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Abstract: Chronic lymphocytic leukemia (CLL) is a highly heterogeneous hematologic malignancy and characterized
by dysregulation of cell death pathways. Apoptosis and necroptosis are the two major cell death processes, and
substantial evidence showed up-regulation of several pro-survival factors in CLL cells. Autophagy, as a dual player in
mediating cell death and survival, is largely regarded to be an alternative target in the treatment of CLL. Numerous
novel drugs have been developed and are being investigated in clinical trials. It is necessary to depict the impaired
cell death pathways in CLL and the pro-survival factors targeted by noncytotoxic drugs directly or indirectly. Here
we summarize three dysregulated cell death mechanisms in CLL, and present the current knowledge of drugs that
orchestrate cell death via targeting pro-survival factors and the clinical effects as well.
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Introduction

Chronic lymphocytic leukemia (CLL) is one of
the most prevalent types of hematologic malig-
nancies in Western countries. The clinical man-
ifestations of CLL are highly heterogeneous,
ranging from an indolent and asymptomatic
period to a progressive symptom-causing
phase [1]. CLL cells fail in overcoming the dif-
ferentiation hurdle and are arrested in GO/G1
of the cell cycle. The progressive clonal accu-
mulation of a CD5-positive subpopulation of B
lymphocytes with mature appearance in the
bone marrow, lymph nodes and peripheral
blood will ultimately lead to occurrence and
development of the disease [2]. Multiple exter-
nal (microenvironmental stimuli and antigenic
drive) and internal (genetic and epigenetic)
events have been elucidated to play pivotal
roles in the transformation, progression and
evolution of CLL [3]. Despite the substantial
progress in pathobiology research and the
development of effective treatment regimens,
CLL is still largely an incurable disease [4]. A
personalized therapeutic approach based on

genetic and molecular status could be prefera-
ble to the comprehensive treatment of CLL [4].

In-depth understanding of the existing cellular
pathways by which CLL cells undergo metabolic
cell death is required to determine the efficacy
of therapeutic treatments as well as the explo-
ration of novel strategies. Moreover, the expres-
sion levels of regulatory mediators involved
could be altered in the context of CLL which
could contribute to chemotherapy resistance.
Therefore it is necessary to depict the different
cell death pathways, particularly highlight the
key mediators and interconnections in CLL
cells. Here we focus on three cell death pro-
cesses in CLL, namely apoptosis, necroptosis
and autophagy, and we summarize the current
pharmacological approaches to induce cell
death through targeting these pathways.

Cell death pathways in apoptosis, necroptosis,
and autophagy

Dying the right way, particularly the apoptotic,
necrotic or autophagic pathways, is the end of a
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Figure 1. Schematic representation of different cell death pathways and their interactions. Apoptosis, necroptosis
and autophagy are three major types of cell death, characterized by different factors involved in. The impaired fac-
tors which are up-regulated in CLL are colored in red and down-regulated in CLL are colored in green.

cell’s finite life. Once the deficiency occurred in
one of the cell death pathways, the alternative
pathways burdened. Although a number of
investigations have depicted the landscape of
molecular mechanisms through which cells
undergo death pathways, the detailed signals
involved are still not fully understood (Figure 1).

Pathways in apoptosis

Apoptosis is considered to be the principal
death modality. It can be triggered by two main
pathways (the extrinsic and intrinsic pathways)
and eventually converge at the phase executed
by caspases, leading to the cell destruction [5].

The extrinsic apoptotic pathway (also known as
the death receptor pathway) is triggered by
extrinsic ligands through activation of death
receptors, such as CD95 (Fas), tumor necrosis
factor receptor 1 (TNFR1) and tumor necrosis
factor (TNF)-related apoptosis-inducing ligand
receptor (TRAILR) [6]. The recruitment of sev-
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eral proteins, including Fas-associated death
domain (FADD), TNFR1-associated death dom-
ain (TRADD) and pro-caspase-8, leads to the
formation of the death inducing signaling com-
plex (DISC) and activation of caspase-8, thus
activating downstream effector caspases-3, -6
and/or -7 [6].

