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Abstract 

B-cell chronic lymphocytic leukemia (CLL) is the most common leukemia in 

the Western world.  Although treatment of this disease has advanced considerably 

over the past decade, CLL remains incurable with current chemotherapeutics.  In 

addition, available drug regimens for CLL are associated with frequent cytopenia-

related complications, such as infection and fatigue.  Thus, the major challenge in 

CLL treatment today is the need for alternative therapeutics with decreased toxicity 

and improved efficacy for disease refractory to currently available drugs. 

CLL is characterized by slow accumulation of malignant cells, which are 

supported in the microenvironment by cell-cell interactions and soluble cytokines 

such as tumor necrosis factor (TNF).  We evaluated the effect of the small molecule 

TNF inhibitor LMP-420 on primary CLL cells.  LMP-420 exhibited cytotoxic activity 

against these cells in the MTS assay, with similar potency to the front-line CLL drug 

fludarabine.  LMP-420 induced time- and dose-dependent apoptosis in CLL cells, as 

demonstrated by annexin V staining, caspase activation, and DNA fragmentation.  

These changes were associated with decreased expression of the anti-apoptotic 

proteins Mcl-1, Bcl-xL, Bcl-2, and XIAP.  CLL cells from patients with poor prognostic 

indicators exhibited LMP-420 sensitivity equal to that for cells from patients with 

favorable characteristics.  In addition, LMP-420 potentiated the cytotoxic effect of 

fludarabine and inhibited in vitro proliferation of CLL cells.  In contrast to other CLL 

therapeutics, LMP-420 exhibited minimal effects on normal peripheral blood 

mononuclear cell viability, mitogen-stimulated B- and T-cell proliferation, and 

hematopoietic colony formation.  Our data suggest that LMP-420 may be a useful 

treatment for CLL with negligible hematologic toxicities.  
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The effect profile of this compound in normal hematopoietic cells and the 

microarray studies in CLL cells indicate that the mechanism of action of LMP-420 

likely involves modulation of the NF-B pathway.  Our initial studies demonstrate 

moderate but significant inhibitory activity against p65, a key member of the NF-B 

transcription factor family.  Research is ongoing to gain a better understanding of the 

specific cytotoxicity of LMP-420 for CLL cells and to elucidate other components of its 

mechanism of action.  Regardless of the ultimate mechanistic findings with LMP-420, 

our studies support this molecule as a promising new CLL therapeutic that warrants 

further preclinical evaluation. 
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1. Introduction 

1.1 LMP-420: a novel small molecule with anti-inflammatory 

effects 

LMP-420 is a modified purine, distinguished by substitution at the N-9 

position with pentylboronic acid (2-amino-6-chloro-9-[5(dihydroxyboryl)-pentyl] 

purine, Figure 1).  This molecule was initially identified as a potent transcriptional 

inhibitor of tumor necrosis factor  (TNF) synthesis in human peripheral blood 

mononuclear cells (PBMC) (Figure 2) [1].  Decreased TNF mRNA expression is 

observed within an hour of LPS stimulation of PBMC pre-treated with LMP-420.  

Studies in cells incubated with LMP-1601 (Figure 1), a less potent analog of LMP-420, 

indicate that TNF inhibition does not require new protein synthesis or involve 

changes in TNF mRNA stability (G.J. Cianciolo, unpublished data).  As demonstrated 

in Figure 2, 50 nM LMP-420 inhibits 50% of TNF protein secretion (IC50) by LPS-

stimulated PBMC, and greater than 90% inhibition is achieved by an LMP-420 

concentration of 500 nM [1].  This inhibitory effect of LMP-420 is not restricted to the 

Toll-like receptor-4 (TLR4) pathway, as LMP-420 also suppresses TNF synthesis by a 

variety of stimuli, including anti-CD3 (-CD3), staphylococcus enterotoxin B (SEB), 

CpG-oligodeoxynucleotides (CpG-ODN), Poly(I:C), zymosan, Pansorbin, interleukin-2 

(IL-2), and Shiga toxins 1 and 2 (1 and G.J. Cianciolo, unpublished data).  

Furthermore, TNF inhibition by LMP-420 is not limited to PBMC, having also been 

observed in endothelial cells, adipocytes, neutrophils, and mast cells (G.J. Cianciolo, 

unpublished data). 

                                          

1 LMP-160 differs from LMP-420 only in the length of the alkyl chain attached to N-9 of the 

purine.  In LMP-160, the side chain consists of four carbons rather than five.  Boronic acid is 
bound to the final carbon of the side chain for both LMP-420 and LMP-160.  LMP-160 exhibits 
similar biological activity to LMP-420 at concentrations approximately ten-fold higher than 

LMP-420. 
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Figure 1: Chemical structures of LMP-420 and LMP-160 
 

 

Figure 2: Dose-dependent inhibition of TNF mRNA and protein by LMP-420 

 

Further studies revealed that LMP-420 also inhibits the production of several 

other inflammatory mediators in stimulated PBMC.  These include CCL2 (monocyte 

chemotactic protein-1, MCP-1), CCL5 (Regulated upon Activation, Normal T-cell 

Expressed, and Secreted, RANTES), interferon- (IFN-), CXCL10 (10 kDa IFN--

induced protein, IP-10), lymphotoxin  (LT), Receptor Activator for Nuclear Factor 

B ligand (RANKL), IL-1, CXCL11 (interferon-inducible T-cell alpha chemoattractant, 

I-TAC), and CXCL9 (monokine induced by IFN-, MIG) (1 and G.J. Cianciolo, 

Human PBMC from a healthy donor were cultured in RPMI 1640 medium containing 5% 

heat-inactivated human AB serum.  Cells were pre-treated with the indicated 
concentrations of LMP-420 for two hours, then stimulated with 1 g/ml S. typhosa LPS.  

(A) Cells were harvested 3 h after addition of LPS.  Total RNA was extracted, and reverse 
transcription PCR was performed using primers specific to TNF and -actin. (B) Cell 

supernatants were collected after 20 h incubation with LPS.  Supernatants were assayed for 

TNF content by ELISA. The dotted line indicates 50% inhibition. Adapted by permission 
from BioMed Central: AIDS Research and Therapy, copyright 2006 [1]. 
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unpublished data).  Furthermore, LMP-420 inhibits TNF-induced up-regulation of 

endothelial cell surface CD40, intercellular adhesion molecule-1 (ICAM-1), and 

vascular cell adhesion molecule-1 (VCAM-1), all of which are involved in leukocyte 

adhesion to vascular endothelium in response to inflammation [2]. In contrast to 

these inhibitory effects, LMP-420 also induces increased expression of granulocyte-

colony stimulating factor (G-CSF) [1] and suppressor of cytokine synthesis 1 (SOCS-

1) in LPS-stimulated PBMC.  Interestingly, LMP-420 has varied effects on IL-6 

expression, causing decreased IL-6 production 24 hours post-LPS stimulation and 

increased production both 48 hours post-LPS and in the absence of stimulation.  

Finally, increased protein expression of superoxide dismutase-1 and -2 (SOD-1 and -

2) has been observed in pulmonary tissue from rats treated with LMP-420 versus 

vehicle control (Appendix A).  Up-regulation of SOD-2 has also been observed in 

LPS-stimulated PBMC, human umbilical vein endothelial cells, murine peritoneal 

macrophages, rat splenocytes, and a murine lung epithelial cell line.  The known 

targets of LMP-420 are summarized in Figure 3.   

 

Figure 3: Immunomodulatory activities of LMP-420 

 

LMP-420 treatment results in altered expression of numerous immunomodulatory 
molecules in normal cells.  Inhibition, stimulation, or lack of effect on the targets depicted 
here has been by confirmed by reverse transcription PCR, ELISA, multiplex analysis, and/or 
flow cytometry. 
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The anti-inflammatory effects of LMP-420 and its analog LMP-160 have been 

observed in several murine disease models, including ozone-induced acute lung 

inflammation (W.M. Foster, unpublished data), piroxicam-induced chronic colitis in 

IL-10 deficient mice [3], pulmonary Mycoplasma pneumoniae infection [4], 

glomerular nephritis in BXSB lupus mice (O.Y. Jones, unpublished data), LPS-induced 

mortality, collagen-induced arthritis, and Plasmodium chabaudi infection (G.J. 

Cianciolo, unpublished data).  These studies indicate a biological half-life for LMP-420 

of approximately 12 to 16 hours.  Activity has also been observed in rats treated 

with LMP-420 before and after exposure to hemithoracic irradiation.  LMP-420 

provided dose-dependent protection from radiation-associated death in this study 

(Appendix A).  Furthermore, LMP-420 maintains its activity in human whole blood, as 

demonstrated by decreased serum TNF in response to ex vivo LPS-stimulation.  

These studies confirm that the anti-inflammatory activity of LMP-420 persists in vivo.  

Importantly, LMP-420 anti-inflammatory activity has been observed when delivered 

through a variety of administration routes, including oral, subcutaneous, 

intraperitoneal, and aerosol.  

1.1.1 Decreased potency of LMP-420 in cell lines 

LMP-420 exhibits more potent activity in primary cells compared to 

immortalized cell lines.  For example, the LMP-420 concentration required to inhibit 

50% TNF production in LPS-stimulated THP-1 and Mono Mac 6 cells (human 

monocytic-like cell lines) is approximately 100- to 800-fold higher than the IC50 in 

primary elutriated human monocytes.  Given this discrepancy of at least two orders 

of magnitude, the cellular uptake and/or mechanism of action of LMP-420 may be 

altered in cell lines relative to primary cells due to innate differences between them.  

Indeed, although THP-1 and Mono Mac 6 cells are often utilized for in vitro modeling 
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of normal monocyte inflammatory responses, they are in fact derived from patients 

with acute monocytic leukemia [5, 6].  Controversy exists regarding the degree to 

which cell lines such as these truly represent normal monocyte biology.  More 

generally, the utility of cell lines for modeling disease and screening new drugs is 

under debate [7-11]. 

Recent studies comparing gene and protein expression between tumor cell 

lines and the primary cells that they ―represent‖ demonstrate significant differences 

in cell cycle regulation and metabolic pathways [12-15].  Given the divergence of cell 

lines from their parent tissues, the differences in LMP-420 potency are not 

surprising.  Presumably LMP-420 acts on a pathway that differs between 

immortalized and primary cells.  Consequently, our studies with LMP-420 focus on 

freshly-isolated primary cells and therefore are more likely to be predictive of drug 

effects in vivo.  Unfortunately, working with primary cells presents its own set of 

difficulties that complicate studies of LMP-420.  These include limited cell numbers, 

relatively short culture times, and poor transfection efficiency compared to cell lines. 

1.1.2 LMP-420 effects on hematopoietic cancer-derived cell 

lines 

Screening with LMP-420 has been performed by the National Cancer Institute 

on a panel of 60 human tumor cell lines.  This panel includes numerous non-small 

cell lung, colon, breast, ovarian, skin, renal, prostate, central nervous system, and 

hematopoietic cancer cell lines.  The cells were treated with 10 M LMP-420 for 48 

hours, and the effect on growth was assessed in the sulphorhodamine B assay.  

Significant suppression (~40%) was noted in only one cell line—the multiple 

myeloma cell line RPMI-8226.  Little to no inhibition was observed for the solid tumor 

lines tested, nor in the leukemic cell lines tested: CCRF-CEM (T-cell leukemia), HL-60 
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(promyelocytic leukemia), K-562 (erythroleukemia), MOLT-4 (T-cell acute 

lymphoblastic leukemia), or SR cells (acute myelocytic leukemia).  However, given 

the poor potency of LMP-420 for effects on cell lines, we cannot rule out the 

possibility that higher concentrations of LMP-420 might have resulted in growth 

inhibition of other cell lines in addition to RPMI-8226.   

We ourselves have confirmed that LMP-420 inhibits growth of RPMI-8226 cells 

(IC50 ~ 18 M) as measured by [3H]-thymidine incorporation.  In addition, LMP-420 

exhibits similar anti-proliferative activity on another multiple myeloma cell line, U266 

(IC50 ~ 9 M) (Figure 4).  Less potent inhibitory effects (IC50 > 25 M) are also 

observed on the myeloma lines BRS, MP399, and NCI-H929.  These results suggest 

that LMP-420 has anti-proliferative activity against certain malignant B-cells.  This 

effect is not universal, as similar concentrations of LMP-420 do not suppress 

proliferation of the myeloma cell line OPM-2 (IC50 ~ 95 M) or the B-cell 

prolymphocytic leukemia lines JVM-2 (IC50 ~ 90 M) and JVM-13 (IC50 > 200 M).  

LMP-420 inhibition of primary leukemia and myeloma cell growth might occur at 

submicromolar doses, given the LMP-420 potency differences observed between 

monocyte cell lines and primary monocytes with respect to cytokine inhibition.  

Conversely, the potency difference between primary cells and cell lines may not hold 

with respect to LMP-420’s anti-tumor effects, particularly if its effects on cytokine 

expression and neoplastic cell growth suppression involve the targeting of different 

pathways.  The studies discussed in this dissertation indicate that LMP-420 does 

indeed have pro-apoptotic and anti-proliferative effects on primary chronic 

lymphocytic leukemia cells at submicromolar concentrations.   
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Figure 4: Inhibition of multiple myeloma cell line proliferation by LMP-420 

 

1.1.3 Transcription factors associated with LMP-420 targets 

LMP-420 affects expression of numerous inflammatory mediators, as 

discussed above.  We hypothesized that if LMP-420 affects transcriptional regulation 

of its target molecules, then a pattern would be observed in regulatory binding sites 

for these genes.  We utilized Gene Annotation Tool to Help Explain Relationships 

(GATHER) to query the TRANSFAC database for transcription factor binding sites 

common to the genes encoding these targets of LMP-420 [16, 17].  The results of 

this analysis are shown in Tables 1 and 2.  The data in these tables were augmented 

by publications demonstrating additional transcriptional regulators for these genes 

U266 (blue) or RPMI-8226 (red) cells were cultured at 25,000 cells/ml with the specified 
concentrations of LMP-420 or media control (final volume, 200 l) for 72 h.  [3H]-thymidine 

(0.5 Ci/well) was added for the last 8 h before cells were harvested onto glass-fiber filters.  

Incorporated radioactivity was determined by liquid scintillation spectrophotometry. 

Inhibition of proliferation was calculated relative to the media-treated control. Data are 
shown as mean ± SD.  Each condition was tested in quadruplicate. 
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that are not yet documented in TRANSFAC.  In response to the query, the GATHER 

tool calculated a Bayes factor to measure the strength of the evidence for the 

association between the gene list and a given transcription factor [16].  The p values 

in Tables 1 and 2 indicate the probability of obtaining the calculated Bayes factor for 

each transcription factor.  The low p values associated with NF-B in both the down- 

and up-regulated set of genes led to the hypothesis that the mechanism of action of 

LMP-420 involves the NF-B pathway.  A high degree of association with other 

transcription factors was also observed; however, NF-B is involved in regulating all 

but one known target of LMP-420 [18-37].   

 

Table 1: Transcription factors with binding sites in promoters of genes up-

regulated by LMP-420 

Gene NFB 

p=0.0006 

SMAD4 

p=0.002 

NF-E2 

p45 

p=0.002 

Oct-1 

p=0.002 

MAZR1 

p=0.004 

E12 

p=0.005 

AP-1 

p = 0.005 

G-CSF X X  X X  X 

IL-6 X X X X X X X 

SOCS-1  X   X X  

SOD1 X X X  X X  

SOD2 X X X  X X X 

 

 
Table 2: Transcription factors with binding sites in promoters of genes 

down-regulated by LMP-420 

Gene 
NFB 

p < 0.0001 

E2F 

p < 0.0001 

Oct-

1/Pou2f1 

p=0.0003 

Nrf2 

p=0.0006 

FREAC7 

p=0.001 

Lmo2 complex* 

p=0.002 

CCL2 X  X X  X 

CCL5 X   X X X 

CD40 X X   X  

CXCL10 X X  X X X 

CXCL11 X  X X X X 

CXCL9 X  X  X X 

ICAM-1 X X     

IFN- X   X X X 

IL-1 X  X   X 

IL-6 X X X X X X 

LT X   X X X 

RANKL X X X X X X 

TNF X X    X 

VCAM-1 X X X X X X 

*Lmo2 complex: Lmo2 bound to Tal-1, E2A proteins, and GATA-1, half-site 2 
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Notably, TNF itself stimulates the NF-B pathway [38, 39]; therefore, 

inhibition of TNF-mediated NF-B activity may cause or contribute to some 

downstream effects observed with LMP-420 treatment.  While this may be the case 

for a subset of affected molecules, several lines of evidence indicate that not all 

effects of LMP-420 are TNF-dependent.  First, exogenous TNF does not reverse the 

anti-proliferative effect of LMP-420 on multiple myeloma cell lines.  Second, mRNA 

inhibition of MCP-1 occurs within a similar timeframe as TNF, suggesting that this 

effect is not secondary to a decrease in TNF-induced NF-B activation.2  Finally, LMP-

420-mediated inhibition of IFN- is observed in -CD3-stimulated splenocytes from 

TNF-/- mice.  Thus, the activity of LMP-420 is not limited to inhibition of TNF and 

secondary effects resulting from decreased TNF-mediated signaling. 

1.2 Nuclear Factor-B (NF-B) Pathway 

Although the mechanism of action for LMP-420 has not yet been elucidated, 

the profile of its known targets indicates likely involvement of the NF-B pathway.  

Importantly, LMP-420 does not act as a general NF-B inhibitor, given that some 

transcriptional targets of NF-B are up-regulated, whereas many others are not 

affected by LMP-420.3  The genes regulated by the NF-B pathway are numerous and 

varied, including inflammatory mediators, regulators of apoptosis, transcription 

factors, cell-surface receptors, growth factors, and members of the NF-B pathway 

itself [40].  Given these functions of NF-B targets, it is not surprising that 

                                          

2 Transcription of other LMP-420 targets is relatively late, and therefore could be secondary to 
the effects on TNF.  Add-back experiments utilizing exogenous recombinant TNF and further 
studies in TNF knockout mice are planned to determine whether these other LMP-420 effects 

are direct or indirect. 
3 NF-B targets that are not affected by LMP-420 include IL-2, IL-8, IL-9, macrophage 

inflammatory protein-1b (MIP-1), eotaxin, and platelet-derived growth factor B chain (PDGF-

B). 
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inappropriate activation of the pathway is associated with tumorigenesis and many 

inflammatory diseases [41].   

NF-B signal transduction can be activated by more than 150 different 

signals, including TLR ligands, oxidative stress, and many cytokines, leading to 

transcriptional regulation mediated by members of the Rel Homology Domain (RHD)-

containing NF-B family [42, 43].  The five NF-B family members are p65 (RelA), 

RelB, c-Rel, p50/105 (NF-B1), and p52/p100 (NF-B2).  These proteins form 15 

various homodimers and heterodimers, with the p65/p50 heterodimer being the 

most abundant and considered the prototypical NF-B complex [40].  p65, RelB, and 

c-Rel contain a carboxy-terminal transactivation domain and therefore can activate 

transcription when bound to DNA at a B site through their amino-terminal RHD.  

The NF-B consensus sequence is 5’-GGGRNWYYCC-3’, where R = purine, N = any 

base, W = adenine or thymine, and Y = pyrimidine [44].  DNA-binding site 

specificities differ among the dimers and are affected by post-translational 

modifications, as well as interactions with co-activators and co-repressors [44-49].  

The DNA-binding specificity is complex: identical B sequences from different 

promoters are bound by different dimers, and B sites activated by the same dimer 

do not necessarily share common features [50].   

In the absence of stimulation, NF-B subunits are retained in the cytoplasm 

by their interaction with IB or IB-like proteins.  The two major NF-B pathways 

involve activation of an IB kinase (IKK) complex that phosphorylates IB proteins, 

tagging them for ubiquitination and degradation by the proteasome (Figure 5) [47].  

