutatedVH genes (n = 50),
and ex vivo fludarabine resistance (n = 16) and fludarabine sensitivity (n = 44)
showedno significant difference in sensitivity to LC-1 (P =0.06,P = 0.05,P = 0.21,
and P = 0.21, respectively).
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Fig. 5. Synergistic effect of LC-1with fludarabine in primary CLL cells. CLL cells were treated for up to 48 h with LC-1 (0.5-8 Amol/L) and/or fludarabine (0.25-4 Amol/L)
at a fixed molar ratio of 2:1. Cytotoxicity was quantified using an AnnexinV/propidium iodide assay.The median-effect plot was constructed using Calcusyn software,
where Fa = fraction affected and Fu = fraction unaffected. A, dose-response curve for CLL cells treatedwith LC-1and/or with fludarabine. B, median-effect plot for CLL cells
treatedwith LC-1and/or with fludarabine.C, the combination index (CI) plot was constructed by computer analysis of the data in (B) using the conservative isobologram. CI
values of <1occurred at a wide range of drug concentrations. D, distribution of CI among 24 patients tested with mean value of 0.26F 0.20. E, analysis of samples from
prognostic subsets revealed that there was no significant difference in synergy in samples derived from patients who had previously been treated, those who show ex vivo
resistance to fludarabine, thosewith >20%CD38 expression, thosewith >20% ZAP-70 expression, or thosewith unmutatedVH genes (P = 0.79, P = 0.49, P = 0.18, P = 0.79,
and P = 0.84, respectively). F, CLL cells were treated for 48 hwith LC-1 (0.5-8 Amol/L) and/or fludarabine (0.25-4 Amol/L) at a fixed molar ratio of 2:1.The cytotoxicity was
quantified using an AnnexinV/propidium iodide assay. Dose reduction index (DR) ^ Fraction affected plots were calculated using CalcuSyn software. DRI values of >1for
fludarabine were observed over a wide range of inhibition levels when combined with LC-1.
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evidence that the lymphoid organs are the sites of delivery of
many of these prosurvival signals as it is here that CLL cells
come into direct contact with stromal cells, T cells, and
follicular dendritic cells (37–39). Two of the key survival
stimuli seem to be derived from CD40 ligation and IL-4, and
both of these interactions have the ability to induce NF-nB in
CLL cells (40, 41). We therefore included recombinant CD40
ligand and IL-4 into our drug sensitivity assay to determine
whether LC-1 could overcome their cytoprotective effects. In
accordance with previously published data, CD40 ligation and
IL-4 prevented CLL cells from apoptosis, but the addition of
LC-1 abrogated this prosurvival effect. Taken together, our data
clearly show that NF-nB inhibition can overcome the survival
signals induced by microenvironmental factors, and this may
be crucial in ensuring the clinical efficacy of these agents.
The ability to induce apoptosis is an essential property of

most chemotherapeutic drugs (42). Perversely this may result in
the activation of survival pathways, including the NF-nB
pathway, as an unwanted side effect (5, 43–45). In keeping
with this notion, samples from previously treated patients
showed relative resistance to fludarabine in our study together
with elevated Rel A DNA binding. However, we clearly showed
the equal potency of LC-1 in all samples tested irrespective of
their previous treatment or other prognostic parameters. This
highlights the potential value of NF-nB inhibitors for the
treatment of CLL, particularly in the context of resistant and
relapsed disease.

One of the major benefits of using combinations of drugs
that have synergistic effects is that doses of individual drugs can
be reduced to limit dose-dependent side effects, while main-
taining efficacy. The concept of the DRI was proposed by Chou
(46). The DRI is a measure of how the dose of an individual
drug in a synergistic combination can be reduced while
retaining the same cytotoxic effect. A DRI >1 is beneficial,
and the greater the DRI value the greater the dose reduction for
a given therapeutic effect. Remarkably, the mean DRI for
fludarabine was >1,000, indicating that the dose of fludarabine
could theoretically be reduced by >3 logs thereby significantly
reducing its immunosuppressive side effects while retaining the
cytotoxic effects on CLL cells.
This study provides a number of important new insights. We

elucidated the mechanism of action of the novel NF-nB
inhibitor LC-1 and also went on to show its efficacy in poor
prognostic subsets of CLL, including samples with fludarabine
resistance. We also provide a compelling argument for the use
of LC-1 in combination with fludarabine in the clinical setting.
However, the ultimate efficacy and safety of small molecular
NF-nB inhibitors will come through their evaluation in clinical
trials, and a first-in-man study of LC-1 will begin in Cardiff later
this year.
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