The intrinsic apoptotic pathway (also known as
the mitochondrial pathway) has been exten-
sively used to indicate instances of apoptotic
cell death that are triggered by intracellular
death signals such as DNA damage, nutrient
deprivation and oxidative stress. The intrinsic
pathway is regulated by dynamic interplay
between members of B cell lymphoma (Bcl)-2
family [7]. The anti-apoptotic Bcl-2 family mem-
bers (Bcl-2, Bel-xL, Bel-w, Mcl-1 and A1) prevent
the pro-apoptotic Bcl-2 family members Bax
and Bak from inducing the formation of mito-
chondrial outer membrane permeabilization
(MOMP). The Bcl-2-homology 3 (BH3)-only pro-
teins (Bid, Bad, Bim, Bik, Bnip3, Bmf, Hrk, Noxa
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and Puma) relieve the inhibition of Bax and Bak
by antagonizing the anti-apoptotic Bcl-2 family
members or activating Bax and Bak directly.
The occurrence of MOMP results in the release
of cytochrome ¢, which subsequently binds
with apoptotic peptidase activating factor 1
(Apaf-1) and then recruits pro-caspase-9, thus
assembling the complex cytochrome c/Apaf-1/
caspase-9 apoptosome [6]. The activated cas-
pase-9 triggers the downstream activation of
effector caspases-3, -6, and -7, which play
important roles in apoptotic cell death. Addi-
tionally, other pro-apoptotic factors released
from the mitochondria such as second mito-
chondria-derived activator of caspases (Smac)
and the mature serine protease Omi/HtrA2
neutralize the cellular inhibitor of apoptosis
proteins (clAPs), which inactivate the caspases
directly or indirectly [8].

Pathways in necroptosis

Necroptosis, a type of regulated necrotic cell
death mechanism, maintains some apoptotic
features like the formation of functional com-
plexes and is characterized by necrotic mor-
phology. Necroptosis prevails in the apoptotic-
deficient conditions. Pan-caspase inhibitor
such as benzyloxycarbonyl-Val-Ala-Asp-fluoro-
methylketone (zZVAD) may suppress apoptosis
and switch apoptotic response to necroptosis
[9]. The execution of this form of cell death is
associated with the mitochondrial reactive oxy-
gen species (ROS) production, lysosomal mem-
brane permeabilization (LMP) and Poly (ADP-
ribose) polymerase (PARP) hyperactivation [10].

Necroptosis is described as a receptor-interact-
ing protein 1 (RIP1) kinase/receptor-interacting
protein 3 (RIP3) kinase complex-dependent
programmed cell death in response to various
extracellular and intracellular stimuli, such as
TNF family, Fas ligand (FasL), toll-like receptors
(TLRs), lipopolysaccharides (LPS) as well as
genotoxic stress [11].

Upon the activation of tumor necrosis factor
receptor (TNFR), the downstream signaling is
triggered by the formation of complex I, which
recruits proteins containing death domain,
such as TRADD, FADD, TNF-a receptor associ-
ated factor (TRAF) 2/5, clAP1/2 and RIP1. In
complex |, RIP1 is polyubiquitinated by E3
ligase TRAF2/5 and clAPs, and then is able to
activate NF-kB essential modulator (NEMO)
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and IkB kinase (IKK) complex, which promotes
the activation of NF-kB pathway, thereby induc-
ing cell survival [12-14]. When RIP1 and TRADD
are released from complex | following cylindro-
matosis (CYLD) deubiquitination, another com-
plex called complex Il (also known as DISC) is
assembled by recruiting RIP1, TRADD, FADD,
RIP3, and caspase-8. RIP3 is activated after
phosphorylated by the serine/threonine kinase
RIP1 [15].

The formation of complex Il is thought to trigger
cell death through apoptosis or necroptosis,
determined by the functional status of the key
mediator caspase-8 [15]. Studies showed that
the caspase-8 homodimers or caspase-8/cel-
lular FLICE (FADD-like IL-13-converting enzyme)-
inhibitory protein (c-FLIP) long isoform (c-Flip,)
heterodimers negatively regulate necroptosis
by cleaving and inactivating both RIP1 and
RIP3, and the homodimers can drive the pro-
cess to the pro-apoptotic caspase activation
mode, while the presence of caspase-8/c-FLIP
heterodimers short isoform (c-Flip) or the
absence of functional caspase-8 may promote
RIP1/RIP3-dependent necroptosis [16]. Also
the mixed lineage kinase domain like protein
(MLKL), which is a pseudokinase, acts as an
important substrate of RIP3 to mediate down-
stream necroptosis signaling pathways [16].