Proteolysis of IB releases NF-B dimers to enter the nucleus, where they regulate 

transcription.  In the canonical pathway, ligand binding to a cell surface receptor 

induces recruitment of an adaptor protein.  An IKK complex (consisting of IKK, 
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IKK, and two molecules NF-B-essential modulator [NEMO]) then binds the adaptor 

and becomes activated to phosphorylate IB.  The non-canonical pathway is 

triggered by receptor binding of a few select signals, leading to activation of NF-B-

inducing kinase (NIK), which consequently activates an IKK homodimer.  The IKK 

complex then phosphorylates p100, inducing degradation of its C-terminal IB-like 

domain to produce p52.  p52 dimerized with RelB can then translocate into the 

nucleus [47].   

This brief overview of NF-B signal transduction only hints at the complexity 

of the process.  The specific genes activated by this pathway in a given context are 

also influenced by cell type, the initiating signal, cross-talk with other pathways, 

post-translational modifications to pathway components, chromatin modeling, and 

interactions with additional regulatory proteins not discussed above [51]. Thus, if the 

mechanism of action of LMP-420 involves NF-B, many potential targets exist 

throughout the different arms of this pathway. 
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Figure 5: Overview of canonical and non-canonical NF-B pathways 

 

In both the canonical and non-canonical pathways, NF-B family members are sequestered 

in the cytoplasm by IB or IB-like proteins until the pathway is stimulated. The canonical 

pathway is initiated by ligand binding to a cell surface receptor, inducing adaptor proteins 
to bind intracellular domain(s) of the receptor. The IKK complex is recruited to the 
adaptors and becomes activated to phosphorylate IB.  Phosphorylated IB is targeted for 

degradation by the 26S proteasome, releasing NF-B dimers to translocate into the nucleus 

and activate transcription. The non-canonical pathway is activated by a small subset of 
signals that cause activation of NIK.  NIK activates an IKK complex consisting of an IKK 

homodimer.  This activated complex phosphorylates an IB-like domain in the C-terminal 

region of p100. Phosphorylation triggers proteolysis of the C-terminal domain of p100 to 
generate the active subunit, p52.  The p52/RelB dimer can then enter the nucleus and 
activate gene transcription.  Adapted by permission from Macmillan Publishers Ltd: 

Oncogene, copyright 2006 [47].  
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1.2.1 Post-translational modifications of p65 

 The p50/p65 heterodimer serves as the primary transcriptional activator of 

the canonical NF-B pathway, and its regulation extends beyond nuclear versus 

cytoplasmic localization.  The transactivation activity, DNA-binding specificity, and 

protein-protein interactions of p65 are intimately regulated through post-

translational modifications, including phosphorylation, acetylation, methylation, 

ubiquitination, and sumoylation.  These modifications play an integral role in the 

selectivity of NF-B-regulated transcriptional effects, which can vary by stimulus, cell 

type, and promoter-specific sequence [52].   

One widely studied post-translational modification of p65 is phosphorylation 

at serine 276 (S276).  The kinase mediating this phosphorylation is stimulus-

dependent.  For example, TNF and IL-1 induce S276 phosphorylation by mitogen- 

and stress-activated protein kinase-1 (MSK1), while LPS activates phosphorylation 

by protein kinase A (PKA) [53-55].  A subset of NF-B-regulated genes, including IL-

6 and IL-8, require S276 phosphorylation for transcriptional activation by p65.  S276 

phosphorylation increases p65 binding to the co-activator CBP/p300 [56], as well as 

to positive transcription elongation factor b (P-TEFb) [57].  Conversely, nuclear p65 

lacking phosphorylation at S276 binds to histone deacetylase-1 (HDAC-1), which 

represses NF-B-dependent transcription [58].  A second site in p65 that is 

frequently phosphorylated is serine 536 (S536).  TNF, IL-1, LPS, and numerous other 

stimuli activate S536 phosphorylation by IKK and several other kinases [59, 60].  

Similar to phosphorylation at S276, phosphorylation at S536 facilitates p65 

interaction with CBP/p300 and diminishes binding to a co-repressor—silencing 

mediator for retinoic acid receptor and thyroid hormone receptor (SMRT) [61, 62].  

Interestingly, p65 phosphorylation at distinct sites is required for transcription of 
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different genes, and some genes can be activated by hypo-phosphorylated p65 [63].  

This selectivity involves both phosphorylation-mediated effects on binding partners 

and p65 interaction with different B site DNA sequences. 

Phosphorylation status also mediates p65 acetylation, which imposes yet 

another layer of regulation on p65 activity.  For example, when S276 or S536 is 

phosphorylated, CBP acetylates lysine 310 (K310) on p65, leading to increased 

transactivation potential [61, 64].  Furthermore, histone acetylation by p300/CBP 

increases chromatin accessibility near the transcription factor complex, allowing 

increased gene transcription.  Lysine 221 (K221) acetylation by p300 strengthens 

p65 interactions with DNA and decreases p65 binding to IB, thus reducing IB-

mediated nuclear export of p65 and prolonging NF-B-dependent transcription [64]. 

Numerous other phosphorylation and acetylation sites have been identified in 

p65, and their biological effects are still being elucidated.  Importantly, constitutive 

phosphorylation and hyperacetylation of p65 have been implicated in many cancers, 

indicating a potential therapeutic target [52].  Given that many p65 post-

translational modifications influence the expression of only a subset of NF-B-

regulated genes, inhibiting these modifications would likely have fewer side effects 

than more general NF-B inhibitors.  Studies are ongoing to characterize which genes 

are regulated by the many modified versions of p65. 

1.3 B-Cell Chronic Lymphocytic Leukemia (CLL) 

CLL is the most common leukemia in the Western world, with a reported 

incidence of 3-5/100,000 in the United States [65].  Recent evidence suggests that 

the true incidence may be significantly higher than these cancer registry-based 

estimates [66, 67]. According to the most recent Surveillance Epidemiology and End 

Results (SEER) report from the National Cancer Institute, the lifetime CLL risk is 1 in 
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210 for people born in the United States today [68].  CLL is more prevalent in males 

than females (2:1), and most cases occur in people above 65 years of age (median 

age of 72 at diagnosis) [68-70].  Diagnosis of this disease is based on peripheral 

blood clonal B-cell lymphocytosis (> 5,000 B cells/L) [71].4  The malignant cells are 

characterized by cell surface expression of CD5, CD19, and CD23, as well as low 

surface levels of immunoglobulin, CD20, and CD79b [71-73].   

CLL patients are generally asymptomatic at diagnosis.  However, presenting 

symptoms can include fatigue, weight loss, swollen lymph nodes, fever, and infection 

[74].  As the disease progresses, patients are more likely to become symptomatic 

due to anemia and/or thrombocytopenia induced by bone marrow failure or 

autoimmune complications, such as autoimmune hemolytic anemia and immune 

thrombocytopenia [70, 75-77].  Infection is the most common complication 

associated with CLL, resulting both from disease-related impairments in immunity 

and treatment-associated immuno- and myelosuppression [71, 78-80].  CLL-related 

immune problems include hypogammaglobulinemia, decreased complement levels, 

and defects in the activity of T-cells, neutrophils, monocytes, and natural killer cells 

[76, 81-84].  Ultimately, the cause of death in CLL is often related to infection [76, 

80, 85-88]. 

1.3.1 CLL prognostic indicators 

Median survival of CLL patients varies widely from less than one to more than 

ten years post-diagnosis, indicative of the high biologic variability of this disease [89, 

90].  The Rai staging system divides patients into three risk groups based on 

physical exam characteristics and laboratory test values (Table 3) [71, 91].  Several 

                                          

4 By comparison, normal B-cell counts are below 410 cells/L for adults over 55 years of age, 

according to the Mayo Medical Laboratories reference values. 
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additional biomarkers provide further risk stratification, facilitating identification of 

early-stage patients more likely to experience disease progression [74, 92-94].  

Deletions on chromosomes 17p and/or 11q are associated with shorter overall 

survival, and patients with 17p deletion respond poorly to conventional 

chemotherapeutics [95-97].  The mutation status of the immunoglobulin heavy chain 

variable regions (IgVH) also has major prognostic significance, dividing CLL into two 

subgroups with distinct clinical courses [94, 96-98].  Unmutated IgVH corresponds 

with worse prognosis and polyreactivity of the B-cell receptor (BCR) to autoantigens.  

By contrast, mutated IgVH is associated with better prognosis and an oligo- or 

monoreactive BCR [93].  Mounting evidence suggests that the poor prognosis 

associated with unmutated IgVH is related to stronger BCR-mediated activation of 

downstream survival and proliferation signaling pathways, including IKK/NF-B, 

MEK/ERK, and PI3K/Akt [90, 99-103]. 

Due to the technical difficulty of ascertaining IgVH mutation status, CD38 and 

ZAP-70 expression levels have been proposed as surrogate markers for IgVH [94, 

98, 104-111].  Correlation among these three factors is variable; however ZAP-70 

and CD38 expression provide prognostic value independent of any association with 

IgVH mutation status.  For example, CD38 has been implicated in CLL cell 

proliferation [112], and both CD38 and ZAP-70 are involved in cell signaling 

pathways that affect leukemic cell survival [102, 106, 112-117].  Several laboratory 

parameters also have prognostic value, including lymphocyte doubling time (LDT) 

[118-121], absolute lymphocyte count (ALC) [121], serum 2-microglobulin (2M) 

[121-125], serum thymidine kinase 1 (TK1) [122, 126-128], and serum lactate 

dehydrogenase (LDH) [96, 118, 129].  A recently developed prognostic nomogram 

for previously untreated CLL patients indicates that increased age and number of 
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involved lymph node groups are also associated with poorer survival [121, 129].  

The commonly used prognostic factors for CLL are summarized in Table 4.  Clinical 

trials are ongoing to determine whether prognostic indicators aside from 17p deletion 

should influence therapeutic choices, including drug selection and timing of first 

treatment [94, 105, 130-133].  Current guidelines recommend treatment initiation 

when patients become symptomatic and/or exhibit progressive disease [71, 134]. 

 

Table 3: Rai staging system for CLL 

Stage Risk group Features 
Median 

survival 
(months) 

0 Low 
Blood and/or bone marrow 

lymphocytosis 
>120 

I Intermediate 
Lymphocytosis and enlarged lymph 

nodes 
108 

II Intermediate 
Lymphocytosis with enlarged liver and/or 

spleen 
94 

III High 
Lymphocytosis and anemia (hemoglobin 

< 11 g/dL) 
60 

IV High 
Lymphocytosis and thrombocytopenia 

(platelets < 100,000/l) 
60 

Adapted from [71, 91]. 
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Table 4: CLL prognostic indicators 

Unfavorable Favorable Ref. 

11q and/or 17p del 
13q del, normal karyotype, 

trisomy 12 

[95-97, 
105, 133, 
135, 136] 

Unmutated IgVH (> 98% 
homology to germline) 

Mutated IgVH (< 98% homology 
to germline) 

[94, 96-
98] [113] 

CD38 expression > 30% CD38 expression < 30% [113, 115] 

>20% ZAP-70-positive cells  <20% ZAP-70-positive cells  
[106, 107, 

137] 

LDT < 12 months LDT > 12 months [118-121] 

Serum 2M > 3.5 mg/L Serum 2M < 3.5 mg/L [121-125] 

ALC > 50,000 cells/L ALC < 50,000 cells/L [121]  

Age > 65 years Age < 65 years 
[121, 124, 

125] 

Male Female [121, 125] 

Involved lymph node groups > 3 Involved lymph node groups < 3 [121] 

Rai stage III or IV Rai stage 0, I, or II 
[71, 91] 
[121] 

Serum TK1 > 1.75 pM Serum TK1 < 1.75 pM 
[122, 126-

128] 

Elevated serum LDH Normal serum LDH 
[96, 118, 

129] 

 
 

1.3.2 Apoptotic resistance in CLL 

CLL is characterized by the clonal accumulation of mature B-lymphocytes.  

Most of the leukemic cells remain in the G0/G1 phase of the cell cycle [138-141], 

although recent studies demonstrate that a small subset (usually <1%) undergoes 

active proliferation [142, 143].  Nevertheless, the major cause for CLL cell accrual is 

increased cell longevity due to apoptotic resistance [140, 141].  Abnormal expression 
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of proteins from the Bcl-2 family [144]5 is promoted by signals from the 

microenvironment and plays a key role in this inappropriate cell death response 

[145].  In particular, CLL cells over-express the anti-apoptotic proteins Bcl-2 [141, 

146, 147] and Mcl-1 [148] relative to normal B-cells.  Loss of Bcl-2 regulation by the 

micro-RNAs miR-15 and miR-16 is likely responsible for over-expression of Bcl-2 

[149, 150].  Expression of these micro-RNAs is disrupted in more than 50% of CLL 

patients due to chromosomal translocations or deletions involving 13q14 [151]. 

Down-regulation of the micro-RNA miR-29, which normally acts as a negative 

regulator for Mcl-1, is implicated in increased Mcl-1 expression in CLL [152-154]. The 

physiologic relevance of elevated Bcl-2 and Mcl-1 in CLL is indicated by the following: 

higher Bcl-2 and Mcl-1 levels correlate with progressive disease [148, 155-157]; 

increased Bcl-2/Bax and Mcl-1/Bax ratios are associated with drug resistance [158-

161]; and inhibition of Bcl-2 and Mcl-1 in CLL cells induces apoptosis [162-164].  

Aberrant regulation of several oncogenic signaling pathways also contributes 

to CLL cell survival.  For example, constitutive activity of the phosphatidylinositol 3-

kinase (PI3K) and mitogen activated protein kinase (MAPK) pathways has been 

implicated in CLL cell survival [165-170].  The NF-B pathway has also received 

significant attention as both a prognostic indicator and therapeutic target in CLL due 

to its role in CLL biology [171].  CLL cells exhibit higher basal NF-B-DNA binding 

activity than normal B-lymphocytes [172, 173]. Furthermore, increased p65-DNA 

binding in CLL cells is associated with decreased sensitivity to chemotherapy [173] 

and shorter overall survival independent of other prognostic indicators [174].  As 

discussed earlier, transcriptional targets of NF-B are varied, and they include genes 

                                          

5 The Bcl-2 protein family in humans includes seven anti-apoptotic members (Bcl-2, Bcl-xL, 
Bcl-2, Mcl-1, Bcl2l10, Bfl-1, Bcl2l12) and six pro-apoptotic members (Bax, Bak, Bok, Bcl-G, 

Bcl-rambo, Bfk). 
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encoding numerous anti-apoptotic proteins, including Bcl-2, survivin, Bcl-xL, Bfl-1, 

and inhibitor of apoptosis proteins (IAP) [171, 174]. In addition to the apoptotic 

protection provided by constitutive NF-B activity, interaction with the 

microenvironment provides further stimulation of this pathway in CLL cells.  In vitro 

ligation of CD40 on CLL cells, mimicking interaction with CD40L on T-lymphocytes or 

other cells, causes up-regulation of NF-B activity and increased cell survival [172, 

175, 176].  Autocrine and paracrine6 signaling by B-cell-activating factor of tumor 

necrosis family (BAFF) and a proliferation-inducing ligand (APRIL) also promote CLL 

cell survival via NF-B activation [177-179].  In light of these findings and recent 

studies demonstrating pro-apoptotic activity for NF-B inhibitors on CLL cells, 

targeting this pathway likely has therapeutic potential for CLL [180-185]. 

1.3.3 Current CLL therapeutics 

Despite recent advances in CLL treatment, the disease remains curable only 

by stem cell transplantation [131, 186, 187].  Combination chemo-immunotherapy 

with fludarabine, cyclophosphamide, and rituximab (FCR) is currently recommended 

as initial therapy in CLL patients without co-morbidities [89].  This regimen combines 

drugs from three different mechanistic classes: a purine nucleoside analog 

(fludarabine), an alkylating agent (cyclophosphamide), and a monoclonal antibody 

against CD20 (rituximab).  A recent clinical trial reported 72% complete remission 

and 51% six-year failure-free survival with FCR in previously untreated patients 

[188].  Unfortunately, this therapy is associated with frequent infections due to the 

immuno- and myelosuppressive toxicities of these drugs [189].  Rates of high-grade 

neutropenia exceed 50% with FCR, and more than one-third of patients experience 

                                          

6 Nurse-like cells, which support CLL cell survival in vivo, secrete BAFF and APRIL. 
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infectious complications [188].  Several large prospective randomized controlled 

studies highlight the adverse impact of these toxicities, as they demonstrate no 

significant increase in overall patient survival despite disease response to therapy 

[190-192].  Retrospective comparisons with historical controls do suggest some 

survival benefit with fludarabine plus cyclophosphamide (FC) and FCR regimens 

[188, 193], as does one recent randomized control trial reporting increased survival 

with FCR over FC [194]. Importantly, clinical trial results are likely skewed towards 

lower toxicity than would be observed in the general CLL patient population, since 

younger patients with few or no co-morbidities are overrepresented in most studies 

due to selection criteria (average age 57-63, versus median age of 72 at CLL 

diagnosis) [195, 196]. 

Older patients frequently cannot complete fludarabine-based multidrug 

regimens due to toxicity [197-199].  For example, one study of CLL patients aged 70 

and older reported 65-82% Grade 3 or 4 myeloid toxicities and 11-48% Grade 3 or 4 

infections related to FC or FCR treatment [197].  Additionally, IV fludarabine cannot 

be safely administered to patients with poor renal function, and limited 

pharmacokinetic data exist for oral fludarabine in older patients [196, 200].  A recent 

clinical trial conducted by the German CLL study group indicates that single-agent 

fludarabine does not provide a survival benefit to patients older than 65 relative to 

the less toxic therapeutic chlorambucil (46 months with fludarabine, versus 64 

months with chlorambucil).  Unfortunately, even single-agent chlorambucil is 

associated with significant hematologic toxicity in this patient population (23% grade 

3 or 4 myelotoxicity with chlorambucil, as compared to 42% with fludarabine) [201].   

Bendamustine is a combined purine-like antimetabolite and alkylating agent  

that has recently been proposed as a more efficacious alternative to single-agent 
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chlorambucil in previously untreated patients [202].  Bendamustine was fairly well-

tolerated in this phase III trial, with infection and grade 3 or 4 hematologic toxicities 

of 8% and 23%, respectively.  However, a previous study of bendamustine in 

relapsed CLL patients reported grade 3 or 4 leukocytopenia in 50% of patients and 

severe infections in 44% [203].  Since clinical trials of bendamustine have been 

biased towards younger patients, it is unclear how well elderly CLL patients will 

tolerate this therapy as a single agent or in combination with other drugs [202-205].  

Based on clinical data available at this time, a need persists for effective therapies 

with reduced toxicity that can be used in patients whose tolerance of first-line 

regimens is limited due to advanced age and/or co-morbidities [132, 195, 206].  

Aside from toxicity issues, new therapies are also required for patients with 

relapsed CLL that is resistant to currently available purine analogs and alkylating 

agents [131, 187].  Repeated courses of the same treatments eventually lead to 

chemoresistance and poor prognosis in most cases [207].  Alemtuzumab, a 

humanized monoclonal antibody against the B- and T-cell antigen CD52, is the 

primary drug currently used to treat fludarabine-refractory CLL.  Unfortunately, this 

immunotherapy is associated with a high incidence of leukopenia and infection [186, 

208-212] with relatively short progression-free survival as salvage therapy [210, 

211].  CLL cases with bulky lymphadenopathy also generally fail to respond to 

alemtuzumab [211, 213].  Furthermore, effective treatment options do not exist for 

CLL that is resistant to both fludarabine and alemtuzumab [207, 214].  Alternative 

therapies that lack infection-related morbidity and mortality and act through different 

mechanisms are essential for patients resistant to available drugs [210, 215].   
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1.3.4 LMP-420 targets and CLL 

Given the necessity for new, less toxic drugs for CLL, we proposed to 

investigate the therapeutic potential of LMP-420 in this disease.  LMP-420 potently 

inhibits macrophage and lymphocyte production of TNF [1], a cytokine that has been 

widely implicated as an autocrine and paracrine factor with pro-growth and anti-

apoptotic effects in CLL [216-223].  Furthermore, CLL patients exhibit elevated 

serum TNF, which is associated with a worse prognosis [224-227].  Only two studies 

testing TNF antagonists in CLL patients have been reported, and both assessed the 

effect of etanercept, a recombinant soluble TNF receptor-2/IgG1 Fc fusion protein.  

First, a recent phase I/II clinical trial with 36 enrolled patients indicated that 

etanercept in combination with rituximab has therapeutic potential for relapsed CLL 

[228].  In the second report, eight patients with refractory CLL were treated with 

etanercept as a single agent [229].  Only one patient (12.5%) responded to the 

therapy, and no grade 3 or 4 adverse events were observed.  Given the small size of 

these studies and the poor prognosis of the patient populations, it is difficult to draw 

conclusions from them about the therapeutic potential of TNF inhibition in CLL. 

In addition to TNF, LMP-420 inhibits other molecules that have been 

implicated in CLL survival.  CD40, VCAM-1, and IFN- have been reported to have 

pro-proliferative and/or anti-apoptotic effects on CLL cells [117, 230-235].  Since 

LMP-420 down-regulates these cytokines and cell surface receptors, we hypothesized 

that LMP-420 would be cytotoxic/cytostatic to CLL cells.  In addition, based on 

preliminary studies on normal PBMC, we predicted that LMP-420 would be less toxic 

to normal hematopoietic cells than currently accepted CLL therapeutics. 
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1.4 Research Objectives 

The overall goal of this work was to determine if LMP-420 could inhibit the 

survival of human CLL cells, and thus be a potential new therapeutic for CLL.  Based 

on preliminary results which suggested this to be the case, we sought to determine 

the mechanism through which LMP-420 achieves its selective cytotoxicity to these 

malignant cells, sparing normal hematopoietic cells.  The approaches employed to 

establish the effects of LMP-420 on CLL cells and normal PBMC, and to begin to 

elucidate its mechanism(s) of action, are described within the following experimental 

objectives: 

 

Aim 1. Evaluate the effects of LMP-420 on CLL cells, alone and in 

combination with accepted therapeutics. To achieve this Aim we sought to do 

the following: (a) characterize the effect of LMP-420 treatment on primary CLL cell 

viability and proliferation; (b) assess the effect of LMP-420 on proteins involved in 

CLL cell survival; (c) determine whether exogenous TNF reverses cytotoxic effect of 

LMP-420 on CLL cells; (d) correlate CLL sample sensitivity to LMP-420 with patient 

characteristics; and (e) demonstrate potentiation of fludarabine cytotoxicity to CLL 

cells with addition of LMP-420. 

 

Aim 2. Evaluate the effects of LMP-420 on normal hematopoietic cells. To 

achieve this Aim we sought to do the following: (a) characterize the effect of LMP-

420 treatment on normal monocyte and lymphocyte viability; (b) demonstrate 

decreased toxicity of LMP-420 to normal hematopoietic cells, relative to accepted CLL 

therapeutics; (c) characterize the effect of LMP-420 treatment on mitogen-induced 
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proliferation of peripheral blood mononuclear cells; and (d) determine the effect of 

LMP-420 on normal hematopoietic stem cell colony formation. 

 

Aim 3. Determine whether LMP-420 elicits its activities through effects on 

the canonical NF-B pathway in normal hematopoietic cells and CLL cells. To 

achieve this Aim we sought to do the following: (a) assess the effect of LMP-420 on 

p50 and p65 nuclear translocation; (b) characterize the effect of LMP-420 on p65 

post-translational modifications; (c) determine whether LMP-420 affects NF-B 

binding to DNA; and (d) identify new or absent binding partners of p65 in cells 

treated with LMP-420.
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2. Experimental Procedures 

2.1 Methods for analysis of CLL cell responses to LMP-420 and 

other chemotherapeutic agents 

2.1.1 Patient selection and CLL cell processing 

CLL patients from the Duke University and Durham Veterans Affairs Medical 

Centers were enrolled in Institutional Review Board-approved research protocols to 

collect clinical data and peripheral blood. Enrolled patients had confirmed diagnoses 

of CD5+ B-cell CLL. Patients signed informed consent prior to phlebotomy in 

accordance with the Declaration of Helsinki.  Clinical data were obtained by chart 

review. 

CLL cells were purified from heparin-anticoagulated venous blood by methods 

described previously [118]. Briefly, CLL cells were isolated from whole blood using 

the RosetteSep B-cell enrichment cocktail (Stem Cell Technologies, Vancouver, BC, 

Canada) together with Ficoll density gradient centrifugation.  This method yielded 

CLL cell purity of greater than 95% CD5+CD19+ B-cells.  Various prognostic markers 

including IgVH mutation status, CD38 and zeta-chain-associated protein-70 (ZAP-70) 

expression, and interphase cytogenetics were measured as described previously 

[118].  17p13 deletion and/or 11q22 deletion were considered poor risk cytogenetic 

subgroups, while normal karyotype, 13q14 deletion, or trisomy 12 were considered 

favorable cytogenetic subgroups. 

Cells were cultured at 37°C with 5% CO2 in either Hybridoma serum-free 

media (SFM) (GIBCO/Invitrogen; Carlsbad, CA) with 10% heat-inactivated fetal 

bovine serum (FBS) (Atlanta Biologicals; Lawrenceville, GA)  or RPMI 1640 medium 

(Sigma-Aldrich [Sigma]; St. Louis, MO) supplemented with 5% heat-inactivated 

human AB serum (Sigma), 50 units/ml penicillin, 50 g/ml streptomycin, 2 mM L-
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glutamine, 25 mM HEPES, 100 M MEM non-essential amino acids, and 1 mM sodium 

pyruvate (GIBCO/Invitrogen).  CLL cell sensitivity to LMP-420 was not affected by 

media. 

2.1.2 Drugs 

LMP-420 was synthesized to 96-98% purity by Scynexis, Inc. (Durham, NC) 

under a Material Transfer Agreement between Duke University and LeukoMed, Inc. 

(Raleigh, NC). 4-hydroperoxycyclophosphamide (4-HC) was synthesized by Eno 

Research & Development, Inc. (Hillsborough, NC).  4-HC is a synthetic, pre-oxidized 

compound that converts in aqueous solution to 4-hydroxycyclophosphamide, the 

active metabolite of cyclophosphamide.  Chlorambucil, 2-chloro-2’-deoxyadenosine 

(cladribine), bendamustine, 2-fluoroadenine-9-β-D-arabinofuranoside (fludarabine), 

and staurosporine were purchased from Sigma.  2-fluoroadenine-9-β-D-

arabinofuranoside is the active nucleoside metabolite of the chemotherapeutic 

prodrug fludarabine phosphate.  Fludarabine phosphate becomes rapidly 

dephosphorylated in plasma, enters the cell as a nucleoside, and accumulates 

intracellularly as triphosphate nucleotide [236, 237].    

LMP-420 was stored as a 25 mM stock solution in 5% sorbitol (pH 8.5-9.0) at 

4C.  Stock solutions of 164 mM chlorambucil in ethanol, 70 mM fludarabine in 

DMSO, and 70 mM cladribine in DMSO were stored at -20C and diluted with media 

immediately before cell treatment.  Due to their instability in solution, stock solutions 

of bendamustine and 4-HC were prepared fresh in sterile distilled water for each 

experiment at concentrations of 13 mM and 143 mM, respectively.  For experiments 

involving 4-HC, 96-well plates were sealed with plate sealing tape to prevent cross-

contamination of neighboring wells with chloroethylaziridine, which is a volatile 

cytotoxic metabolite formed from decomposition of 4-HC [238]. 
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2.1.3 MTS assay 

CLL cells were incubated in triplicate or quadruplicate at 2 x 106 cells/ml in 

96-well tissue culture plates (Costar; Corning, NY) with serial dilutions of LMP-420, 

fludarabine, 4-HC, cladribine, bendamustine, or vehicle control in Hybridoma SFM 

containing 10% heat-inactivated FBS at 37°C with 5% CO2.  After 72 hours, 20 l 

CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega; Madison, WI) 

MTS (3-(4,5 dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-

2H-tetrazolium) reagent was added to each well and the absorbance was read at  

490 nm on a Thermomax microplate reader (Molecular Devices; Sunnyvale, CA).  

Fractional cytotoxicity was calculated as reported previously [239], comparing 

absorbance (A490) from treated cells to control cells incubated with media alone. 

The concentration effective at killing 50% of CLL cells compared to media 

alone (ED50) was calculated when 50% fractional cytotoxicity occurred within the 

range of serial dilutions tested [239].  For cases in which more than one sample from 

a given patient was tested at different times, the ED50 values were averaged across 

repeat samples. 

2.1.4 Annexin V apoptosis assay 

CLL cells were cultured at 2 x 106 cells/ml in a volume of 100 l/well in U-

bottom 96-well tissue culture plates (BD Biosciences; San Jose, CA) with either 

vehicle control or drug.  After 24, 48, 72, or 96 hours of treatment, 100 l of Guava 

Nexin Reagent (Millipore; Billerica, MA) was added to each well and cells incubated 

for 20 minutes at room temperature in the dark.  Cells were analyzed for annexin V-

PE and 7-AAD staining with flow cytometric analysis (2,000 events collected/sample) 

by the Guava EasyCyteTM Plus system (Millipore).  To facilitate comparison of 

samples with different levels of spontaneous apoptosis (range 9.5 to 87.1% at 72 



 

29 

hours, median 30.8%), drug-specific apoptosis is reported.  Drug-specific apoptosis 

excludes background spontaneous apoptosis and was calculated as follows [240]: 

100% x (drug-induced apoptosis  spontaneous apoptosis)/(100  spontaneous 

apoptosis).  

For washout experiments testing the effect of incubation time with LMP-420 

on apoptosis, CLL cells from two patients were cultured at 2 x 106 cells/ml in a 

volume of 500 l in polypropylene tubes (BD Biosciences) in the presence or absence 

of LMP-420.  After a 2-, 6-, or 24-hour incubation with LMP-420, cells were washed 

twice with 3.5 ml media, then resuspended in 500 l media without LMP-420, and 

plated in a volume of 100 l/well in U-bottom 96-well plates for annexin V assay as 

described above. 

2.1.5 Caspase 3/7 assay 

Apoptosis-associated activation of effector caspases 3 and 7 was measured by 

Caspase-Glo 3/7 Assay, according to the manufacturer’s protocol (Promega).  

Briefly, CLL cells were cultured in triplicate at 2 x 106 cells/ml in a volume of        

100 l/well in white-walled, clear-bottom 96-well tissue culture plates (Research 

Products International Corporation; Mt. Prospect, IL) with vehicle control, serial 

dilutions of drug, or staurosporine (positive control). After 24, 48, or 72 hours of 

treatment, 100 l Caspase-Glo Reagent was added to each well and mixed for 30 

seconds on plate shaker.  After 30-minute incubation at room temperature, 

luminescence was measured on a Thermo Luminoskan Ascent microplate reader 

(Thermo Scientific; Waltham, MA).  

2.1.6 Cell death ELISA 

Cells were cultured in triplicate at 2 x 106 cells/ml in a volume of 100 l/well 

in 96-well tissue culture plates (Costar) with vehicle control, serial dilutions of drug, 
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or staurosporine (positive control).  After 72 hours, cells were transferred to a V-

bottom plate (Costar) and centrifuged for 5 minutes at 200 x g.  Culture 

supernatants were transferred to a second 96-well plate for separate analysis from 

cell lysates. Cell pellets were resuspended in 200 l lysis buffer from the Cell Death 

Detection ELISAPlus kit (Roche Applied Science; Indianapolis, IN) and incubated for 30 

minutes at room temperature.  Cell culture supernatants and cell lysates were 

assayed for histone-associated DNA fragments according to the manufacturer’s 

protocol.  Absorbance was read at 405 nm on a Thermomax microplate reader 

(Molecular Devices), and nucleosome enrichment was calculated as Absorbance405 

drug-treated/Absorbance405 control sample.  Nucleosomes in the lysate indicated 

intact cells undergoing apoptosis, whereas nucleosomes in the supernatant 

corresponded to release from cells that had a compromised membrane due to non-

apoptotic cell death or secondary necrosis [241].   

2.1.7 Flow cytometric analysis of cell surface and intracellular 
antigens 

CLL cells were cultured at 2 x 106 cells/ml in Hybridoma SFM with 10% FBS in 

6-well tissue culture plates (BD Biosciences).  After 72 hours of treatment with 

vehicle control or drug, cells were harvested by gentle scraping and washed twice 

with 8 ml Hanks Balanced Salt Solution (HBSS). Staining with antibodies was 

performed at 4C. For cell surface staining, FITC-conjugated CD40 mouse IgG1 

antibody (BD Pharmingen 555588), PE-conjugated CD184/CXCR4 mouse IgG2a 

antibody (BD Pharmingen 555974), FITC-conjugated mouse IgG1 kappa isotype 

control (BD Pharmingen 555748), or PE-conjugated mouse IgG2a kappa isotype 

control (BD Pharmingen 555574) were used.  For internal staining, cells were fixed at 

4 x 107 cells/ml in 250 l Cytofix/CytopermTM solution (BD Biosciences) for 20 min at 
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4C.  Washing (2 ml/tube, twice) and staining were then performed in Perm/Wash 

buffer (BD Biosciences), with 30-minute incubation for both primary and secondary 

antibodies.  Internal staining was performed with the following primary antibodies: 

Bcl-2 (SC-509), Bcl-xL (SC-8392), Mcl-1 (SC-819) (Santa Cruz Biotechnology, Santa 

Cruz, CA), XIAP (610762, BD Biosciences), and isotype control antibodies (Sigma). 

PE-labeled donkey anti-mouse F(ab’)2 (eBioscience, San Diego, CA) and FITC-labeled 

goat anti-rabbit IgG (ABD Serotec; Raleigh, NC) were used as secondary antibodies.  

Samples were analyzed by the Guava EasyCyteTM Plus system, collecting 10,000 

events per sample.  Expression was measured as geometric mean fluorescence 

intensity, subtracting out isotype control staining.  Analysis of flow cytometric data 

was performed utilizing FlowJo (Tree Star, Inc.; Ashland, OR) software. 

2.1.8 [3H]-Thymidine proliferation assay 

CLL cells (2 x 105 cells/well) were cultured in quadruplicate in a volume of 

200 l in 96-well tissue culture plates for 96 hours in the presence or absence of 

drug with 1 M CpG-oligodeoxynucleotide (ODN) DSP30 [242] (Midland Certified 

Reagent Company, Midland, TX) and 100 units/ml recombinant human IL-2 (R&D 

Systems, Minneapolis, MN).  As controls, cells were treated with media without 

DSP30/IL-2.  Cells were incubated with 0.5 Ci/well [methyl-3H]-thymidine (6.7 

Ci/mmol; PerkinElmer; Waltham, MA) for 14-18 hours prior to harvesting onto glass-

fiber filters using a semi-automated cell harvester.  [3H]-thymidine incorporation was 

measured as counts per minute (cpm) using a Tri-Carb 2100 timed-resolved liquid 

scintillation spectrophotometer (PerkinElmer). 

2.1.9 Cytotoxicity assays in presence of exogenous cytokines 

Recombinant human TNF (R&D Systems) was reconstituted in sterile PBS 

containing 0.1% bovine serum albumin (BSA).  CLL cells were incubated with or 
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without LMP-420 in the presence of TNF (1, 25, or 50 ng/ml).  After 72 hours, 

cytotoxicity was assessed by MTS and/or annexin V assay as described above. 

2.1.10 Gene expression experiments and analysis 

CLL cells (2.5 x 107 cells) were cultured in Hybridoma SFM with 10% FBS with 

or without 2 M LMP-420 in 100 x 20 mm tissue culture dishes (BD Biosciences).  

After 24 hours, cells were harvested, washed twice with cold Dulbecco’s Phosphate-

Buffered Saline (PBS, Sigma), pelleted, and stored at -80C.  Total RNA was 

extracted from cell pellets using Qiashredder and RNeasy Mini columns (Qiagen; 

Valencia, CA).  RNA concentration and quality were assessed using a Nanodrop 

spectrophotometer (Thermo Scientific) and an Agilent 2100 Bioanalyzer (Agilent 

Technologies; Santa Clara, CA). 

RNA samples were prepared and hybridized to U133Plus 2.0 GeneChips 

(Affymetrix, Santa Clara, CA) according to the manufacturer’s instructions.  All 

analyses were performed in minimal information about a microarray experiment 

(MIAME) compliant fashion.  Genomic data are archived in the Gene Expression 

Omnibus (GEO #GSE20211).  Raw data were processed using the Robust Multi-array 

Average (RMA) algorithm, and underwent subsequent normalization using ComBat 

software to eliminate batch effect [243].  Probe expression from control and LMP-

420-treated cells were compared using the Wilcoxon signed-rank test, with a p-value 

cut-off of less than 0.001 and a Benjamini-Hochberg false discovery rate of <0.05.  

These analyses were performed using R version 2.7.1. 

Cellular pathway induction or repression by LMP-420 treatment was assessed 

using gene ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway terms, using GATHER [244].  Terms with Bayes factors greater than 

or equal to three were considered significantly enriched.  Predictions of genomic 
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signatures of pathway deregulation were evaluated with the binreg algorithm using 

Matlab (MathWorks, Novi, MI) [245].  Pathway signatures for TNF and interferon-

alpha (IFN-) were generated using datasets found at GEO repository numbers 

GSE2638/2639 and GSE3920, respectively. 

2.1.11 Statistics 

Continuous variables were compared using the non-parametric Wilcoxon 

rank-sum test (Mann-Whitney U test).  Paired Wilcoxon signed-rank testing was 

performed when appropriate.  The non-parametric Friedman test with Dunn multiple 

comparison post-hoc test was used for one-way and two-way repeated measures 

analysis among multiple treatment groups of paired samples. The non-parametric 

Kruskal-Wallis test was used for comparison of multiple treatment groups of non-

paired samples. The Spearman’s rank correlation coefficient () was calculated to 

assess the degree of association between continuous prognostic indicators and the 

ED50 of LMP-420.  These data were fitted with non-linear regression analysis using 

the log-log line equation (y = 10slope*log(X)+Yintercept). A significance level of less than 

0.05 was considered statistically significant.  All reported p values are two-tailed. 

2.2 Methods for analysis of normal hematopoietic cell 
responses to LMP-420 and other chemotherapeutic agents 

2.2.1 PBMC isolation and culture 

Healthy volunteers were enrolled in an Institutional Review Board-approved 

research protocol to collect peripheral blood.  Subjects signed informed consent prior 

to phlebotomy in accordance with the Declaration of Helsinki.  Normal PBMC were 

isolated from venous blood anticoagulated by acid citrate-dextrose (ACD) solution 

(Sigma).  Blood was diluted 1:1 with sterile 0.9% sodium chloride (normal saline; 

Hospira, Inc., Lake Forest, IL), then layered on an equal volume of Histopaque-
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1077 (Sigma).  After a 40-minute centrifugation at 410 x g at room temperature, 

buffy coat was removed and washed twice with sterile saline.  Cells were cultured at 

37°C with 5% CO2 in RPMI with 5% human AB serum, 50 units/ml penicillin, 50 

g/ml streptomycin, 2 mM L-glutamine, 25 mM HEPES, 100 M MEM non-essential 

amino acids, and 1 mM sodium pyruvate. 

2.2.2 MTS assay 

PBMC from healthy donors were incubated at 2 x 106 cells/ml in quadruplicate 

in 96-well tissue culture plates with serial dilutions of LMP-420, fludarabine (+/- 

LMP-420), 4-HC, chlorambucil, cladribine, or bendamustine.  MTS assay was 

performed as described above in section 2.1.3. 