Pathways in autophagy

Autophagy has been extensively reported in the
past few decades. Autophagy is an adaptive
cellular metabolism, including macroautopha-
gy, microautophagy and chaperone-mediated
autophagy, in an attempt to mitigate various
cell stress stimuli such as starvation, hypoxia,
endoplasmic reticulum (ER) stress, and unfold-
ed protein. The role autophagy plays in the cell
death process remains controversial, most like-
ly depending on different contexts. Autophagy
may be regarded as a dynamic pro-survival
homeostatic mechanism by which excessive or
unnecessary constituents and damaged organ-
elles are fused with lysosomes for degradation
and recycling; however, it may be regarded as a
mechanism that eventually promotes autopha-
gic cell death if the massive stress occurs [17].

In response to starvation or energy depletion,
the mammalian target of rapamycin (MTOR)
complex 1 (mTORC1) is inhibited, which permits
activation of UNC-51-like kinase 1 (ULK1)-
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autophagy-related genes (Atg) 13-Atgl101-
FIP200 complex, initiating the formation of
autophagosomes. The stimulation of class |
phosphatidylinositol 3-kinase (PI3K)-AKT path-
way enables mTORC1 to negatively regulate
the ULK-Atg13-Atg101-FIP200 complex [17].
Another complex, the class Il PI3K (Vps34)
complex composed of Vps34, Vpsi15, Beclinl
and Barkor is required to generate phosphati-
dylinositol 3-phosphate during the autophago-
somal membrane nucleation [17].

The autophagosomal elongation process
requires two ubiquitin-like conjugation sys-
tems. First, the ubiquitin-like proteins Atg12 is
conjugated to an internal lysine of Atgb via Atg7
and Atg10 enzymes. Subsequently the complex
Atgh-Atg12-Atg16L1 is formed, which is essen-
tial for the elongation and the closure of the
autophagosomal membranes. The ubiquitin-
like protein microtubule-associated protein 1
light chain 3 (LC3) is implicated in a second
conjugation system. Free cytosolic LC3 (referred
to as LC3-l) is lipidated by phosphatidyl-etha-
nolamine (PE), leading to the conversion to
LC3-1l (PE-conjugated form). LC3-Il is a key reg-
ulator which binds to the autophagic mem-
branes. Finally, the lysosomal membrane pro-
tein 2 (Lamp2) and the GTPase Rab7 are
required for the fusion of autophagosomes
with the lysosomes [18, 19]. The contents are
degraded by lysosomal acid hydrolases after
autophagosomes fusion with lysosomes [19].

Bcl-2 anti-apoptotic family members Bcl-2 and
Bcl-xL may inhibit autophagy by binding to the
essential component Beclin-1, preventing the
formation of the class Il PI3K (Vps34) complex.
Conversely, the pro-apoptotic BH3-only pro-
teins could induce autophagy by interfering
with the interaction between Bcl-2/Bcl-xL and
Beclin-1 [20, 21]. Furthermore, it has been
demonstrated that only Bcl-2/BclxL and
Beclin-1 complex located in the endoplasmic
reticulum (ER) inhibit autophagy, suggesting
subcellular localization matters in the regula-
tion of autophagy. Similarly, nuclear p53 could
induce autophagy while cytoplasmic p53 may
repress autophagy [22, 23].

Defective cell death pathways in CLL
Impaired cell death processes rather than

excessive cellular proliferation in CLL have
been demonstrated as the key event that con-
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tributes to the accumulation of malignant lym-
phocytes and the resistance to chemotherapy
as well. Moreover, microenvironment supports
CLL cells via interaction and chemokines, con-
stantly stimulating CLL cells and promoting the
resistance to cell death [24, 25] (Figure 1).

Dysregulation of apoptosis may account for the
development of malignant B cells in CLL.
Several factors may be implicated in the defec-
tive apoptotic cell death, including the impaired
apoptotic regulators induced by survival signals
from the microenvironment and the genetic
defects in CLL cells such as p53 mutation or
deletion [26]. B-cell receptor (BCR)-dependent
antigen stimulation and/or BCR-independent
interactions with the microenvironment favor
the activation of CLL B cells [27]. The activated
survival pathways such as NF-kB or PI3SK/AKT
pathway in CLL cells lead to the upregulation of
key anti-apoptotic Bcl-2 family members as well
as clAPs, which contributes to the chemothera-
py resistance, disease progression and poor
clinical prognosis [25, 28]. We detected the
elevated expression of Noxa, Bim and Bcl-2
occurs in CLL patients compared with normal
controls, while the low expression of Puma is
associated with variant clinical characteristics
indicating poor prognosis [29]. Another Bcl-2
family protein, Mcl-1, has been shown to be
strongly related with VH gene mutation status,
CD38 expression, and ZAP-70 expression.
Moreover, the higher Mcl-1/Bax ratios and/or
Bcl-2/Bax ratios identify CLL patients with a
significantly shorter overall survival (0S) and
resistance to fludarabine [30-34].