2.2.3 Annexin V apoptosis assay 

PBMC were cultured at 2 x 106 cells/ml in a 12-well tissue culture plate.  Cells 

were treated with vehicle control or drug for 24, 48, or 72 hours.  Cells were 

harvested by gentle scraping and washed twice with 8 ml ice-cold HBSS. PBMC were 

resuspended at 2 x 105 cells/tube in 100 l ice-cold buffer (HBSS, 0.5% bovine 

serum albumin, 0.1% sodium azide) and incubated for 30 minutes with FITC-

conjugated CD3 mouse IgG2a antibody (BD Pharmingen 555339) or PE-Cy7-

conjugated CD19 mouse IgG1 antibody at 4C according to the manufacturer’s 

protocol (BD Biosciences).  Staining with FITC-conjugated mouse IgG2a (BD 

Pharmingen 555573) and PE-Cy7-conjugated mouse IgG1 (BD Pharmingen 557872) 

isotype controls were also performed.  Cells were then incubated with PE-annexin V 

and 7-AAD (BD Biosciences) in annexin V binding buffer (BD Biosciences) for 15 

minutes prior to analysis on the Guava EasyCyteTM Plus system.   
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2.2.4 Mitogen-induced [3H]-thymidine proliferation assay 

PBMC (1 x 106 cells/ml) were cultured in quadruplicate in a volume of 200 l 

in 96-well tissue culture plates for 96 hours in media alone or containing one of the 

following mitogens: 10 g/ml Phytohemagglutinin-P (PHA; Sigma), 5 g/ml 

concanavalin A (ConA; Sigma), 2 g/ml pokeweed mitogen (PWM; Sigma), 25 ng/ml 

muromonab-CD3 (-CD3; Ortho Pharmaceuticals; Raritan, NJ), or 50 ng/ml phorbol 

myristate acetate (PMA; Sigma) plus 1 g/ml ionomycin (iono; Sigma).  For the final 

14-18 hours of treatment, cells were incubated with 0.5 Ci/well [methyl-3H]-

thymidine added in a volume of 50 l.  Cells were harvested and [3H]-thymidine 

incorporation into DNA measured as described above in section 2.1.8. 

2.2.5 Colony formation assay 

CD34+ hematopoietic progenitor cells were isolated from PBMC from two 

healthy donors using the CD34 Microbead Kit (Miltenyi Biotec; Auburn, CA) according 

to the manufacturer’s protocol.  CD34+-enriched cells were cultured on a 35 mm 

culture plate (1,000 cells/plate) with or without LMP-420 or fludarabine in 1.1 ml 

Human Methylcellulose Complete Media (R&D Systems) according to the 

manufacturer’s protocol.  Plates were incubated without disturbance for 14 days at 

37C in humidified 5% CO2.  Each treatment group was tested in triplicate.  Colonies 

on each plate were scored by two independent observers, blinded to the treatment 

groups, by microscopic evaluation under 10X and 20X power.  Colonies were 

categorized as being of either erythroid or myeloid lineage. 

2.2.6 Statistics 

Continuous variables were compared using the non-parametric Wilcoxon 

rank-sum test (Mann-Whitney U test).  Paired Wilcoxon signed-rank testing was 
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performed when appropriate.  The non-parametric Friedman test with Dunn multiple 

comparison post-hoc test was used for one-way repeated measures analysis among 

multiple treatment groups of paired samples.  The non-parametric Kruskal-Wallis 

test was used for comparison of multiple treatment groups of non-paired samples.  

All reported p values are two-tailed. 

2.3 Methods for mechanistic studies of LMP-420 and its analogs 

2.3.1 Drugs 

 LMP-240 and LMP-240-OH were synthesized and purified (>99% purity) by 

Dr. David Gooden at the Duke University Small Molecule Synthesis Facility (Figure 

6).  These molecules were not soluble in sorbitol and were therefore reconstituted in 

DMSO at a stock concentration of 100 mM.  Drug aliquots were stored at -20C and 

thawed immediately prior to treatment.  For comparative studies with its analogs, 

LMP-420 was also reconstituted in DMSO.  Vehicle does not affect LMP-420 activity.  

Bortezomib (Selleck Chemicals; Houston, TX) was utilized as a positive control NF-B 

inhibitor. 

 

Figure 6: Chemical structure of the LMP-420 analogs without boronic acid 

 

2.3.2 Whole blood treatment 

Venous blood from three healthy volunteers enrolled in an Institutional 

Review Board-approved study was collected into 10 ml BD Vacutainer® Heparin 
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Tubes (BD Biosciences).  Blood was aliquotted (550 l blood/tube) into 2 ml sterile 

Biopur Safe-Lock microcentrifuge tubes (Eppendorf; Hauppauge, NY), pre-treated for 

2 hours with serial dilutions of LMP-420 (diluted in saline, 25 l/tube) or vehicle 

control, and rotated at 37°C with 5% CO2.  Saline or S. typhosa LPS (diluted in 

saline, 25 l/tube) at a final concentration of 10 ng/ml was added to the samples and 

tubes were returned to the incubator and rotated.  After 7 hours, samples were 

retrieved, plasma recovered, and TNF levels measured by ELISA (R&D Systems). 

2.3.3 Murine peritoneal macrophage isolation 

Female C57BL/6 mice were obtained from Charles River Laboratories 

(Raleigh, NC) and housed in the CRII Duke University housing facility, which is 

approved by the Association for Assessment and Accreditation of Laboratory Animal 

Care International.  Experiments were conducted under an Institutional Animal Care 

and Use Committee-approved protocol.  Mice were injected intraperitoneally with     

1 ml 4% thioglycollate medium (TG; Difco Laboratories; Detroit, MI).  The mice were 

sacrificed after four days, and TG-elicited peritoneal macrophages were harvested by 

peritoneal lavage (two washes with 10 ml ice-cold PBS containing 0.1% BSA and 10 

units/ml heparin).  Cells were washed once in PBS, then cultured at 37°C with 5% 

CO2 in complete media (RPMI with 10% FBS, 50 units/ml penicillin, 50 g/ml 

streptomycin, and 2 mM L-glutamine).  Cells were allowed to adhere for two hours, 

then non-adherent cells were washed off with serum-free RPMI, and adherent cells 

were treated in complete media. 

2.3.4 Cytokine/chemokine ELISAs 

Normal human PBMC or murine macrophages were cultured in quadruplicate 

at 106 cells/ml in 96-well tissue culture plates.  Cells were pre-incubated with serial 

dilutions of LMP-420, then stimulated for 16-20 hours with 1 g/ml LPS.  Salmonella 
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typhosa and Escherichia coli O111:B4 LPS were used for human and mouse cell 

studies, respectively.  After treatment, cells were pelleted in 96-well V bottom plates 

and supernatants were harvested.  Supernatants were stored at -20C prior to 

quantification of TNF and MCP-1 by DuoSet ELISA kits (R&D Systems) according to 

manufacturer’s protocol. 

2.3.5 Cell treatment and lysate preparation 

Human PBMC and murine TG-elicited macrophages were cultured in vented 

Nunclon 150 x 20 mm cell culture dishes (Thermo Scientific).  An untreated 

aliquot of PBMC from each sample were stained with CD14 APC-conjugated mouse 

IgG2a antibody or isotype control (BD Pharmingen) and assessed by flow cytometry 

to determine the percentage of monocytes present in each sample (range 5%  

25%).  Cells were pre-treated with LMP-420 for 2 hours prior to addition of LPS.  

After LPS stimulation for 45 minutes, cells were harvested by gentle scraping and 

washed twice with ice-cold sterile PBS.  For preparation of whole cell lysates, cells 

were incubated on ice for 5 minutes in RIPA buffer (50 mM Tris-HCl pH 8, 150 mM 

NaCl, 1% IGE-PAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS) to which Halt 

Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific), 1 mM 

phenylmethanesulfonyl fluoride (PMSF; Sigma), and benzonase (Sigma) were added 

immediately before cell lysis.  Lysates were centrifuged for 5 min at 16,000 x g at 

4C.  Supernatants were aliquotted and stored at -80C. 

Nuclear and cytosolic lysates were prepared utilizing a modified version of the 

Schreiber protocol [246].  Cells were resuspended by pipetting up and down 30 

times in ice-cold Buffer A [10 mM HEPES (pH 7.2-7.5), 1.5 mM MgCl2, 10 mM KCl, 

0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 1 mM PMSF, Halt Protease and 

Phosphatase Inhibitor Cocktail].  After a 20-minute incubation on ice in hypotonic 
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Buffer A, IGEPAL-CA-630 was added to a final concentration of 0.65% (v/v %) and 

samples were vortexed for 30 seconds on high setting. Lysates were centrifuged for 

5 minutes at 2,000 x g at 4C, supernatants transferred to pre-chilled tubes, and 

aliquots flash-frozen in liquid nitrogen prior to storage at -80C.  The nuclear pellet 

was washed once in Buffer A, resuspended in Buffer C [20 mM HEPES (pH 7.2-7.5), 

20% glycerol, 420 mM NaCl, 1.5 mM MgCl2,
 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 

mM PMSF, Halt Protease and Phosphatase Inhibitor Cocktail], and extracted for 30 

minutes at 4C on a plate shaker set at maximal agitation.  Centrifugation for 10 

minutes at 14,000 x g was performed to remove insoluble debris.  Supernatants 

were harvested and aliquots flash-frozen in liquid nitrogen prior to storage at -80C.  

Nuclear extract purity was confirmed by western blotting with an antibody against 

the cytoplasmic protein tubulin.  

Protein concentrations of whole cell lysates were determined by Micro BCA 

(Thermo Scientific) protein assay, according to manufacturer’s protocol utilizing 

known concentrations of BSA as a standard.  Due to buffer incompatibilities with the 

BCA assay, protein concentrations of nuclear and cytoplasmic lysates were 

determined by Coomassie (Bradford) protein assay (Thermo Scientific), according to 

manufacturer’s micro microplate protocol utilizing known concentrations of BSA as a 

standard. 

2.3.6 Western blot analysis 

NuPAGE® LDS sample buffer (Invitrogen) containing 710 mM -

mercaptoethanol was added to each sample in at least 1:5 proportion.  Samples 

contained equal amounts of protein as determined by protein assay and were boiled 

for 5 minutes on a heat block prior to loading.  Samples and Precision Plus Protein 

Standards (Bio-Rad; Hercules, CA) were electrophoresed on NuPAGE® Novex 10% 
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Bis-Tris gels (1.0 mm thick, 10- or 12-well; Invitrogen) in MOPS SDS running buffer 

in an XCell SurelockTM Mini-Cell (Invitrogen).  Prior to transfer, gels were incubated 

for at least 10 minutes in transfer buffer (Tris-glycine buffer containing 10% 

methanol) at 4C.  Proteins were then transferred to nitrocellulose (0.22 m pore 

size, internally supported nitrocellulose membrane; General Electric Osmonics; 

Minnetonka, MN) for 1 hour at 100 V utilizing a mini-PROTEAN II cell (Bio-Rad) in 

transfer buffer.  For gels containing nuclear extract samples, proteins were 

transferred to nitrocellulose overnight at 30 V at 4C for improved transfer of high 

molecular weight proteins such as nucleolin (loading control). 

Membranes were incubated in Blocking Buffer for Fluorescent Western 

Blotting (Rockland Immunochemicals Inc.; Gilbertsville, PA) on a rocking platform for 

at least 30 minutes at room temperature, then incubated in primary antibody diluted 

in blocking buffer overnight on a rocking platform in the cold room.  Membranes 

were washed five times in Tris-Buffered Saline Tween-20 (TBST; TBS with 0.1% 

Tween-20) for at least 5 minutes/wash, then incubated for 1 hour in secondary 

antibody diluted 1:10,000 in blocking buffer containing 0.01% SDS on a rocking 

platform at room temperature.  Membranes were washed five times in TBST for at 

least 5 minutes/wash, and then rinsed twice in TBS.  Proteins were detected using 

the 700 nm and/or 800 nm filters and membrane preset on the Odyssey® Infrared 

Imaging System (LI-COR Biosciences; Lincoln, NE).  Densitometric analysis of bands 

was performed utilizing Odyssey® Application software (LI-COR). 

The following primary antibodies were utilized for western blotting: phospho-

Ser-276-p65 (1:1000; #ab30623, Abcam), phospho-Ser-536-p65 (1:1000; #3033, 

Cell Signaling Technology), phospho-Ser-468-p65 (1:1000; #3039, Cell Signaling 

Technology),  p65 (1:1000; sc-8008, Santa Cruz), actin (1:1000; sc-8432, Santa 
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Cruz), NFB1 p105/p50 (1:1000; #3035, Cell Signaling Technology), nucleolin 

(1:1000; #39541, Active Motif; Carlsbad, CA), acetylated lysine (1:1000; #9681, 

Cell Signaling Technology), and  tubulin (1:1000; sc-8035, Santa Cruz).  The 

secondary antibodies utilized for western blotting were AlexaFluor® 680 labeled goat-

anti-rabbit F(ab’)2 (1:10,000; Invitrogen, A21077) and DyLight 800 labeled goat 

anti-mouse F(ab’)2 (1:10,000; KPL, Inc.; Gaithersburg, MD). 

2.3.7 p65 DNA-binding ELISA 

p65 binding to the consensus NF-B site 5’-GGGACTTTCC-3’ was quantified by 

TransAM™ NFB Chemi ELISA (Active Motif) according to manufacturer’s protocol 

utilizing buffers and antibodies included in the kit.  30 l Complete Binding Buffer 

containing 10 ng/l herring sperm DNA and 2 mM DTT was added to each well of a 

96-well white-walled plate containing immobilized NF-B consensus oligonucleotide. 

To each well was added 1 g nuclear extract kit diluted in a total 20 l Complete 

Lysis Buffer containing 5 mM DTT and protease inhibitor cocktail.  For certain 

experiments, nuclear lysate was pre-incubated with LMP-420 or vehicle control for 45 

minutes at 37C on a platform shaking at 200 rpm prior to assay.  Blank wells were 

prepared by an equivalent dilution of nuclear extract buffer in Complete Lysis Buffer.  

Lysates were incubated in the plate for 1 hour with mild agitation on a rocking 

platform.  Wells were then washed and incubated with 50 l rabbit anti-p65 antibody 

(1:1,000 dilution in Antibody Binding Buffer) for 1 hour at room temperature.  Wells 

were washed again, then incubated with anti-rabbit HRP-conjugated antibody 

(1:10,000 in Antibody Binding Buffer) for 1 hour at room temperature.  After 

washing, 50 l room-temperature Chemiluminescent Working Solution was added to 

each well and luminescence was read immediately on a Thermo Luminoskan Ascent 

microplate reader. 
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2.3.8 Electrophoretic mobility shift assay (EMSA) 

The double-stranded NF-B consensus oligonucleotide was purchased from 

Promega.  The NF-B binding site contained in this oligonucleotide is the B site from 

the  light chain immunoglobulin gene.  The forward and reverse strands of the 

oligonucleotide probes from the human TNF promoter were custom-synthesized with 

a 5’-OH group, then purified by reversed-phase chromatography and polyacrylamide 

gel electrophoresis (PAGE) by Eurofins MWG Operon (Huntsville, AL).  

Oligonucleotide sequences are shown in Table 5, with the B site highlighted in bold 

and underlined.  The CRE site was included in the B3 probe, since both sequences 

are required for LPS-inducible transcriptional activation [247].  Oligonucleotides were 

resuspended at 100 M in sterile, RNase-free, DNase-free TE buffer pH 8.0 

(AMRESCO Inc.; Solon OH).  Forward and reverse sequences were combined in equal 

amounts and annealed by 5-minute incubation at 90C, followed by slow cooling to 

room temperature on the heat block.  Aliquots were stored at -20C prior to use. 
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Table 5: Oligonucleotides used in EMSAs 

Name 

(Reference) 
Sequence 

Position 
relative to 

TNF 
transcription 

start site 

Consensus 
[248] 

5´-AGTTGAGGGGACTTTCCCAGGC-3´ 

3´-TCAACTCCCCTGAAAGGGTCCG-5´ 
 

TNF B1  

[249] 

5’-AGCTGAGTATGGGGACCCCCCCTTAAAGCT-3’ 

3’-TCGACTCATACCCCTGGGGGGGAATTTCGA-5’ 
-873 

TNF B2  

[249] 

5’-AGCTGGGTCTGTGAATTCCCGGGGGTAGCT-3’ 

3’-TCGACCCAGACACTTAAGGGCCCCCATCGA-5’ 
-627 

TNF B2a 

[249] 

5’- AGCTTCCCCGGGGCTGTCCCAGGCTTAGCT-3’ 

3’-TCGAAGGGGCCCCGACAGGGTCCGAATCGA-5’ 
-598 

TNF CRE/B3 

[247] 

5’-CAGATGAGCTCATGGGTTTCTCCAC-3’ 

3’-GTCTACTCGAGTACCCAAAGAGGTG-5’ 
-110 

 

Double-stranded oligonucleotides were diluted to 1.75 pmol/l in TE buffer 

and end-labeled with 33P.  Briefly, 10 pmol oligonucleotide was incubated with 20 

pmol -33P-ATP (3000 Ci/mmol, 10 mCi/ml; PerkinElmer) and 20 units Optikinase 

(phosphatase minus mutant of T4 Polynucleotide Kinase; Affymetrix) in Optikinase 

reaction buffer (50 mM Tris-HCl pH 7.5, 10 mM MgCl2, 5 mM DTT) for 30 minutes at 

37C.  The labeling reaction was stopped by a 10-minute incubation at 65C. 

Incorporation and specific activity were assessed by measuring cpm of probe (1:100 

dilution in 0.2 M EDTA) on Whatman DE-81 filters (unwashed versus washed twice in 

50 ml 0.5 M Na2HPO4 pH 6.8). Incorporation was at least 50% in all cases. Specific 

activity ranged from 3 x 107 to 6 x 107 cpm/g.  Labeled oligonucleotides were 

stored at 4C and utilized within 1 week of labeling. 

For EMSAs, 4 g nuclear lysate was pre-incubated in binding buffer [10 mM 

HEPES pH 7.3-7.5, 10% glycerol, 1 g poly-dIdC (Sigma)] for 30 minutes on ice.  

For supershift assays, 4 g antibody (p65 antibody sc-8008X or p50 antibody sc-
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114X, Santa Cruz) was present during this pre-incubation.  For competition assays, 

unlabeled probe was added in 100-fold excess of labeled probe.  33P-labeled probe 

was added to the binding buffer, and samples were incubated for 10 minutes at room 

temperature.  Initially 35 fmol probe was used, however this was later increased to 

ensure sufficient labeled oligonucleotide was present for binding by nuclear lysate 

proteins.  Samples were loaded into an 8% TBE gel (1.0 mm, 10-well, Invitrogen) 

that had been pre-run for at least 2 hours at 10 mA in the cold room.  Samples were 

electrophoresed for 65 minutes at 15 mA in ice-cold 0.25X TBE extended range 

buffer (Bio-Rad).  Gel was then placed in a heavyweight, clear plastic sheet protector 

(Avery; Brea, CA) and exposed overnight to a Phosphor Storage screen (Molecular 

Dynamics; Sunnyvale, CA).  EMSAs were scanned on the STORM 860 Molecular 

Imager (Molecular Dynamics) and visualized using ImageQuant software. 

2.3.9 p65 co-immunoprecipitation (co-IP) 

Immunoprecipitation (IP) reactions were performed utilizing the Pierce 

Crosslink Immunoprecipitation kit (Thermo Scientific) according to the 

manufacturer’s protocol.  p65 antibody (10 g, sc-109X, Santa Cruz) was covalently 

cross-linked to 10 l Pierce Protein A/G Plus Agarose by 450 M disuccinmidyl 

suberate in Coupling Buffer.  The cross-linking reaction was incubated for 60 minutes 

at room temperature on a rotator.  The resin was washed three times with Elution 

Buffer, then twice with cold IP wash buffer (25 mM HEPES, pH 7.4, 10% glycerol, 

150 mM NaCl, 0.1 mM EDTA, 0.5% Triton X-100).  Cell extract was diluted (500 g 

in 500 l) in IP wash buffer containing freshly added 0.5 mM DTT, 1 mM PMSF, and 

protease/phosphatase inhibitor cocktail.  Lysate was incubated with the antibody-

crosslinked resin overnight at 4C on a rotator.  Sample was washed twice with IP 

wash buffer and once with Conditioning Buffer.  Sample was then washed once with 
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10 l Elution Buffer, followed by a 5-minute incubation with 50 l Elution Buffer.  

Sample was centrifuged, and eluate was neutralized by 3 l of 1 M Tris pH 9.5 in the 

collection tube. 