It has been reported that the expression of
anti-apoptotic proteins clAP1 and clAP2 in CLL
cells is significantly higher than in lymphocytes
from healthy donors, whereas Smac, which is
the antagonist of clAPs, is down-regulated
in CLL. In comparison to stable CLL, higher
expression of clAPs (clAP1, clAP2, XIAP, and
survivin) and lower levels of Smac are observed
in patients with progressive CLL. Moreover,
high concurrent expression of clAP1 and sur-
vivin appears to be associated with shorter OS
[35]. In response to cellular stress, p53 expres-
sion is upregulated and it transactivates pro-
apoptotic target genes, which leads to the
release of cytochrome ¢ and apoptosis of the
cells [36]. Therefore, the p53-dependent apop-
totic response is not effective in CLL patients
with p53 dysfunction.
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Our research group has discovered that CLL
cells have defects not only in apoptotic pro-
gram but also in necroptotic signaling. We
found that CLL cells exhibit impaired necropto-
sis following treatment with TNFo or TNFa plus
zVAD. In addition, we detected two crucial
necroptotic response regulators RIP3 and CYLD
are frequently down-regulated in CLL cells,
while no difference in RIP1 expression com-
pared with healthy controls [9]. Lymphoid
enhancer-binding factor 1 (LEF1), a down-
stream effector of the Wnt/B-catenin pathway,
is reported to be highly expressed in CLL cells
[37]. We identified the higher level of LEF1 in
CLL and it may mediate as a transcription
repressor of CYLD independent of B-catenin in
CLL. LEF1 knockdown sensitized CLL cells to
death receptor ligation induced necroptotic cell
death, indicating the necroptosis resistance in
CLL cells partly attributed to the defective regu-
lators [9].

Activation of ER stress resulted from perturbed
protein folding is associated with apoptotic cell
death pathway, and is also accompanied the
induction of autophagy in some situations [38].
Rosati et al. found that induced ER stress trig-
gers CLL cell apoptosis and Mahoney et al.
showed ER stress-inducing agents may induce
autophagy in CLL cells [39]. Moreover, inhibi-
tion of autophagy increases the effects of
drugs on CLL, suggesting autophagy partici-
pates in the pro-survival mechanism following
ER stress and may lead to drug resistance [40,
41]. However, several studies argue that the ER
stress response facilitates CLL progression,
which should be inhibited rather than be
induced. Kriss and colleagues revealed aber-
rantly activated ER stress response including
the IRE-1/XBP-1 pathway in Ey-TCL1 CLL mouse
model and in human CLL as well [42]. In addi-
tion, the increased cell apoptosis could be
observed by blocking IRE-1/XBP-1 pathway [42,
43].

Therapeutic targeting of cell death pathways
in CLL

The major cell death processes are interlinked
and contain many common regulatory mecha-
nisms [44]. Exploration of our understanding of
the major pathways which regulate cell viability
could provide a plethora of opportunities for
effective anti-cancer therapeutics. With so
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many drugs developed now, it is critical to
determine which one or combination is the
most appropriate for a patient based on the
death pathways perturbed by the agents, espe-
cially when the genetic abnormalities and other
factors which may elicit resistance to some
kind of drugs exist. Accordingly, several agents
targeting pro-survival molecules have entered
clinical trials and the prospects for these drugs
in clinical practice are discussed (Table 1).

Inhibitors of pro-survival Bcl-2 family proteins

Oblimersen sodium (G3139) is a CpG-contain-
ing oligonucleotide antisense drug specifically
binding to the Bcl-2 mRNA sequence, resulting
in mMRNA degradation [45]. An early non-ran-
domized phase I/Il study conducted by O’Brien
and colleagues showed that oblimersen sodi-
um had dose-limiting reactions in patients
with advanced CLL [46]. Hence, a phase llI
randomized clinical trial of fludarabine and
cyclophosphamide with or without oblimersen
was investigated in patients with relapsed or
refractory CLL based on promising early phase
trials. The complete response or nodular partial
response (CR/nPR) rate was 7% with chemo-
therapy (fludarabine plus cyclophosphamide,
FC) only group and 17% with oblimersen plus
chemotherapy (FCO) group. The maximum ben-
efit from oblimersen-containing regimen was
observed in fludarabine-sensitive (relapsed)
patients with the rate of CR/nPR being 25% in
comparison to 6% in the chemotherapy-only
group, and had an attendant 50% reduction
in the risk of death [45]. Although the 5-year
long term survival rate showed no significant
difference between FCO group and FC group,
patients who achieved CR/nPR from the oblim-
ersen-containing group had a significant 5-year
survival benefit. Clinical trials have identified
the modest efficacy of oblimersen combined
with FC in relapsed/refractory CLL, especially in
a subset of fludarabine-sensitive patients [47].

Obatoclax (GX15-070) is a pan-BCL-2 family
antagonist, mainly interacting with Bcl-2, Bcl-
xL, Bax, and Mcl-1 with low binding affinity. It
has been reported to enhance cell death via
mitochondrial apoptosis, and Beclin-1 depen-
dent autophagy in primary CLL cells as well [48,
49]. Recently, Basit et al. showed that obato-
clax triggered RIP1 and RIP3 mediated necrop-
tosis by promoting the assembly of the necro-
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Table 1. Summary of different cell death-inducing agents in the era of targeting treatment in CLL

Type of cell death Targets Agents Reference
Apoptosis/necroptosis/autophagy Pro-survival Bcl-2 mRNA or Bcl-2 family proteins Oblimersen sodium, Obatoclax mesylate, ABTs [45-47], [48-53], [54-58]
Apoptosis/autophagy Histone deacetylase MGCDO0103, Valproic acid [64-67], [103, 104]
Apoptosis/autophagy Cyclin-dependent kinase Flavopiridol, Dinaciclib [40, 68-72], [73, 74]
Apoptosis/necroptosis/autophagy Proteasome Bortezomib, Carfizomib [75-84], [85, 86]
Apoptosis/necroptosis clAP proteins Smac-mimetics, XIAP inhibitor [25], [87]

Apoptosis B cell receptor signaling pathway kinases Dasatinib, Bafetinib, Fostamatinib, Entospletinib, Idelalisib, Ibrutinib [90-93], [94], [95] , [96-98], [99-102]

2366 Am J Cancer Res 2015;5(8):2361-2375



The aberrant death pathways and therapeutic agents in CLL

some on autophagosomal membranes [50];
however, it has not been demonstrated wheth-
er this scenario occurs in CLL cells. The phase |
study of single-agent obatoclax indicated bio-
logic and limited clinical activity in heavily pre-
treated patients with advanced CLL patients
and among whom only 4% achieved partial
response (PR) [51]. In a phase I/Il study
revealed that combined obatoclax plus bortezo-
mib was feasible in patients with mantle cell
lymphoma (MCL) [52], suggesting obatoclax
might enhance the cytotoxicity of treatment in
combination with other drugs [53].

ABT-737 is the first effective BH3 mimetic inhib-
itor selectively targets the pro-survival proteins
Bcl-2, Bel-xL and Bcel-w (but not Mcl-1 or A1),
thereby releasing the pro-apoptosis proteins
[54]. It has been developed into orally-available
agent ABT-263, and in a phase Il study, previ-
ously untreated CLL patients treated with ABT-
263 combined with rituximab achieved higher
CR/PR rates than treated with rituximab alone.
The significantly better treatment outcome with
ABT-263 was also seen in CLL patients with del
(17p) or high levels of Bcl-2. Maintenance with
ABT-263 until disease progression or unaccept-
able toxicity appeared to yield the highest CR/
PR rates and prolonged progression-free sur-
vival (PFS) [55].

ABT-199 is a second generation orally bioavail-
able Bcl-2-selective inhibitor, specifically lead-
ing to Bax/Bak-mediated apoptosis and may
spare platelets in order to avoid clinically signifi-
cant thrombocytopenia caused by predecessor
ABT-263 [56]. A related study reported the
combination of ABT-199 and rituximab was fea-
sible and achieved an ORR of 86% with 31% CR
in patients with CLL/SLL [57]. Choudhary et al.
found that high intrinsic Mcl-1 and Bcl-xL
expression and activity accounted for ABT-199
resistance, and ABT-199 was more effective
when combined with PI3K/AKT/mTOR inhibi-
tors to sequester AKT activation and release
pro-apoptotic protein Bim, and thus led to cell
death in this setting [58]. Combinations with
other drugs such as obinutuzumab, and benda-
mustine are currently under clinical trials.