Samples were separated by SDS-PAGE under reducing conditions in triplicate 

in NuPAGE® Novex 4-12% Bis-Tris (1.0 mm, 10 well, Invitrogen) gels in MOPS 

running buffer.  Protein was transferred from two gels onto nitrocellulose membrane 

for western blotting as described above.  The third gel was silver stained with the 

Pierce® Silver Stain for Mass Spectrometry kit (Thermo Scientific) according to 

manufacturer’s protocol.  After the staining reaction was stopped with two washes in 

5% acetic acid, the gel was rinsed in water, preserved in a plastic document 

protector, and digitally scanned.  Protein bands of interest were then cut from the 

gel, trypsin-digested, and analyzed by mass spectrometry by David Loiselle in the 

laboratory of Dr. Timothy Haystead at Duke University [250].   

2.3.10 Statistics 

Continuous variables from repeated samples were compared using the non-

parametric paired Wilcoxon signed-rank testing.  The non-parametric Friedman test 

with Dunn multiple comparison post-hoc test was used for one-way and two-way 

repeated measures analysis among multiple treatment groups of paired samples. The 

non-parametric Kruskal-Wallis test was used for comparison of multiple treatment 

groups of non-paired samples.  All reported p values are two-tailed.
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3. Effect of LMP-420 on Primary CLL Cells 

3.1 Introduction 

CLL is the most common leukemia in the Western world and remains 

incurable with current immuno- and chemotherapies.  This disease is a growing 

problem with rising life expectancy, given that the incidence of CLL increases 

dramatically with age.  Several effective CLL therapeutics are currently in use, 

however patients inevitably relapse and become resistant to existing drugs [74, 

186].  Furthermore, a subset of CLL patients, particularly those with 17p deletion, 

does not respond to first-line drug regimens.  New treatment options are required for 

these patients.  Effective drugs for refractory CLL will most likely act via different 

mechanisms than the purine analogs, alkylating agents, and monoclonal antibodies 

currently in use [251].  Additional CLL patients in need of new therapeutic options 

are those with poor performance status who cannot tolerate aggressive chemo-

immunotherapies due in large part to hematologic toxicities of these drugs.  Since 

CLL tends to afflict the elderly population, a significant portion of CLL patients have 

co-morbid conditions that limit their treatment options.  Thus, a need exists for the 

development of new drugs that are cytotoxic to CLL without concomitant toxicity to 

the bone marrow and normal immune system.  

In vitro studies of CLL are complicated by the lack of suitable cell lines 

available as models for the disease.  Most CLL cell lines were immortalized through 

Epstein-Barr virus (EBV) infection [252].  While EBV transformation is associated 

with Burkitt’s lymphoma and several other cancers, it does not play a role in CLL 

pathogenesis [253, 254]. WSU-CLL, the only purported CLL line that is EBV-negative, 

was actually derived from B-cell precursor acute lymphoblastic leukemia rather than 
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CLL [252, 255].  Consequently, the experiments presented in this study were 

performed on primary CLL cells derived from the peripheral blood of patients.   

Utilization of primary CLL cells for in vitro studies poses its own collection of 

difficulties.  First, sample characteristics are highly varied given the heterogeneity of 

the disease.  Cells therefore differ in cytogenetic abnormalities, prior exposure to 

chemotherapy, IgVH mutation status, and other factors potentially affecting CLL 

biology.  Secondly, immunotherapies such as rituximab cannot be adequately tested 

on isolated CLL cells in culture, as these drugs rely largely on the complement 

system and immune effector cells for their cytotoxicity [256-258].  Finally, CLL cells 

cannot be cultured for more than a few days, as they undergo a high rate of 

spontaneous apoptosis in vitro [259-263].  Notably, this is in stark contrast to their 

long-lived phenotype in vivo, highlighting the importance of the microenvironment in 

CLL cell survival [178, 216, 264-267].  CLL cells are supported in vivo through 

contact with nurse-like cells and other stromal cells, as well as through autocrine and 

paracrine signaling by cytokines.  One cytokine that has been implicated in CLL cell 

proliferation and protection from apoptosis is TNF [217-221, 224].  The potential 

importance of TNF in CLL biology is indicated by the association of elevated serum 

TNF levels with disease progression in CLL patients [225-227]. 

The suggested role of TNF in CLL cell survival and proliferation prompted us 

to investigate the effect of LMP-420 on CLL cells.  In addition to TNF, several other 

LMP-420 targets have also been implicated in CLL cell survival, including IFN- [216, 

234, 268-270], VCAM-1 [117], and CD40 [230-232, 271-273].  Furthermore, we 

have observed decreased proliferation of multiple myeloma cell lines treated with 

LMP-420, indicating a potential anti-cancer effect for this drug in mature B-cell 

malignancies.  In the present study, we observed the induction of apoptosis and 
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decreased proliferation in primary CLL cells treated with LMP-420.  Moreover, LMP-

420 potentiated the anti-leukemic activity of fludarabine.  Finally, LMP-420 exhibited 

potent cytotoxicity in samples from poor prognostic groups, including advanced Rai 

stage, 11q deletion, and unmutated IgVH mutation status. 

3.2 Results 

3.2.1 CLL patient characteristics 

Characteristics of CLL samples utilized in this study are outlined in Table 6. 

The majority of patients in the study had favorable prognostic indicators.  Samples 

obtained from patients with poor prognostic markers included Rai Stage 3/4 (18%), 

unmutated IgVH (25%), high CD38 expression (16%), poor risk interphase 

cytogenetics (12%), and short lymphocyte doubling time (11%, < 1 year). Of 

previously treated patients for whom the drug regimen was known, the most 

common therapies were chlorambucil +/- fludarabine and fludarabine with rituximab 

+/- cyclophosphamide.  Samples from previously treated patients were collected at 

least four weeks post-therapy, with the exception of three samples drawn during 

chlorambucil treatment. 

3.2.2 LMP-420 cytotoxicity to primary CLL cells 

CLL cells freshly isolated from peripheral blood were incubated with serial 

dilutions of LMP-420.  The MTS assay was utilized to assess the effect of LMP-420, 

with fractional cytotoxicity calculated relative to untreated cells.  This assay provides 

a relative measure of viable, metabolically active cells and is predictive of drug 

response in CLL patients [274-276].  Fractional cytotoxicity indicates a cumulative 

effect of differences in cell proliferation, apoptosis, non-apoptotic cell death, and 

mitochondrial metabolism caused by drug treatment.  Cells from 44 of 45 patients 
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Table 6: CLL sample characteristics 

Total number of samples (total number of patients) 104 (65) 

Gender, % 

Male 

Female 

 

74% 

26% 

Race,% 

Caucasian 

African American 

NA 

 

87% 

8% 

5% 

Median age at CLL diagnosis, years (range) 61 (33 – 84) 

Median age at sample, years (range) 67 (48 – 91) 

Median WBC count, thousands/l (range) 56 (17 – 437) 

Median lymphocyte doubling time, years (range) 3.2 (0.7 – 28.8) 

Rai stage at sample collection, % 

0 

1 

2 

3 

4 

NA 

 

40% 

16% 

11% 

4% 

14% 

15% 

CLL treatment prior to sample collection, % 

Yes 

No 

NA 

 

31% 

63% 

6% 

IgVH mutation status, % 

Mutated 

Unmutated 

NA 

 

68% 

25% 

7% 

CD38 status, % 

Positive 

Negative 

 

16% 

84% 

ZAP-70 status, % 

Positive 

Negative 

 

70% 

30% 

Interphase cytogenetics, % 

Normal 

13q14 deletion 

Trisomy 12 

11q22 deletion 

17p13 deletion 

NA 

 

10% 

44% 

12% 

7% 

5% 

22% 

  NA signifies not available. 
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(98%) responded to LMP-420, however the cytotoxic response plateaued at less than 

50% cytotoxicity in five patient samples (11%).  For an additional two patient 

samples, the ED50 was greater than the highest tested dose of 25 M.  Excluding 

these samples for which the ED50 could not be calculated, the median ED50 of LMP-

420 was 300 nM (n = 37, Figure 7), with a mean ED50  SEM of 2010  845 nM.  

The ED50 of LMP-420 (median 178 nM) was similar to that of the commonly used 

CLL drug fludarabine (870 nM) in a series of 25 patient samples for which potency 

was assessed for both drugs (p = 0.4).  Importantly, the MTS assay results were 

replicable, with sensitivity to LMP-420 remaining consistent across time when 

samples from the same patient were tested at multiple times.  For example, three 

different samples taken from the same patient at monthly intervals had a mean LMP-

420 ED50  SEM of 1300  289 nM.  Similarly, three samples from a different patient 

did not reach an ED50, but all plateaued at ~0.3 fractional cytotoxicity in response to 

5,000 nM LMP-420.  This consistency among repeated sampling from patients 

indicates that the MTS assay provides a robust measure of sensitivity to LMP-420. 

We initially hypothesized that LMP-420 cytotoxicity to CLL cells was due to 

inhibitory effects on the pro-survival factor TNF.  As discussed earlier, TNF has been 

implicated as an anti-apoptotic and pro-growth factor in CLL [216-218, 221, 225].  

Given the inhibitory effect of LMP-420 on cytokine production by normal PBMC, we 

hypothesized that LMP-420 would also suppress TNF production in CLL cells, 

resulting in apoptosis and decreased proliferative responses to stimuli.  TNF mRNA 

levels were measured in CLL cells by real-time quantitative reverse-transcription 

polymerase chain reaction (qRT-PCR) at 1, 2, and 6 hours post-treatment with LMP-

420.  In contrast to its consistent inhibitory effects on TNF in PBMC at these time 

points, LMP-420 treatment resulted in mixed effects on TNF in the CLL cell samples. 
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Figure 7: LMP-420 cytotoxicity to CLL cells 

 

Both up- and down-regulation of TNF were observed depending on the patient 

sample, but TNF effect did not correlate with response to LMP-420.  Furthermore, 

TNF levels in cell culture supernatants were not detectable by ELISA (sensitive to 

TNF levels of 15.6 pg/ml).  These data suggest that LMP-420 does not act through 

TNF inhibition in CLL cells. 

To further test the hypothesis that LMP-420 induces cytotoxicity to CLL cells 

through TNF inhibition, MTS assays were performed on cells in the presence of 

exogenous recombinant TNF.  Contrary to our hypothesis, exogenous TNF did not 

abrogate the cytotoxic effects of LMP-420 on the CLL cells (n = 9, MTS assay).  As 

shown for a representative patient sample, TNF alone provided the expected 

Primary CLL cells from 45 patient samples were incubated in triplicate or quadruplicate with 

media or serial dilutions of LMP-420 for 72 h. Fractional cytotoxicity was assessed by MTS 
assay.  Each bar represents the LMP-420 ED50 for an individual patient sample (n = 37).  
No bar is shown for each of the 8 samples for which the ED50 was above the concentration 

range tested. 
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protective effect to CLL cells (negative fractional cytotoxicity relative to media control 

without TNF).  However, increasing concentrations of LMP-420 overcame the 

protective effect of exogenous TNF, indicating that its activity was not dependent 

entirely on TNF inhibition (Figure 8A).  When fractional cytotoxicity was calculated for 

each TNF treatment group (0, 1, or 25 ng/ml TNF) relative to cells incubated in the 

absence of LMP-420, the dose response curves with and without exogenous TNF 

treatment were similar (Figure 8B).  Similar results were also observed when cells 

were treated with LMP-420 in combination with 50 ng/ml TNF.  Thus, LMP-420 

toxicity to CLL cells is not likely due to suppression of an autocrine TNF loop.  

 

Figure 8: Cytotoxicity of LMP-420 to CLL cells in presence of exogenous TNF 

 

3.2.3 LMP-420 induction of time- and dose-dependent 

apoptosis of CLL cells 

In order to characterize the cytotoxic effect of LMP-420 on CLL cells, annexin 

V/7-AAD staining was examined as a measure of apoptosis in a second series of 

patients.  In 43 CLL samples, LMP-420 induced statistically significant apoptosis      

Primary CLL cells were cultured with media or serial dilutions of LMP-420 for 72 h in the 
presence of 0, 1, or 25 ng/ml recombinant human TNF.  Fractional cytotoxicity was 

assessed by MTS assay.  Data shown are the mean ± SD for quadruplicate testing for a 
representative patient sample.  Fractional cytotoxicity was calculated either (A) relative to 
cells cultured in media only, or (B) relative to cells cultured without LMP-420 but in the 

presence of 0, 1, or 25 ng/ml TNF.  
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(p < 0.0001) in a time-dependent manner.  Incubation with 5,000 nM LMP-420 at 

24, 48, and 72 hours resulted in median drug-specific apoptosis of 15%, 28%, and 

32%, respectively (Figure 9A).  LMP-420 caused dose-dependent apoptosis in 50 CLL 

samples incubated with 50, 500, or 5,000 nM LMP-420 for 72 hours (Figure 9B, p < 

0.0001).  The 5,000 nM dose of LMP-420 induced apoptosis in 98% of samples.  

Staining indicative of primary necrosis (annexin-V-negative, 7-AAD-positive) was 

negligible in all samples (< 2%). 

 

Figure 9: LMP-420-mediated apoptosis in CLL cells 

 

As a second measure of apoptosis, activity of the effector caspases-3 and -7 

were measured at 24, 48, and 72 hours in 30 patient samples treated with LMP-420.  

A dose-dependent, statistically significant increase in caspase activity over 

background was observed at all three time points (Figure 10, p < 0.0001).  Effector 

caspase activity did not differ significantly at the three time points, indicative of 

ongoing LMP-420-induced apoptosis through 72 hours post-treatment. 

(A) Primary CLL cells (n = 43) were cultured with media or 5,000 nM LMP-420 for 24, 48, 
or 72 h. (B) Primary CLL cells (n = 50) were cultured with media or serial dilutions of LMP-

420 for 72 h.  Apoptosis was assessed by flow cytometric analysis of annexin V staining, 
collecting 2,000 events per sample.  Drug-specific apoptosis was calculated to exclude the 
effects of spontaneous background apoptosis.  The boxes depict the distribution from 25th 
to the 75th percentile, with the horizontal band representing the median.  The whiskers 

extend to the 5th and 95th percentiles, with data points outside of that range depicted as 
dots.  *** indicates p < 0.0001 when compared to control (0% drug-specific apoptosis). 
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Figure 10: Caspase 3/7 activity in LMP-420-treated CLL cells  

 

A more dramatic cytotoxic effect was observed by MTS assay than by annexin 

V binding.  For example, the median ED50 by MTS assay was 300 nM LMP-420 at 72 

hours, whereas only 37.5% drug-specific apoptosis was observed with 5,000 nM 

LMP-420.  This would indicate that the annexin assay underestimates the degree of 

cell killing by LMP-420.  Since apoptotic bodies ultimately lyse in vitro (―secondary 

necrosis‖) in the absence of phagocytic cells [241], cells that have completed 

progression through apoptosis prior to annexin V staining are excluded from flow 

cytometric analysis as debris [277].  Thus, cells that began apoptosis within the first 

24 hours of treatment are no longer present at 72 hours for measurement in the 

annexin assay.  To overcome this limitation, a cell death ELISA was utilized to 

quantify oligonucleosomes in both the cell culture supernatant and the cytoplasmic 

fraction of cell lysates for five patient samples at 72 hours (Figure 11).  Cytoplasmic 

nucleosomes indicate intact cells undergoing apoptosis, whereas nucleosomes in the 

supernatant correspond to cells that released their contents by secondary necrosis 

Primary CLL cells (n = 30) were cultured with media or serial dilutions of LMP-420.  
Caspase 3/7 activity was measured at (A) 24, (B) 48, and (C) 72 h by the luminescent 
Caspase-Glo 3/7 assay.  Caspase activity is expressed as percent relative to the untreated 

media control at each time point.  The boxes depict the distribution from 25th to the 75th 
percentile, with the horizontal band representing the median.  The whiskers extend to the 

5th and 95th percentiles, with data points outside of that range depicted as dots.            
*** indicates p < 0.0001 when compared to media control (100%). 
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prior to initiation of the assay.  The ED50 for nucleosome enrichment was consistent 

with fractional cytoxicity observed by MTS assay (ED50 = 850 nM).1  Thus, LMP-420 

is cytotoxic to CLL cells by cumulative apoptosis over time. 

 

Figure 11: Nucleosome enrichment in LMP-420-treated CLL cells 

 

In the studies described above, LMP-420 was present in the media throughout 

the duration of cell incubation.  In order to determine whether shorter treatment 

time with LMP-420 was sufficient to induce apoptosis in CLL cells, the annexin V 

assay was performed after 24 hours on cells from two patients exposed to LMP-420 

for only 2, 6, or 24 hours (Figure 12). Longer incubation with LMP-420 was 

associated with a trend towards increased apoptotic effect.  Although statistical 

analysis was limited by small sample size (n = 2), incubation with LMP-420 for 24 

                                          

1 In contrast, 50% apoptosis as measured by annexin V staining for this series of samples did 
not occur until cells were treated with 5,000 nM LMP-420 for 72 hours.  An additional potential 
contributor to the ED50 discrepancy between the MTS and annexin V apoptosis assays is that 

the MTS assay measures mitochondrial metabolism.  Therefore, cytotoxicity observed in the 
MTS assay may be due to non-apoptotic cell death, decreased metabolism, or decreased 
proliferation in addition to apoptotic cell death.  By contrast, toxicity in the annexin V assay 

indicates only apoptosis. 

Primary CLL cells (n = 5) were incubated with media or serial dilutions of LMP-420 for 72 h.  
Nucleosome content was measured in the cell lysates (white) and cell supernatant (shaded) 
by Cell Death Detection ELISAPlus.  Nucleosome enrichment was calculated as absorbance 

for treated sample divided by absorbance for control, media-treated sample.  Data are 
shown as mean ± SEM.  The dotted line delineates 50% maximal nucleosome enrichment. 
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hours versus 6 hours resulted in significantly greater apoptosis (p < 0.05 for 500 nM 

LMP-420  and p < 0.01 for 5,000 nM LMP-420). 

 

Figure 12: Effect of LMP-420 exposure time on CLL cell apoptosis 

 

LMP-420 treatment was associated with decreased expression of several anti-

apoptotic factors in CLL cells.  Flow cytometry was utilized to measure intracellular 

expression of Mcl-1, Bcl-xL, Bcl-2, and XIAP after 72 hours treatment with LMP-420.  

Cells incubated with 500 nM LMP-420 demonstrated statistically significantly lower 

expression of Mcl-1 and Bcl-xL, with respective median decreases of 29% (n = 8, p 

< 0.01) and 41% (n = 6, p < 0.05) relative to untreated control (Figure 13).  A 

trend towards decreased expression of Bcl-2 and XIAP was also observed, with 

median decreases of 22% (n = 8, p = 0.06) and 20% (n = 4, p = 0.1), respectively.  

Expression of the pro-apoptotic factor Bax was not significantly affected.  Flow 

cytometry was also utilized to examine cell surface expression of CD40, a receptor 

involved in pro-survival and pro-proliferation signaling in CLL [230-232, 271]. 

Significantly decreased CD40 expression was observed after treatment with 500 nM 

Primary CLL cells from two patients, (A) and (B), were incubated with media or serial 
dilutions of LMP-420 for 2, 6, or 24 h.  Cells were then washed, resuspended in media 
without LMP-420 and incubated for an additional 24, 18, or 0 h, respectively (24 h total 

incubation).  Apoptosis was assessed by flow cytometric analysis of annexin V staining, 
collecting 2,000 events per sample. 
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LMP-420.  The median decreases were 8% and 34% at 24 and 72 hours, respectively 

(n = 7, p = 0.02). 

 

Figure 13: Decreased expression of anti-apoptotic proteins in LMP-420-
treated CLL cells 

 

3.2.4 LMP-420 cytotoxicity for CLL cells from patients in poor 

prognostic groups 

No significant effect on the cytotoxicity of LMP-420 was observed with Rai 

stage (p = 0.7), prior treatment (p = 0.14), or cell surface expression of ZAP-70 (p 

= 0.45) or CD38 (p = 0.54) (Figure 14).  LMP-420 ED50 also did not correlate with 

lymphocyte doubling time ( = -0.12, p = 0.6, Figure 15A).  No correlation was 

observed between LMP-420 ED50 and white blood cell count ( = -0.01, p = 0.9, 

Figure 15B), however these data were skewed by the exclusion of 8 patient samples 

Primary CLL cells were incubated with media (black) or 500 nM LMP-420 (red) for 72 h.  
Cells were then fixed, permeabilized, and incubated for 30 minutes with antibodies against 

Mcl-1 (A) and Bcl-xL (B).  Secondary staining was performed with FITC- and PE-

conjugated antibodies, respectively.  Samples were analyzed by flow cytometry, collecting 
10,000 events per sample.  Histograms for a representative patient sample are shown.  
Fluorescence intensity is along the x-axis on a logarithmic scale.  The gray dotted lines 

show background staining with an unrelated isotype control antibody. 
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for which an ED50 was not reached with LMP-420.  The WBC counts for this group of 

patients (range 48.8 – 104.3) were significantly higher than the WBC for samples 

reaching an ED50 with LMP-420 (p < 0.01).  Therefore, the cytotoxic effect of LMP-

420 is likely decreased in a subset of patient samples with particularly elevated WBC 

counts.  Association with serum lactate dehydrogenase and 2-microglobulin levels 

was not assessed due to the small number of samples (n < 10) for which these 

clinical data were available.  

The poor prognostic indicator of unmutated IgVH status [97, 98, 104, 278, 

279] was associated with significantly greater LMP-420-induced apoptosis than 

mutated IgVH status (p < 0.01, Figure 16A).  Median percent apoptosis after 72 

hours incubation with 5,000 nM LMP-420 was 34% for the mutated IgVH subgroup 

(n = 30) and 59% for the unmutated IgVH subgroup (n = 10).  A second, partially 

overlapping series of patient samples were assessed by MTS assay, and no 

significant difference was observed between the ED50 of the two groups (p = 0.78, 

Figure 16B).  However, this analysis was skewed by the exclusion of 7 of 28 mutated 

IgVH samples for which an ED50 could not be calculated (response plateaued below 

50% cytotoxicity).  By contrast, only 1 of 11 unmutated IgVH samples did not 

respond sufficiently to LMP-420 to calculate an ED50 below 25 M.  These data 

support the conclusion that LMP-420 preferentially induces apoptosis in samples with 

unmutated IgVH status.  These results are promising, as patients with unmutated 

IgVH status are more likely to have progressive disease requiring treatment [280].  

Furthermore, new therapies are needed for this subset of patients, as they have 

shorter remission durations with conventional immuno-chemotherapy than patients 

with mutated IgVH status [281]. 
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Figure 14: LMP-420 cytotoxicity by prognostic indicator 

 

(A) LMP-420 ED50 values were compared for CLL samples divided into three risk groups 
according to Rai stage: 0 (n = 17), I/II (n = 8), and III/IV (n = 7).  Patient samples for 
which an ED50 was not achieved within the concentration range tested are not shown: 0 (n 

= 3), I/II (n = 2), and III/IV (n = 2).  (B) LMP-420 ED50 values were compared for 
samples from patients who had never received CLL therapy (n = 22) versus those with 
prior or current treatment (n = 14). Patient samples for which an ED50 was not achieved 
within the concentration range tested are not shown: untreated (n = 6) and prior 

treatment (n = 2).  (C) LMP-420 ED50 values were compared for samples with negative (n 
= 10) versus positive ZAP-70 expression (n = 27). Patient samples for which an ED50 was 
not achieved within the concentration range tested are not shown: ZAP-70-negative (n = 

3) and ZAP-70-positive (n = 5).  (D) LMP-420 ED50 values were compared for samples 
with negative (n = 31) versus positive CD38 expression (n = 6). Patient samples for which 
an ED50 was not achieved within the concentration range tested are not shown: CD38-

negative (n = 7) and CD38-positive (n = 1).  For all graphs, LMP-420 ED50 is expressed on 
a logarithmic scale and the horizontal line indicates the median ED50 for that prognostic 
group. 
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Figure 15: LMP-420 ED50 correlation with lymphocyte doubling time (LDT) 
and white blood cell (WBC) count 

 

 

Figure 16: Increased apoptotic effect of LMP-420 in CLL samples with 

unmutated IgVH 

 

(A) The rates of drug-specific apoptosis induced by LMP-420 were compared for samples 
with mutated (n = 30) versus unmutated (n = 10) IgVH mutation status.  (B) LMP-420 
ED50 values were compared for samples with mutated (n = 21) versus unmutated (n = 

10) IgVH mutation status.  Patient samples for which an ED50 was not achieved within the 
concentration range tested are not shown: mutated IgVH (n = 7) and unmutated IgVH (n 
= 1). 

(A) LMP-420 ED50 values for CLL cells from 28 subjects were correlated with the subjects’ 
calculated lymphocyte doubling time (LDT).  LDT was available for 7 additional subjects 

that were not plotted since an LMP-420 ED50 was not reached.  The unplotted LDT 
(median, 3.6) did not differ significantly from the LDT (median, 3.1) for subjects for which 
an LMP-420 ED50 was achieved.  (B) LMP-420 ED50 values for CLL cells from 39 subjects 

were correlated with the subjects’ white blood cell (WBC) count at the time their blood was 
drawn.  WBC counts were available for 8 additional subjects that were not plotted since an 
LMP-420 ED50 was not reached.  The unplotted WBC counts (median, 89) were 

significantly higher than the WBC counts (median, 48) for samples for which an LMP-420 
ED50 was achieved (p < 0.01).  The R2 values and trend lines are based on the least 
squares fitting method for data plotted on logarithmic x- and y-axes. 
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Additional genetic factors associated with poor survival in CLL are the 

cytogenetic lesions del17p and del11q [95, 279].  LMP-420 exhibited potent 

cytotoxicity (ED50 < 100 nM) in both del11q samples tested by MTS assay.  For two 

of the four del17p samples assayed, LMP-420 treatment resulted in at least 50% 

cytotoxicity (ED50 = 300 nM and 1800 nM).  In the other two del17p samples, the 

response to LMP-420 plateaued at 30% and 40% cytotoxicity in the MTS assay at 

concentrations of 5,000 and 500 nM, respectively.  In comparison to this poor 

response rate in the del17p group, an ED50 was not reached in only 12% of samples 

with more favorable cytogenetics (normal karyotype, del13q, or trisomy 12, n = 25, 

median ED50 = 335 nM).  Unfortunately, cytogenetic analysis was not performed on 

three of the eight samples in which an ED50 was not reached with LMP-420 

treatment.  Thus, it is not known whether the poor response to LMP-420 in these 

cases was associated with a high-risk genomic aberration. 

3.2.5 LMP-420 inhibition of CLL cell proliferation 

Accumulating CLL cells are fed by a small pool of proliferating leukemic cells 

in vivo [142, 272].  To determine whether LMP-420 treatment can inhibit leukemic 

cell proliferation, CLL cells were stimulated to divide in vitro with IL-2 and the CpG-

oligonucleotide DSP30 (n = 3) [242].  Incubation with LMP-420 for two hours prior to 

stimulation significantly suppressed proliferation in a dose-dependent manner (Figure 

17A, p = 0.03).  At a dose of 5,000 nM, LMP-420 inhibited proliferation by an 

average of 61%.  Although primary CLL cells do not generally divide without 

stimulation, one sample did proliferate (>10,000 cpm) in the absence of IL-2 and 

DSP30.  Treatment with LMP-420 significantly inhibited this spontaneous proliferation 

in a dose-dependent manner (p = 0.003), reaching 99% inhibition at a dose of 5,000 

nM (Figure 17B).  
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Figure 17: Inhibition of proliferation in LMP-420-treated CLL cells 

 

3.2.6 LMP-420 potentiation of cytotoxic activity of fludarabine 

against CLL cells 

LMP-420 was evaluated to determine if it could potentiate the anti-CLL 

activity of fludarabine in vitro.  LMP-420 was used at two low concentrations (62 nM 

and 250 nM) in combination with serial dilutions of fludarabine in a series of 25 

patient samples, and cytotoxicity was assessed by MTS assay (Figure 18A).  Both 

concentrations of LMP-420 resulted in significantly lower fludarabine ED50 values (p 

= 0.0011 and p < 0.0001 for 62 nM and 250 nM LMP-420, respectively).  Figure 18B 

demonstrates the potentiating effect of LMP-420 on the cytotoxicity of fludarabine in 

one CLL sample.  In several instances, the ED50 of LMP-420 was less than 62 or 250 

nM; therefore, LMP-420 alone caused 50% cytotoxicity even in the absence of 

fludarabine.  When these samples were eliminated from analysis, the potentiating 

effect of LMP-420 on the cytotoxicity of fludarabine remained statistically significant 

(A) Primary CLL cells (n = 3) were cultured with media or serial dilutions of LMP-420 in the 
presence of 1 M CpG-ODN DSP30 and 100 units/ml IL-2 for 96 h.  [3H]-thymidine (0.5 

Ci/well) was added for the last 14-18 h before cells were harvested onto glass-fiber filters.  

Incorporated radioactivity was determined by liquid scintillation spectrophotometry. 

Proliferation is expressed as percent thymidine incorporation relative to the media-treated 
control. Data are shown as mean ± SEM for the three samples.  (B) Primary CLL cells (n = 
8) were cultured with media or serial dilutions of LMP-420 in the absence of stimulation for 

96 hours.  Thymidine incorporation was measured as above.  Only one of the eight samples 
proliferated spontaneously.  The data shown are the mean ± SD for quadruplicate testing 
of this spontaneously proliferating patient sample. 
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(p = 0.004 for 0 versus 62 nM LMP-420, n = 21; p = 0.002 for 0 versus 250 nM 

LMP-420, n = 16).  Interestingly, LMP-420 was effective in lowering the fludarabine 

ED50 in three samples that responded poorly to LMP-420 alone (response plateaued 

before reaching ED50 or ED50 > 25 M). 

 

Figure 18: Potentiation of fludarabine cytotoxicity to CLL cells by low dose 
LMP-420 

 

3.2.7 Modulation of immune and NF-B pathways by LMP-420 in 

CLL cells 

Gene expression profiling on CLL cells (n = 13) after 24-hour incubation with 

LMP-420 or media alone revealed potential targets of LMP-420.  Expression of 763 

gene probes was increased, and expression of 633 gene probes was suppressed by 

treatment with 2,000 nM LMP-420 (Figure 19).  Among the down-regulated genes, 

significant enrichment occurred in GO terms relating to immune responses (―Immune 

GO terms,‖ Figure 19), as well as suppression of genes involved in the NF-B 

Cytotoxicity was assessed by MTS assay at 72 h for primary CLL cells treated with 

fludarabine, LMP-420, or a combination. (A) Combination treatment with 62 or 250 nM 

LMP-420 caused a decrease in the median ED50 values of fludarabine (denoted by 
horizontal bars) in a series of 25 patient samples. (B) Cytotoxic dose response curves for a 
representative patient sample demonstrated potentiation of fludarabine fractional 
cytotoxicity by addition of 62 or 250 nM of LMP-420.  The dotted line indicates 50% 

cytotoxicity. 
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pathway (―NF-B GO terms‖, Figure 19).  KEGG pathway analysis revealed significant 

representation of the Toll-like receptor signaling pathway and cytokine-cytokine 

receptor interactions.  LMP-420 treatment was significantly associated with up-

regulation of genes enriched in the GO terms relating to metabolism and regulation 

of the NF-B pathway.  There was a significant reduction in the TNF and IFN- 

pathway signature predictions for the LMP-420-treated cells compared to control 

cells (p = 0.027 and 0.003, respectively).  Decreased RNA expression of CD40 after 

treatment with LMP-420 was confirmed by measuring CD40 surface protein, as 

discussed above.   
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Figure 19: Gene expression profiling of CLL cells treated with LMP-420 

 

Primary CLL cells (n = 13) were treated with 2,000 nM LMP-420 for 24 h, then cells were 
harvested, RNA extracted, and gene expression analyzed by U133 Plus 2.0 GeneChips.  

Microarray analysis detected 1,396 differentially expressed gene probes relative to 
untreated control (left heatmap).  Among these genes, Immune and NF-B pathway gene 

ontology (GO) terms were significantly represented (right heatmap).  Red color represents 
up-regulated genes, and green color represents down-regulated genes.  Differentially 
expressed genes are listed to the right. 
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3.3 Discussion 

In this study, we demonstrated that LMP-420 has a potent cytotoxic and anti-

proliferative effect on primary CLL cells in vitro.  Incubation with LMP-420 resulted in 

time- and dose-dependent loss of viability through primarily an apoptotic 

mechanism.  Furthermore, low doses of LMP-420 potentiated the activity of 

fludarabine on CLL cells.  Importantly, LMP-420 is cytotoxic to malignant cells from 

patients with a broad range of clinical characteristics, including poor prognostic 

indicators.  Regardless of Rai stage, ZAP-70 or CD38 expression, patient age, 

lymphocyte doubling time, or previous treatment, CLL cells were sensitive to the 

apoptotic effect of LMP-420.   

CLL patients with unmutated IgVH have a particularly poor prognosis, 

surviving approximately half as long as those with mutated IgVH CLL [96, 104, 113, 

282-284].  Notably, our data suggest that cells with unmutated IgVH may be more 

sensitive to LMP-420 than those with the lower risk biomarker of mutated IgVH.  

Unmutated IgVH status is associated with shorter response duration to FCR [281] 

and increased frequency of chemoresistance in vivo [207]. Clinical trials with LMP-

420 will be necessary to determine whether durable responses can be achieved with 

this drug in patients with unmutated IgVH. 

To date our patient series includes few samples with poor risk chromosomal 

aberrations.  Patients with deletions on 17p and/or 11q have particularly rapid 

disease progression, with shorter overall survival and worse response to first-line CLL 

treatments than those with normal karyotype, trisomy 12, or deletion on 13q [92, 

97, 190, 207, 279, 284-291].  The poor prognoses of these cytogenetic groups has 

been attributed primarily to loss of p53 on 17p and ataxia telangiectasia mutated 
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(ATM) on 11q [95, 97, 285, 292-301].2   These proteins are involved in the DNA 

damage response that is triggered in cells treated with conventional CLL treatments 

such as purine analogs and alkylating agents [302-305].  ATM is a kinase that 

becomes activated in the presence of DNA double-strand breaks, triggering both 

p53-dependent and -independent pathways downstream and leading to apoptosis in 

cells with irrecoverable DNA damage [303, 306, 307].  Decreased ATM and/or p53 

functionality results in apoptotic resistance and genomic instability, leading to poor 

prognosis in CLL [190, 292, 296, 299, 302, 303, 307-310].  In our study, LMP-420 

exhibited potent cytotoxicity against both samples with 11q deletion and two of the 

four samples with 17p deletion assessed by MTS.  Despite the small sample size, 

these results are promising and may provide mechanistic clues for LMP-420.  In 

particular, p53 and ATM may not be required for LMP-420-mediated cytotoxicity, 

which would indicate that LMP-420 acts through a mechanism other than inducing 

DNA damage.  However, the functionality of p53 and ATM were not examined in 

patient samples for this study, leaving open the possibility that the DNA damage 

response pathway was partially intact due to only mono-allelic disruption of p53 

and/or ATM [294].  Further investigation will be necessary to elucidate the role of the 

DNA damage response pathway in the mechanism of action of LMP-420.  Regardless, 

the 50% response rate to LMP-420 in patients with 17p deletion is encouraging, 

given that even mono-allelic loss of p53 is associated with fludarabine resistance and 

poor prognosis [293, 311].  

                                          

2 Several reports indicate that genes other than ATM located at 11q22-q23 are involved in CLL 

pathogenesis and poor prognosis in patients with deletions of 11q [97, 205, 304]. This is 
highlighted by the fact that some patients with 11q deletion have two intact ATM alleles.  
Despite these findings, ATM likely plays a role in CLL, given the poor prognosis of patients with 

mononallelic ATM mutations in the absence of 11q deletion [294]. Furthermore, the DNA 
double-strand break response pathway is likely disrupted by deletion of 11q, as this genomic 
aberration usually affects other genes in this pathway (Mre11 and H2AFX) in addition to ATM 

[304]. 
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Chemoresistance poses a major issue in CLL therapy.  As discussed above, 

resistance occurs particularly quickly in patients with high-risk genomic aberrations.  

However, even patients with favorable prognostic indicators usually become 

refractory to conventional treatments due to the selective pressures of therapy [131, 

187, 312].  Unfortunately, resistance to one drug is often associated with cross-

resistance to others, particularly among drugs acting through genotoxic mechanisms 

such as purine analogs and alkylating agents [291, 313-318].  In vitro studies have 

demonstrated that fludarabine, cyclophosphamide, cladribine, and numerous other 

drugs are significantly less cytotoxic to CLL cells from patients who have received 

prior treatment, even when their disease has not yet become refractory [183, 313, 

314, 319, 320].3  Similarly, a trend was observed towards a higher LMP-420 ED50 

for CLL cells from previously treated (median 440 nM; mean 2,346 nM) versus 

untreated patients (median 117.5 nM; mean 1,683 nM) (Figure 14B).  However, this 

difference was not statistically significant, and the analysis was skewed by the 

exclusion of 6 of 28 patient samples (21%) from untreated patients that did not 

reach an ED50, versus 2 of 16 (13%) samples from prior treated patients.  These 

results indicate that LMP-420 is similarly effective in treatment-naïve and previously 

treated patients.  LMP-420 was also potently cytotoxic to two samples from CLL 

patients actively undergoing chlorambucil therapy (ED50 = 300 nM and 550 nM).  

Importantly, samples from five patients who had received prior therapy with a purine 

analog (fludarabine or pentostatin) were sensitive to LMP-420 (mean ED50  SEM of 

930 nM  420).  The potent cytotoxicity of LMP-420 in this small cohort suggests that 

                                          

3 Up-regulated NF-B activity, as indicated by increased p65-DNA binding in cells from 

previously treated patients, is one potential cause for this reduced response to 

chemotherapies [174].  Additionally, prior treatment with alkylating agents has been 
associated with increased incidence of p53 mutations [318].  DNA-damaging drugs such as 
chlorambucil could potentially cause p53 mutations, in addition to selecting for survival of cells 

harboring these anti-apoptotic mutations. 
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prior treatment with purine-based drugs is not associated with resistance LMP-420, 

despite their shared structural characteristics.  In summary, these data suggest that 

LMP-420 may have potential for use in salvage therapy regimens for patients 

refractory to conventional treatments. 

We initially hypothesized that LMP-420 would be toxic to CLL cells via 

inhibition of autocrine TNF production. However, our results indicate that the 

mechanism of action is more complex, with gene expression profiling suggesting it 

involves the inhibition of NF-B, Toll-like receptor signaling pathways, and cytokine-

cytokine receptor interactions.  For example, LMP-420 induced expression of RhoH 

and SQSTM1, two suppressors of the NF-B pathway [321, 322].  Likewise, LMP-420 

suppressed expression of CD40, TICAM2 (TRAM), and TNFSF10 (TRAIL), which 

activate the NF-B pathway [172, 323, 324].  Several recent studies have 

demonstrated an apoptotic effect of NF-B inhibitors in CLL, supporting indications 

that the pathway is a promising therapeutic target for this disease [172, 173, 182, 

183, 325, 326].  

In accordance with our microarray findings and previous studies in endothelial 

cells [2], LMP-420 down-regulates cell surface expression of CD40 in CLL cells. CD40 

has been widely implicated in CLL cell survival and proliferation through interactions 

with CD40 ligand (CD40L) in the microenvironment [230-232, 271-273].  Since CLL 

cells from a significant subset of patients express CD40L [327-329], down-regulation 

of CD40 may have contributed to the pro-apoptotic effect of LMP-420 through 

disruption of pro-survival CD40-CD40L signaling between CLL cells in culture.  CD40 

activation also inhibits fludarabine-mediated apoptosis, so down-regulation of CD40 

could have contributed to the potentiation of fludarabine activity by LMP-420 [175, 

330].  Furthermore, down-regulation of CD40 may result in enhanced in vivo activity 
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of LMP-420 by decreasing the pro-proliferative effect of CD40L+ T-cells prevalent in 

bone marrow and proliferation centers in lymph nodes [272].   