Histone deacetylase inhibitors

Histone deacetylases (HDACs) play a crucial
role in chromatin conformation and gene
expression [59]. Deregulation of HDACs has
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been observed in several cancers including
CLL. Some HDACs (HDAC 6, 7, 11, sirtuin (SIRT)
3, SIRT 6 and 7) are overexpressed while
some HDACs (HDAC 2 and SIRT 4) are under-
expressed in CLL patients [60]. In addition,
elevated HDACs activity is observed in CLL
patients with shorter TFS and OS [61]. It has
been showed that upregulated HDACs mediat-
ed the epigenetic silencing of tumor suppressor
genes encoding microRNAs such as miR-15a,
miR-16 and miR-29b in CLL. HDAC inhibitors
(HDACI) may partially restore the expression of
these microRNAs which elicit the loss of Mcl-1
expression and mitochondrial dysfunction [62].
Additionally, HDACi could induce apoptosis by
increasing the expression of Bim and Noxa
which bound to anti-apoptotic Bcl-2 members
[63]. These results suggest that HDAC inhibi-
tors are emerging as potent anticancer agents.

MGCDO0103 is an orally available HDAC inhibitor
which selectively targets class | (HDAC 1, 2, and
3) and class IV (HDAC 11) enzymes [64]. It has
been identified as not only an apoptosis induc-
er but also an autophagy suppressor. EI-Khoury
et al. showed that MGCD0103 mainly activated
the intrinsic caspase-dependent apoptotic cell
death pathway through declining Mcl-1 expres-
sion, inducing the translocation of Bax to the
mitochondria, and releasing cytochrome ¢ [65].
Besides, MGCDO0103 inhibits autophagy in pri-
mary CLL cells through transcriptional down-
regulation of autophagy genes [66]. A phase I
study of MGCDO0103 was conducted in patients
with relapsed/refractory CLL. The efficacy of
single agent MGCD103 was limited and the
majority of patients could only tolerate up to 2
cycles of MGCDO0O103 [67]. Further investiga-
tion will be necessary to evaluate whether the
combination of HDACi with autophagy inhibitors
or other drugs potentiate CLL cell death.

Cyclin-dependent kinase inhibitors

Flavopiridol (HMR-1275, [-868275) is a semi-
synthetic flavone derived from rohitukine which
is an alkaloid extracts from India plants. It is a
broad spectrum cyclin-dependent kinase (CDK)
inhibitor that could effectively induce apoptosis
in CLL cells by inactivating RNA polymerase I,
thus inhibiting Mcl-1 expression but not Bcl-2 in
transcriptional level and activating caspase-3,
regardless of genic alterations of del (17p) or
p53 mutation [68]. Flavopiridol also induces ER
stress in CLL cells, which contributes to cell
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death through IRE1-mediated activation of
ASK1 and caspase-4. Autophagy induced by
flavopiridol has been demonstrated to be a
protective process in CLL cells [40]. Clinical
responses from a phase |l study revealed that
57% patients with del (17p) and 50% patients
with del (11q) responded to flavopiridol treat-
ment [69]. However, tumor lysis syndrome (TLS)
was observed in over 40% of patients with CLL
receiving flavopiridol [70]. Stephens and col-
leagues combined cyclophosphamide, alvo-
cidib (flavopiridol) and rituximab (CAR) to allevi-
ate TLS, and the regimen was tolerable and
beneficial without TLS in high-risk CLL patients
[71, 72].

Developed from broad inhibitor flavopiridol,
dinaciclib (SCH727965) is a selective inhibitor
of CDK 1, 2, 5 and 9. Five patients with
relapsed/refractory CLL were enrolled in a
phase | study, and were treated with dinaciclib
in combination with rituximab. Four patients
achieved stable disease (SD), and one achieved
CR[73]. In a phase Il study, 54% patients with
del (17p) responded to dinaciclib treatment and
presented with a median PFS of 481 days[74].
These clinical data suggests CDK inhibitor as a
promising agent particularly in high-risk CLL
patients.