The induction of apoptosis by LMP-420 was also associated with decreased 

expression of key anti-apoptotic proteins that are up-regulated in CLL.  Elevated 

levels of Mcl-1 and Bcl-2, in particular, have been associated with apoptotic 

resistance of CLL cells [331-335].  Two groups have shown that siRNA knock-down 

of Mcl-1 expression is sufficient to induce apoptosis in CLL cells [163, 164].  LMP-

420-induced apoptosis was associated with significantly decreased expression of both 

Mcl-1 and Bcl-2 at 72 hours, but not at 24 hours.  It is unclear whether this decrease 

is a downstream effect of LMP-420 or actively plays a role in induction of apoptosis 

by LMP-420.  Given that some apoptosis is observed at 24 hours post-treatment—

prior to Mcl-1 and Bcl-2 down-regulation—we predict that the effect on these 

proteins is not the primary means through which LMP-420 induces apoptosis.   

Although apoptotic resistance plays a key role in CLL biology, a source for 

production of new malignant cells must also exist in progressive disease.  Recent 

studies have indicated that a small, but significant subset of the CLL clone 

proliferates in vivo [142, 143].  Most of this proliferation occurs within pseudo-

follicles in lymph nodes and bone marrow, where CLL cells receive stimulatory 

signals from T-cells and follicular dendritic cells [336-338]. Higher cell birth rates are 

associated with more aggressive disease, indicating the potential therapeutic 

importance of targeting proliferating CLL cells [339].  Although CLL cells generally do 

not divide in vitro [273, 328], proliferation can be induced in some patient cells by 

stimulation with the CpG-ODN DSP30 and IL-2 [242, 340].  Greater proportions of 

dividing CLL cells in vivo and proliferative response to DSP30 in vitro are associated 

with progressive disease [341], suggesting that in vitro proliferation assays, such as 
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those presented in this study, have clinical relevance.  LMP-420 significantly inhibited 

proliferation of stimulated CLL cells and of the only sample that proliferated 

spontaneously.  Inhibition of CLL cell proliferation may prove therapeutic not only by 

limiting clonal expansion of malignant cells, but also by decreasing their probability 

of acquiring new mutations that contribute to more aggressive disease [342].  

In summary, LMP-420 induces apoptosis in primary CLL cells from patients 

with both low- and high-risk prognostic factors.  Furthermore, it potentiates the 

cytotoxic activity of fludarabine and inhibits CLL cell proliferation.  LMP-420 also has 

the practical benefits of being inexpensive to synthesize, highly stable, well-tolerated 

in vivo, and orally bioavailable [3].  The safety of LMP-420 will ultimately need to be 

determined in clinical trials, but initial in vitro studies indicate that the cytotoxicity of 

LMP-420 is highly specific to leukemic cells.  As discussed in the next chapter, this 

selectivity of LMP-420 for malignant cells is in stark contrast to current CLL 

therapeutics and will likely represent a major advantage of LMP-420 over other 

treatment options for this disease. 
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4. Characterization of LMP-420 Toxicity to Normal 

Hematopoietic Cells 

4.1 Introduction 

One of the leading causes of CLL patient mortality is infection, accounting for 

30-50% of deaths [80, 85-88].  Infection complicates the disease course of 

approximately 80% of CLL patients, with the risk increasing as the disease 

progresses [79, 81, 343, 344].  The high risk of infection in this patient population 

arises both from immune defects inherent to the disease, as well as treatment-

induced immuno- and myelosuppression [79, 188, 345].  CLL-related immune 

abnormalities include hypogammaglobulinemia, T-cell dysfunction, defects in 

neutrophil activity, and decreased complement levels [76, 79, 82-84, 124, 346, 

347].  These immune problems are compounded by prolonged cytopenias 

precipitated by cytotoxic chemotherapies.  Purine analog-based regimens in 

particular lead to increased risk of opportunistic infections [188, 345, 347].  These 

treatments are associated with peripheral T-cell cytopenia persisting up to two years 

post-treatment, as well as decreased B-cell and monocyte counts [79, 348-350]. 

Given the high rates of infection-related morbidity and mortality in CLL, 

identifying alternate treatment options without accompanying hematologic toxicities 

has clinical relevance.  In this study, we examine the effect of LMP-420 on normal 

hematopoietic cell viability and functionality.  We find that LMP-420 is significantly 

less toxic to normal cells than conventional therapeutics utilized in the treatment of 

CLL.  The low therapeutic indices for purine analogs such as fludarabine and 

alkylating agents such as cyclophosphamide highlight the inability of these drugs to 

specifically target malignant cells [351].  In contrast, LMP-420 spares normal 

hematopoietic cells, as demonstrated by a therapeutic index more than 60-fold 
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above that of commonly used CLL drugs. These results support LMP-420 as an 

effective new CLL therapeutic that lacks the hematologic toxicities that are 

responsible for a large proportion of morbidity and mortality associated with current 

CLL treatments. 

4.2 Results 

4.2.1 Low cytotoxicity of LMP-420 for normal PBMC relative to 
current CLL therapeutics 

To determine whether the cytotoxic effect of LMP-420 is specific to malignant 

hematopoietic cells, normal PBMC from healthy donors were incubated with high 

concentrations of LMP-420 for 72 hours.  The ED50 of LMP-420 on normal PBMC was 

greater than 512 M in the MTS assay, whereas the median ED50 on CLL cells was 

300 nM.  Therefore, the therapeutic index (PBMC ED50/CLL ED50) for LMP-420 is 

greater than 1,700.  For comparison, these studies were also performed with serial 

dilutions of the drugs most commonly utilized in treatment of CLL.  These drugs are 

more potently toxic to normal PBMC than LMP-420, with therapeutic indices below 30 

(Table 7).  The CLL ED50 values in this table are based on drug sensitivities 

described in the literature and MTS assays performed in our laboratory.  Since a 

range of values have been reported, the lowest ED50 for each chemotherapeutic 

appears in Table 7.  Consequently, the calculated therapeutic indices for these drugs 

are potentially overestimates.  The therapeutic indices are similar to those reported 

by Bosanquet for chlorambucil, fludarabine, and 4-HC [351].1 

 

                                          

1 Bosanquet reported mean therapeutic indices of 5 for chlorambucil, 3 for fludarabine, and 3 
for 4-HC.  Cladribine and bendamustine were not tested.  Therapeutic indices for the nine 
additional drugs assessed in the Bosanquet study were below 10, with the exception of 

prednisolone (therapeutic index ~ 20). 
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Table 7: Relative ED50 (M) of LMP-420 and common CLL drugs for CLL cells 

versus PBMC from normal donors 

Drug 
ED50 (M),  

CLL* 

ED50 (M),  

PBMC 

Therapeutic 
Index 

LMP-420 0.3 > 512 > 1700 

Fludarabine 1.2 3.1 2.6 
Cladribine 0.01 0.1 10 

Chlorambucil 3  67.7 22.6 
Cyclophosphamide/4-HC 5 8.5 1.7 

Bendamustine 5 146 29.2 

* The CLL ED50 value for LMP-420 is the median value from the MTS experiments described in 

Chapter 3.  The values for other drugs are the minimum values from the range reported in the 
literature or the mean ED50 observed in MTS assays performed on CLL samples in this study, 
whichever is lower [314, 315, 331, 352-354].  The PBMC ED50 values reported are mean 
values from experiments performed on PBMC isolated from healthy blood donors (n = 3 – 6).  

 

Since LMP-420 potentiates the cytotoxicity of fludarabine on CLL cells, we also 

tested whether low dose LMP-420 increases fludarabine toxicity to normal PBMC 

(Figure 20).  PBMC from healthy donors (n = 3) were cultured for 72 hours with 

vehicle control or serial dilutions of fludarabine alone or in combination with 62 or 

250 nM LMP-420.  A trend towards reduced fludarabine toxicity, as measured by MTS 

assay, was observed in the presence of LMP-420 (p = 0.09). 

 

Figure 20: No potentiation of fludarabine cytotoxicity to PBMC by low dose 
LMP-420 

 

PBMC from healthy donors (n = 3) were cultured with media or serial dilutions of 

fludarabine (Flu) alone or in combination with 62 or 250 nM LMP-420.  Cytotoxicity was 
assessed by MTS assay after 72 h.  Mean fractional cytotoxicity is shown at each 
concentration, with error bars representing SEM. 
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The absence of LMP-420 cytotoxicity to PBMC was also observed in the 

annexin assay and cell death ELISA.  In both assays, apoptosis did not increase 

above baseline (media control) in PBMC treated with 90 M LMP-420.  By contrast, 

significantly increased apoptosis above baseline occurred at a dose of 0.4 M 

fludarabine.  In order to assess the effect of LMP-420 on the lymphocyte subsets, 

annexin V binding was analyzed in PBMC stained for T- and B-cell surface markers (n 

= 3).  LMP-420 did not induce significant apoptosis in normal B- and T-lymphocytes 

at concentrations up to 90 M (p > 0.05, Figure 21).  By contrast, treatment with 0.4 

M fludarabine caused significant apoptosis in both B- and T-cells (p < 0.01 and p < 

0.05, respectively).  Thus, LMP-420 does not induce apoptosis in normal 

lymphocytes at concentrations well above its therapeutic dose range for CLL cells.  

 

Figure 21: Comparison of apoptotic effects of LMP-420 and fludarabine on 

normal B- and T-lymphocytes 

 

Normal PBMC from healthy donors (n = 3) were cultured with media or serial dilutions of 
LMP-420 () or fludarabine ().  Cells were stained with annexin V and FITC-conjugated 

antibody against either CD19 (B-cell marker) or CD3 (T-cell marker).  Cells were analyzed 
by flow cytometry, collecting 10,000 events per sample. Mean percent drug-specific 

apoptosis  SEM is depicted for (A) B-cells and (B) T-cells. 
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4.2.2 Relative lack of LMP-420 inhibition of mitogen-induced 

PBMC proliferation and hematopoietic colony formation 

As discussed above, currently accepted CLL chemotherapeutics are associated 

with immuno- and myelosuppression, placing patients at risk of infectious 

complications during treatment.  To assess the effect of drugs on hematopoietic cell 

function, mitogens were utilized to induce a proliferative response mimicking that of 

immune cells to foreign agents.  PBMC from healthy donors were stimulated with 

PWM, PHA, ConA, PMA + ionomycin, or -CD3 in the presence of LMP-420 or other 

drugs.  Proliferation was measured by [3H]-thymidine incorporation after 96 hours in 

the presence of the mitogen.  Growth inhibition by LMP-420 for each mitogen is 

shown for a representative sample in Figure 22, and the mean concentrations 

required to inhibit proliferation by 50% (IC50) for all drugs are reported in Table 8.  

The LMP-420 IC50 for PBMC stimulated by each mitogen, with the exception of -

CD3, was more than 250-fold higher than the median ED50 for CLL cells.  The 

largest effects of LMP-420 were observed for -CD3- and ConA-induced proliferation.  

This is most likely due to LMP-420-mediated TNF inhibition, as TNF enhances T-cell 

proliferation stimulated by both -CD3 and ConA [355, 356].  Nevertheless, the IC50 

for cells stimulated by -CD3 was greater than 100-fold above the ED50 for CLL 

cells.  In contrast, the IC50 values for the other tested chemotherapeutics were no 

more than 15-fold above the doses causing in vitro cytotoxicity to CLL cells.  These 

results indicate that at concentrations required for CLL cytotoxicity, LMP-420 will 

likely be less immunosuppressive than current agents used to treat CLL. 
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Figure 22: Inhibition of mitogen-induced PBMC proliferation by LMP-420 

 

Table 8: IC50 (M) for suppression of mitogen-induced proliferation of 

normal PBMC 

 PHA Con A PWM PMA/Iono -CD3 

LMP-420 > 90 71 > 90 > 90 33 

Fludarabine < 3 < 3 < 3 0.8 < 3 

Cladribine NT 0.15 0.1 NT NT 

Chlorambucil 11 12 7.5 7 12.5 

Bendamustine 17 16 14 35 20 

 NT indicates not tested. 

 

To examine the effect of LMP-420 on proliferation of hematopoietic progenitor 

cells, CD34+ cells isolated from peripheral blood of normal donors were incubated in 

methylcellulose-based cytokine-supplemented media for two weeks.  Colony counts 

Normal PBMC were treated with media or with serial dilutions of LMP-420 and stimulated to 
proliferate for 96 h by 10 g/ml PHA, 5 g/ml ConA, 2 g/ml PWM, 25 ng/ml -CD3, or 50 

ng/ml PMA with 1 g/ml iono.  [3H]-thymidine (0.5 Ci/well) was added for the last 14-18 h 

before cells were harvested onto glass-fiber filters.  Incorporated radioactivity was 

determined by liquid scintillation spectrophotometry.  Percent inhibition of proliferation was 
calculated relative to the media-treated control. Data are shown as mean  SD for 
quadruplicate testing of a representative sample. 



 

78 

were compared between plates treated with media only or serial dilutions of LMP-420 

or fludarabine (Figure 23).  LMP-420 IC50s for inhibiting erythroid and myeloid 

colony formation were approximately 50 and 30 M, respectively, while IC50s for 

fludarabine were 3 and less than 1 M.  The dose curves for LMP-420 versus 

fludarabine suppression of myeloid colony formation are statistically different (p = 

0.04).  The differences between the curves for erythroid colony suppression are not 

statistically significant (p = 0.08), however there is a trend towards lower toxicity 

with the LMP-420.  Importantly, although these experiments were only performed 

twice, these data suggest that in contrast to fludarabine, LMP-420 has minimal effect 

on hematopoietic cell development in its effective dose range for CLL cells. 

 

Figure 23: Suppression of myeloid and erythroid colony formation by LMP-

420 and fludarabine 

 

CD34+ hematopoietic progenitor cells from healthy donors (n = 2) were cultured in 
methylcellulose media formulated for colony forming cell assays.  Cells were treated in 
triplicate with serial dilutions of LMP-420 () or fludarabine () for 14 days.  Colonies were 

counted by two independent observers blinded to the treatment groups.  Percent inhibition 
of (A) myeloid and (B) erythroid colony formation relative to the media-treated control 
was averaged for the two observers.  Data are shown as the mean  SEM for the two 

experiments. 
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4.3 Discussion 

In this series of in vitro studies on PBMC and hematopoietic stem cells 

isolated from healthy blood donors, we have demonstrated that LMP-420 lacks the 

immuno- and myelosuppressive toxicities of fludarabine and other CLL treatments.  

Unlike conventional chemotherapy, LMP-420 was highly specific for CLL cells over 

normal hematopoietic cells.  LMP-420 induced cytotoxicity and inhibited proliferation 

in CLL cells but not normal PBMC, even at concentrations well above the median 

ED50 for CLL cells.  In contrast, fludarabine concentrations that are toxic to CLL cells 

also induced apoptosis in normal lymphocytes and suppressed proliferation of PBMC 

from healthy donors.  Our data suggest that LMP-420 may be an effective, low-

toxicity treatment for CLL, either alone or in combination with other drugs.   

Current treatment of CLL is based on combination therapies, with the FCR 

regimen being the favored front-line treatment for patients with good performance 

status [89, 131, 187, 357]. While remission rates on FCR are high, many CLL 

patients are not eligible for this rigorous regimen due to co-morbid conditions.  

Furthermore, rates of high-grade neutropenia on FCR exceed 50%, and more than 

one-third of patients experience infectious complications [188, 199].  Persistent 

cytopenias with fludarabine combination therapy are particularly prevalent in 

patients of advanced age [189].  In a recent clinical trial, 54% of patients 70 years 

or older did not complete the treatment, largely due to hematologic toxicities [188]. 

Furthermore, poor performance status and age greater than 60 are predictive of 

infectious complications with fludarabine-based treatments [358].  Given the median 

age at diagnosis of 72 and the poor performance status of many CLL patients, a need 

exists for alternative therapeutics with improved toxicity profiles.  We have shown 

that LMP-420 has an in vitro therapeutic index more than sixty-fold higher than 
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chlorambucil and bendamustine, which are considered lower toxicity treatment 

options for elderly patients [195].  When comparing LMP-420 toxicity to fludarabine 

or cyclophosphamide (both components of FCR), we observed a greater than 200-

fold difference in their in vitro therapeutic indices.  The dramatic difference in LMP-

420 concentration required to kill CLL cells as opposed to normal PBMC denotes that 

the cytotoxicity of this drug is highly specific for the malignant cells. 

The major improvement in the in vitro hematologic toxicity profile of LMP-420 

relative to fludarabine and cladribine indicates that LMP-420 likely acts through an 

alternative mechanism of action than these purine nucleoside analogs.  Although all 

three drugs share an amino- and halogen-substituted purine within their structure, a 

major difference in their chemical composition supports the hypothesis that they act 

via different mechanisms (Figure 24).  Attached to N-9 of the purine base in both 

cladribine and fludarabine is a cyclic pentose with a hydroxyl group on the 5’-carbon.  

This primary hydroxyl group plays a key role in the antimetabolite function of purine 

nucleoside analogs.  Fludarabine and cladribine enter the cell as free nucleosides (9-

-D-arabinofuranosyl-2-fluoroadenine and 2-chlorodeoxyadenosine, respectively) 

and are then phosphorylated at the 5’-alcohol group by deoxycytidine kinase.  

Consequent to this reaction, these monophosphates are further phosphorylated to 

their biologically active triphosphate forms.  Given their structural similarity to 

deoxyribonucleotides and ribonucleotides, the drugs inhibit ribonucleotide reductase, 

DNA polymerases, and other enzymes that normally act on nucleotide substrates.  

Consequently, the cytotoxic activity of fludarabine and cladribine relates to 

interference with RNA and DNA synthesis, as well as DNA repair [359-361].   In 

contrast to fludarabine and cladribine, LMP-420 has a five-carbon alkyl group rather 

than a sugar attached to N-9 of its purine base.  In addition, the N-9 substituent of 
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LMP-420 does not contain an alcohol group for phosphorylation.  These structural 

differences make it highly unlikely that LMP-420 would act as an inhibitory substrate 

for the same enzymes as purine nucleoside analogs.  Furthermore, the pentyl-

boronic acid group on the purine N-9 blocks the site at which purine analogs such as 

6-mercaptopurine are phosphoribosylated by hypoxanthine phosphoribosyl-

transferase to become biologically active [362].  Given these structural differences 

from known purine and purine nucleoside analog chemotherapeutic agents, our 

investigations of LMP-420 have focused on alternate mechanisms of action. 

 

Figure 24: Structural comparison of the purine nucleoside analogs 
fludarabine and cladribine with LMP-420 

 

Combination therapies, particularly utilizing drugs from different mechanistic 

classes, tend to delay therapeutic resistance in cancer relative to the use of single-

agent therapies.  Consequently, we examined the effect of LMP-420 combined with 

fludarabine on CLL cells and normal PBMC.  Our data indicate that concomitant 

treatment with LMP-420 reduces the concentration of fludarabine required to kill CLL 

cells.  Importantly, while LMP-420 potentiated the activity of fludarabine against CLL 

cells, it showed a trend towards a protective effect on normal PBMC.  Even in the 

absence of this protection, lowering the dose of fludarabine would result in decreased 
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toxicity to non-malignant hematopoietic cells.  Thus, LMP-420 has potential not only 

as a single-agent therapeutic for CLL, but also in combination with fludarabine. 

A second drug combination that warrants future study is rituximab with LMP-

420 [363].2  Rituximab treatment is associated with cytokine-dependent infusion 

reactions that involve the release of TNF, among other cytokines [364-366].  Woyach 

et al. recently examined the effect of the TNF inhibitor etanercept in combination 

with rituximab in patients with relapsed CLL.  These researchers hypothesized that 

etanercept would decrease infusion toxicity and improve response rates to rituximab 

by blocking the proliferative and anti-apoptotic effect of TNF [228].  Although this 

was a single-arm study, comparison to a prior trial suggested that addition of 

etanercept lengthened the duration of response to rituximab and resulted in 

favorable overall survival in responders.  Based on these findings and the potent TNF 

inhibitory effect of LMP-420, we predict that combining LMP-420 with rituximab 

would result in similarly promising outcomes.  LMP-420 would potentially also inhibit 

IFN- release, providing further benefit over etanercept since IFN- is implicated both 

in rituximab infusion toxicity [364] and CLL cell survival [216, 234, 268-270].  Since 

alemtuzumab treatment induces a similar cytokine-release syndrome involving TNF 

and IFN- [367, 368], combination of LMP-420 with alemtuzumab also deserves 

future study. 