Proteasome inhibitors

Bortezomib (PS-341) is a proteasome inhibitor
approved for the treatment of multiple myelo-
ma and MCL [75]. The antineoplastic effect of
bortezomib includes inhibition of cell growth
signaling pathways, induction of apoptosis, and
inhibition of cellular adhesion molecule expres-
sion [76]. Proteasome inhibitors can lead to
accumulation of a variety of pro-apoptotic pro-
teins in malignant cells rather than normal cells
[77]. Bortezomib, represented as the first pro-
teasome inhibitor, has shown positive clinical
benefits toward hematological malignancies
through upregulating pro-apoptotic protein
Noxa expression, which may interact with anti-
apoptotic proteins Bcl-xL and Bcl-2, resulting
in the activation of the classic mitochondria-
dependent intrinsic apoptotic pathway [78, 79].
Bortezomib has also been identified as the sup-
presser of NF-kB signaling pathway through
preventing the degradation of IkB [80]. Never-
theless, an early randomized phase Il study
presented evidence that patients with fludara-
bine-refractory CLL treated with this single
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agent failed to achieve objective responses
[76, 80]. The hampered therapeutic efficacy of
bortezomib has been partly attributed to flavo-
noids presented in plasma and some dietary
natural compounds, as well as the accumula-
tion of Mcl-1, all of which may compromise the
ability of bortezomib-induced apoptosis [79,
81, 82]. The clinical benefit of bortezomib is not
satisfied due to the emergence of resistance
associated with several underlying molecular
mechanisms as well [83]. The disappointing
results indicate that bortezomib in combination
with other agents is required in the treatment
of CLL. Clinical data from a combination of
rituximab and bortezomib in patients with
refractory or relapsed indolent lymphoma (CLL
included) revealed an ORR of 70% and a PFS
rate of 41% at 2 years. The regimen was well-
tolerated with low toxicity [84].

Carfilzomib (PR-171) is a second-generation
proteasome inhibitor that irreversibly inhibits
the chymotrypsin-like subunit activity of the
proteasome. Unlike bortezomib, carfilzomib is
equally effective in the presence or absence of
human serum [85]. Carfilzomib functions irre-
spective of del (17p) or p53 mutation in CLL
cells, generating caspase dependent cytotoxic-
ity. Moreover, carfilzomib promotes an atypical
NF-kB response not only by decreasing IkBa
expression but also increasing the phosphory-
lation of IkBa, and importantly, without induc-
ing the transcription of some canonical NF-kB
related cytokines and survival factors [85].
Preliminary outcomes from a phase | dose-
escalation trial of carfilzomib revealed accept-
able tolerability in relapsed and refractory CLL/
SLL patients; however, no patient was sufficient
to be evaluated as CR/PR, although minimal
efficacy was observed [86].

Death receptor pathway activators

clAPs antagonist: Over the decades, a variety
of small molecules have been developed to
neutralize overexpressed clAP proteins, and
thereby promote caspase activation and apop-
tosis. Scavullo et al. found Smac-mimetic com-
pound Smac66 had the ability to antagonize
members of the clAP family and upregulated
the expression of activated caspase-3 and
PARP, indicating the potential therapeutic use
as monotherapy rather than in combination
against CLL cells [87]. XIAP inhibitors syner-
gized with TRAIL could sensitize CLL cells with
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caspase-3 induced and caspase-dependent
apoptosis, even in CLL patients with unfavor-
able prognosis [25].

The recent evidence showed that, similar to the
previous studies, the degradation of clAP1/2
and the production of TNFa were observed in
CLL cells treated with Smac-mimetic. However,
after the treatment, CD40-stimulated CLL cells
were unable to form the ripoptosome complex
and be killed by apoptosis or necroptosis [88].
Thus, further studies are required to elucidate
the availability of clAP antagonist induced
apoptosis-based therapy in CLL.

B-cell receptor signaling inhibitors

The increased activation of downstream path-
way of the BCR plays a pivotal role in the patho-
genesis of CLL and is accountable for providing
growth signals to prolonged survival of CLL
cells. BCR-associated components including
Lyn tyrosine kinase, Spleen tyrosine kinase
(Syk), Bruton’s tyrosine kinase (Btk) and PI3K
have been regarded as the focus of novel tar-
gets for CLL treatment with obvious clinical
benefits [89].

Lyn tyrosine kinase inhibitor: Dasatinib (BMS-
354825), a dual c-abl and pan-Src family kinas-
es inhibitor, especially as a sustained inhibitor
of Lyn tyrosine kinase in CLL cells, has been
widely studied with the ability of triggering ER
stress and reducing the expression of Mcl-1
and Bcl-xL [90]. Aside from the death-inducing
process mediated by dasatinib, the protective
autophagy is also observed in the wide type
p53 CLL lymphocytes [91]. In a phase Il clinical
trial in patients with relapsed/refractory CLL,
dasatinib was well tolerated and a great reduc-
tion in lymph nodes or extranodal masses was
observed in the majority of patients [92]. Kater
et al. conducted a phase Il trial of dasatinib in
combination with fludarabine in refractory
patients with CLL. The modest clinical efficacy
was reported with an ORR of 18% and a median
PFS of 6.3 months [93].

Bafetinib (INNO-406) is a potent second gen-
eration Lyn tyrosine kinase inhibitor. A phase |l
study of bafetinib as treatment in patients with
relapsed or refractory CLL has been complet-
ed, yet no related results provided.

Spleen tyrosine kinase inhibitor: Fostamatinib
(R788) is the first oral Syk inhibitor which
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shows significant clinical activity in patients
with mature B-cell malignancies. In a phase I/Il
clinical trial investigating the effect of fostama-
tinib in recurrent B-cell NHL and CLL, the ORR
in patients with SLL/CLL showed the highest
response rate of 55% and the median PFS was
6.4 months [94].

Entospletinib (GS-9973) is a selective inhibitor
of Syk. In a phase Il study performed by
Friedberg et al., the ORR was 61% with median
PFS of 13.8 months in patients with relapsed
or refractory CLL, albeit no subject achieved a
CR[95].

Phosphatidylinositol-3 kinase inhibitor: Idela-
lisib (GS-1101, CAL-101) is a potent inhibitor of
the delta isoform of PI3K. Idelalisib was given
to patients with relapsed/refractory CLL in a
phase | study. Among all patients in this study,
the ORR was 72% with the median PFS of 15.8
months, and the nodal responses rate was
81%. Moreover, patients with del (17p) and/or
TP53 mutation had an inferior PFS of only 5
months, while patients without this abnormality
had a PFS of 41 months [96]. In a phase 3
study, the efficacy of idelalisib was compared
between rituximab combined with idelalisib
and with placebo in relapsed CLL patients. The
ORR was 13%, and the median duration of PFS
was 5.5 months in the placebo group, whereas
the ORR was 81% and the median PFS was not
reached in the idelalisib group [97]. Based on
the current results from the trials of idelalisib in
relapsed/refractory CLL, idelalisib was found to
have an acceptable safety profile, and was
associated with significant improvement in the
clinical responses. Otherwise, the attempts to
combine entospletinib with idelalisib enhanced
the inhibition of BCR-mediated signaling, there-
by synergistically decreasing the viability of CLL
cells and disrupting chemokine expression in
CLL cells [98].

Bruton’s tyrosine kinase inhibitor: Ibrutinib
(PCI-32765) is a first-in-class oral bioavailable,
covalent inhibitor of Bruton’s tyrosine kinase
(BtK). In early phase studies, lbrutinib was asso-
ciated with a high frequency of durable remis-
sions among patients with previously treated
CLL [99]. Significantly, improved PFS, OS, and
ORR were showed in a randomised comparison
of ibrutinib versus the anti-CD20 antibody
ofatumumab in previously treated CLL [100].
Ibrutinib acts through a p53-independent
mechanism whereby high-risk CLL patients
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responded equally as well as low-risk patients
to ibrutinib [101]. The phase Il clinical trial of
ibrutinib has demonstrated its efficacy in TP53-
aberrant CLL patients. At the time of assess-
ment, 97% of previously untreated patients
and 80% of patients with relapsed/refractory
patients achieved an objective response [101].
A median 3-year follow-up of single-agent ibru-
tinib administrated in 132 CLL/SLL patients
demonstrated the durable responses and the
diminished toxicity-over time [102]. The encour-
aging results warrant the further studies in
ibrutinib and there are more than thirty ongoing
clinical trials with regard to ibrutinib monother-
apy or in cooperation with other drugs in CLL.

Conclusion

The landscape of pharmaceutical approaches
in CLL is shifting gradually from traditional che-
motherapy to targeted agents, focusing on the
precise targeting effect rather than the increase
of cytotoxicity. Over the decades, mounting evi-
dence has delineated the abnormal character-
istics as stumbling blocks to cell death in CLL
cells. Understanding the abnormal death pro-
cesses by which cells are trapped in the pro-
longed survival is the first key to patient surviv-
al. The second key is the in-depth studies of
novel drugs both in vivo and in vitro, given the
vague mechanisms whereby the cells execute
death pathways. Further, apart from the sus-
tained investigations for the optimal use of
novel drugs in clinical trials, the design of the
appropriate therapeutic combination of agents
may be of pivotal importance as the third key
for improved effects of therapies generally and
even individually.
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