                                          

2 We attempted to study this drug combination, however we observed no cytotoxicity with 
rituximab in a series of six patient samples.  Rituximab was tested over a dose range of 0.4 to 
40 g/ml in combination with a 5-fold molar excess of anti-human IgG1 F(ab’)2 fragment.  The 

combination of 4 g/ml rituximab with cross-linking F(ab’)2 has been reported to induce ~35% 

apoptosis in primary CLL cells in vitro [363].  The cause for our differences in results 
compared to this study is unclear.  However, given that we observed no effect with rituximab, 

we did not pursue further in vitro testing of LMP-420 plus rituximab.  Furthermore, since 
rituximab-mediated cytotoxicity in vivo involves interaction with complement and effector 
cells, this in vitro model of assessing rituximab is poorly representative of the in vivo activity 

of this drug. 



 

83 

In-depth toxicology and pharmacokinetic testing of LMP-420 in vivo will be 

required to predict systemic toxicities prior to use in man.  In preliminary studies, no 

adverse effects have been observed in mice administered doses of up to 50 mg/kg 

LMP-420 daily for three weeks.  In addition, a pilot study in a murine graft-versus-

host disease model indicated that LMP-420 does not significantly suppress cellular 

immunity (N. Chao and B. Chen, unpublished data).  However, given the integral 

involvement of TNF in the cell-mediated immune response to certain pathogens 

[369-372], increased risk of infection may reasonably be expected with LMP-420 

treatment.  Indeed, clinical experience suggests a small but significant increase in 

fungal infections and tuberculosis reactivation in patients treated with TNF 

antagonists such as etanercept and infliximab [373-378].  However, it should be 

noted that these infections were frequently associated with the concomitant use of 

steroids or other immunosuppressive agents [374].  Interestingly, the frequencies 

and types of infection observed with different TNF antagonists vary depending on 

their mechanisms of action [374, 379].  Given that the half-life of LMP-420 is shorter 

than that of the anti-TNF biologics, greater pharmacological control over TNF levels 

can be achieved with LMP-420 via discontinuation of treatment if necessitated by 

infection.  Additionally, low levels of TNF are still released by stimulated PBMC at the 

concentrations of LMP-420 that are cytotoxic to CLL cells; by contrast, etanercept 

and infliximab effect complete neutralization of circulating TNF [1].  The low levels of 

TNF maintained in the presence of LMP-420 may be sufficient for protection against 

opportunistic infection.  Ultimately, clinical trials will be necessary to determine how 

the infection risks of LMP-420 compare to other TNF inhibitors. 

Based on our in vitro studies, we predict that clinical use of LMP-420 for CLL 

treatment will provide a benefit over conventional therapeutics due to a lack in 
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hematologic toxicity.  At this time, we have not determined the mechanism by which 

LMP-420 achieves its selective cytoxicity for malignant B-cells.  The difference in 

toxicity between normal and leukemic cells is most likely not related to differences in 

cellular uptake of the drug, as similar doses of LMP-420 affect expression of 

cytokines and other proteins in healthy PBMC.  Elucidating the means behind LMP-

420’s differential effects in CLL cells versus normal PBMC may provide further 

insights into the survival pathways on which CLL cells depend.  We hypothesize that 

the selectivity of LMP-420-induced cytotoxicity relates to effects on the NF-B 

pathway, which is constitutively active and implicated in CLL cell survival [171-173, 

177, 182, 183].  Regardless of its mechanism of action, the favorable in vitro toxicity 

profile and efficacy of LMP-420 both as a single agent and combination treatment 

with fludarabine indicate that additional preclinical evaluation of LMP-420 is 

warranted. 
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5. Exploring the Mechanism of Action of LMP-420 

5.1 Introduction 

Prior studies with LMP-420 indicate that the NF-B pathway is a likely target 

for this molecule.  Modulation of this pathway could readily account for both the anti-

inflammatory effects of LMP-420 and its cytotoxic activity against CLL cells.  

Although our ultimate goal is to understand the mechanism of action of LMP-420 in 

both non-malignant and leukemic cells, our initial studies have focused on normal 

PBMC for several reasons.  First, large quantities of these cells are available ―on 

demand,‖ whereas acquisition of primary CLL cell samples is sporadic and cannot be 

planned.  Secondly, relative to normal PBMC, CLL cells have greater variability in 

their basal NF-B activity, as well as the timing and dose at which they respond to 

LMP-420.  Finally, mechanistic studies with CLL cells are complicated by their 

spontaneous apoptosis in culture and high frequency of genomic aberrations.  

Therefore, we have performed initial mechanistic experiments in PBMC isolated from 

healthy volunteers and utilized these results to guide further studies in primary CLL 

cells.  Several of these assays have also been conducted on TG-elicited murine 

macrophages, which have the advantages of increased uniformity in genetic 

constitution and cell type relative to human PBMC from different donors. 

 The potential benefits of identifying the mechanism(s) of action of LMP-420 

are numerous.  First, mechanistic data will likely inform us about potential toxicity 

concerns to anticipate in clinical trials.  Secondly, identification of the pathway(s) 

affected by LMP-420 will aid selection of patients who are more likely to respond to 

the treatment.  In addition, mechanism of action knowledge facilitates planning of 

drug combinations that will most likely act synergistically together.  Most 

importantly, understanding how LMP-420 specifically induces cell death in CLL cells 
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while sparing their non-malignant counterparts may point to promising new 

therapeutic targets for CLL and help to achieve a better understanding of CLL 

pathogenesis. 

5.2 Results 

5.2.1 Structure-activity relationship studies of LMP-420 

analogs 

Analysis of the key components of LMP-420 necessary for its activity will likely 

provide mechanistic information about this drug.  Previous studies with analogs of 

LMP-160 had determined that the optimal carbon-chain length for the N-9 

substituent is five carbons, as in the structure of LMP-420.  Alterations in the ring 

substitutions at C-2 and C-6 of LMP-160 caused variable changes in the IC50 for TNF 

inhibition.  The biggest decreases in potency were observed when C-2 lacked a 

substituent and C-6 was bound to an oxo or aminomethyl group.  Results from 

further structure-activity relationship studies of LMP-160 analogs are reported in 

Appendix B (G.J. Cianciolo, unpublished data). 

Since the boronic acid represents the unique structural aspect of LMP-420, 

two analogs (LMP-240 and LMP-240-OH, Figure 6) were synthesized to ascertain 

whether the boronic acid residue is required for its anti-inflammatory and anti-

leukemic activities.  LMP-240-OH contains a hydroxyl group in place of the boronic 

acid, while LMP-240 has no additional group at the end of the five-carbon chain of 

the N-9 purine substituent.  All three drugs inhibited TNF production, however with 

varying potencies (Figure 25A).  LMP-420 was the most potent, and the IC50 

increased ~100-fold with LMP-240.   LMP-240-OH did not reach an IC50 by a 

concentration of 100M (>400-fold shift in IC50 relative to LMP-420).  Similar 

results were observed for MCP-1 inhibition in human PBMC, as well as TNF inhibition 
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in murine TG-elicited macrophages.  These results indicate that the boronic acid is 

not essential for the cytokine/chemokine inhibitory activity of LMP-420, but it greatly 

increases the potency (> 2 log10).   

A similar pattern was observed for inhibition of U266 cell proliferation; 

however, the difference in potency between LMP-420 and its analogs was smaller 

than with TNF inhibition (Figure 25B).  The IC50 shifted approximately 4-fold to the 

right with LMP-240 and 11-fold to the right with LMP-240-OH.  As observed 

previously with the U266 cell line, the concentration of LMP-420 required to inhibit 

50% proliferation was in the micromolar range, as compared to a nanomolar IC50 

for TNF production by primary PBMC.  In contrast, the LMP-240 and LMP-240-OH 

IC50s for were similar for inhibition of TNF and U266 proliferation.  Therefore, 

sensitivity to LMP-240 and LMP-240-OH does not appear to differ between primary 

cells and cell lines. 

The effect of LMP-240 has been assessed on a limited number of primary CLL 

cell samples.  As shown in Figure 26, LMP-240 exhibited similar activity to LMP-420, 

but with decreased potency (~60-fold increase in ED50 relative to LMP-420).  This 

increase in ED50 was on the same order of magnitude as that observed with the 

IC50 for TNF production in primary PBMC.  In CLL samples that were less sensitive to 

LMP-420 (ED50 not reached), a smaller shift between the LMP-420 and LMP-240 

dose curves was observed.  LMP-240-OH has not yet been tested on primary CLL 

cells. 
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Figure 25: Relative effects of LMP-420, LMP-240, and LMP-240-OH on PBMC 
TNF secretion and U266 proliferation 

 

 

Figure 26: Relative cytotoxicity of LMP-420 and LMP-240 to CLL cells 

 

Primary CLL cells were incubated with media, serial dilutions of LMP-420 or LMP-240, or 

vehicle control for 72 h.  Fractional cytotoxicity was assessed by MTS assay.  Data are 
shown as mean ± SD for quadruplicate testing in a representative patient sample.   

 

(A) Normal PBMC were pre-treated with serial dilutions of LMP-420, LMP-240, LMP-240-OH 
or vehicle control for 2 h, then stimulated with 1 g/ml LPS for 20 h.  Supernatants were 

harvested and TNF levels were measured by ELISA.  Percent inhibition of TNF was 

calculated relative to the media-treated control.  Data are shown as mean ± SD for 
quadruplicate testing in a representative experiment.  (B) U266 cells were cultured with 
serial dilutions of LMP-420, LMP-240, LMP-240-OH or vehicle control for 48 h.  [3H]-
thymidine (0.5 Ci/well) was added for the last 5 h before cells were harvested onto glass-

fiber filters.  Incorporated radioactivity was determined by liquid scintillation 
spectrophotometry.  Percent inhibition of proliferation was calculated relative to the media-

treated control. Data are shown as mean ± SD for triplicate testing in a representative 
experiment.   
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5.2.2 LMP-420 activity in whole blood 

 In order to determine whether LMP-420 maintains its activity in the presence 

of plasma proteins, the TNF-inhibitory effect of LMP-420 was tested in human whole 

blood.  As shown for a representative experiment in Figure 27, LMP-420 inhibited 

LPS-stimulated TNF production in whole blood.  However, it was approximately 20-

fold less potent in whole blood than when added to PBMC in culture. 

 

Figure 27: Inhibition of TNF production by LMP-420 in whole blood 

 

5.2.3 Effect of LMP-420 on p65 nuclear translocation 

Transcriptional activation in the canonical NF-B pathway requires p65 

translocation into the nucleus.  Therefore, we investigated the effect of LMP-420 on 

p65 nuclear localization in unstimulated and LPS-stimulated PBMC from healthy 

donors (n = 9).  Nuclear extracts were probed for p65, and expression was 

normalized to nucleolin as a loading control.  LMP-420 treatment was associated with 

Anti-coagulated blood from a normal donor was pre-treated with media or serial dilutions of 
LMP-420 for 2 h, then stimulated with 10 ng/ml LPS.  Samples were rotated in sterile 
microcentrifuge tubes for 7 h, then plasma TNF levels were measured by ELISA.  Data are 
shown as mean ± SD for triplicate testing of a representative sample.   
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a trend towards decreased constitutive p65 nuclear expression (median decrease = 

48%, mean decrease = 31%, p = 0.1).  LPS stimulation induced p65 translocation 

into the nucleus as anticipated (p < 0.05).  A slight but statistically significant 

decrease in nuclear p65 was observed in LPS-stimulated PBMC pre-treated with 1 M 

LMP-420 (median decrease = 22%, mean decrease = 24%, p = 0.01; Figure 28A).1  

Figure 29B shows a western blot of nuclear extracts from a representative PBMC 

sample.  Since 1 M LMP-420 is sufficient to suppress greater than 90% TNF 

production by PBMC, transcriptional inhibition is likely not due to the minor effects of 

LMP-420 on p65 nuclear translocation.  Furthermore, since LMP-420 does not 

universally inhibit p65-mediated transcription, sufficient nuclear p65 must be present 

to activate transcription of other target genes. 

 

Figure 28: Nuclear localization of p65 in PBMC treated with LMP-420 

 

                                          

1 For comparison, pre-treatment of PBMC from two donors with 10 M bortezomib induced a 

36% and 38% decrease in p65 nuclear translocation at 45 minutes post-LPS stimulation. 

(A) Normal PBMC (n = 9) were pre-incubated with media or 1 M LMP-420 for 2 h, then 

treated with media or 1 g/ml LPS for 45 min.  Cells were harvested, nuclear extracts 

prepared, and protein content measured.  Samples (12 g protein/well) were analyzed for 

p65 and nucleolin content by immunoblot.  Protein expression was quantified by 
densitometric analysis of bands with Odyssey software, normalizing p65 levels to the 

nucleolin loading control. For each sample, nuclear p65 was expressed as percent relative 
to the untreated media control.  Data are shown as mean ± SEM.  (B) A representative 
immunoblot demonstrates the LPS-induced increase in nuclear p65 and the slight decrease 
in lanes with LMP-420-treated lysates. 
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5.2.4 Partial inhibition of p65 binding to consensus NF-B site 

by LMP-420  

Transcriptional activation by p65 requires not only nuclear translocation, but 

also binding to target B sites in the promoters of NF-B-regulated genes.  

Therefore, we examined the effect of LMP-420 on p65 binding to the NF-B 

consensus sequence (5’-GGGACTTTCC-3’) by EMSA.  Nuclear extracts were prepared 

from unstimulated and LPS-stimulated PBMC that had been pre-treated with 1 M 

LMP-420 or vehicle control.  Incubation of nuclear extract with a 33P-labeled NF-B 

consensus oligonucleotide probe resulted in formation of a 33P-labeled protein-DNA 

complex that was specifically competed by excess unlabeled NF-B oligonucleotide.  

Pre-incubation of nuclear extract with antibody specific to p65 resulted in a 

supershift of the 33P-labeled complex, indicating that the shifted complex contained 

p65.  Formation of the NF-B-DNA complex was inhibited by LMP-420 treatment in 

both unstimulated and LPS-stimulated PBMC, as shown in a representative EMSA in 

Figure 29A.  Furthermore, the p65 supershift was diminished in LMP-420-treated 

samples, indicating the presence of p65 in the inhibited protein-DNA complex.  

Although the degree of shift inhibition varied by donor, decreased p65-DNA binding 

was observed for nuclear extracts from all unstimulated PBMC samples (n = 9) and 

seven of nine LPS-stimulated samples.  

The chemiluminescent TransAM NF-B assay was utilized to confirm the 

effects of LMP-420 on p65 binding to the consensus NF-B site.  This ELISA-based 

method of detecting p65 activation provides greater sensitivity and more quantitative 

data than EMSA [248, 380].  In concordance with the EMSA results, decreased p65-

DNA binding was observed with nuclear extracts from LMP-420-treated PBMC in the 

p65 TransAM ELISA (Figure 29B).  On average, 1 M LMP-420 treatment resulted in 
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Figure 29: LMP-420-mediated inhibition of p65 binding to consensus B site 

 

(A) Normal PBMC (n = 9) were pre-incubated with media or 1 M LMP-420 for 2 h, then 

treated with media or 1 g/ml LPS for 45 min.  Cells were harvested, nuclear extracts 

prepared, and assessed for protein content.  Nuclear extract (4 g) from each treatment 

group was incubated in binding buffer for 30 min on ice.  Extract was then mixed with 175 
fmol -33P-labeled consensus NF-B oligonucleotide for 7 min, and resulting protein-DNA 

complexes were analyzed by gel electrophoretic mobility shift assay.  Radioactive bands 

were detected by a Phosphor Storage screen, visualized on the STORM Moleuclar Imager.  
The gel for a representative EMSA is shown. Lane 1 contained no nuclear extract. Lanes 6 
to 9 were supershift assays, for which nuclear extracts 4 g p65 antibody was present in 

binding buffer with nuclear extract for 30 min incubation prior to adding the labeled probe.  
In Lane 10, binding to labeled probe was competed by pre-incubation with 100-fold excess 

unlabeled probe. (B) Normal PBMC (n = 8) were treated as above and nuclear extracts (1 
g/well) were assessed for binding to the consensus NF-B sequence by chemiluminescent 

ELISA (p65 TransAM ELISA).  Each treatment group was tested in triplicate.  Background 
luminescence was subtracted from all samples, and luminescence was expressed as 
percent relative to the untreated media control for each treatment group.  Data are shown 

as mean ± SEM for the eight samples. 
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a 64% and 48% decrease in p65-DNA binding in unstimulated and LPS-stimulated 

PBMC, respectively (n = 8).  Although the degree of inhibition varied among PBMC 

donors as in the EMSA, the decrease in p65 activity with LMP-420 was statistically 

significant (p < 0.01 for both unstimulated and LPS-stimulated).  To determine 

whether the presence of LMP-420 was required within the cell to achieve this 

inhibition, PBMC nuclear extracts were pre-incubated with LMP-420 or vehicle control 

prior to adding the extract to the oligo-containing ELISA plate.2  Pre-incubation with 

LMP-420 did not inhibit p65 binding to the consensus NF-B sequence (3% decrease 

relative to vehicle control, p = 0.6).3  These results indicate that LMP-420 does not 

act as a direct or indirect antagonist to p65-DNA binding, but instead must act within 

the cell to exert its effects. 

LMP-420 at a concentration of 1 M consistently inhibits TNF production by at 

least 90% in LPS-stimulated PBMC from healthy donors.  It is unclear whether the 

observed moderate decrease in p65 binding to the consensus NF-B is sufficient to 

account for this inhibition of TNF and other proteins down-regulated by LMP-420 

treatment.  Furthermore, since LMP-420 only affects transcription of a subset of NF-

B targeted genes, complete inhibition of p65 binding to the consensus NF-B site is 

not expected.  Given that NF-B transcriptional activity and binding to promoter sites 

is DNA sequence-dependent [19, 381, 382], we hypothesized that the B-site 

sequence would contribute to the specificity of LMP-420’s activity to certain NF-B-

regulated promoters.  To test this hypothesis, we examined the effect of LMP-420 on 

NF-B binding by EMSA using oligonucleotide probes corresponding to LPS-inducible 

                                          

2 The concentration of LMP-420 during the 45-minute pre-incubation with nuclear extract was 
25 M.  The final concentration of LMP-420 in the ELISA plate was 10 M, as the pre-treated 

nuclear extract was diluted with binding buffer for incubation in the plate.  
3 Decreased p65-DNA binding was observed utilizing PBMC nuclear extracts from the same 

blood donors when the PBMC were treated in culture with LMP-420. 



 

94 

NF-B sites present in the TNF gene promoter: B1, B2, B2a, and 3 [247, 249, 

383-385].  The B-binding site sequences and locations within the TNF promoter of 

the tested oligonucleotide probes are shown in Figure 30 (full probe sequences 

available in Table 5, Chapter 2) [385].   

 

Figure 30: LPS-inducible B sites in TNF promoter 

 

 EMSA results with the TNF promoter-specific B probes demonstrated 

variable inhibition of NFB-DNA complex formation due to LMP-420 treatment.  The 

decreased shift was most consistent with the B1 oligonucleotide probe, however 

analysis of these EMSAs was complicated by the variable band pattern among 

donors. Three shifted bands were evident for four samples, whereas two shifted 

bands were observed with two samples from other donors with the B1 probe.  For 

those cases with three bands, the middle band was decreased in four of four LPS-

stimulated samples treated with LMP-420, and the bottom band was increased in 

three of four (Figure 31A).  In EMSAs with only two bands, the upper band was 

slightly decreased in both cases (Figure 31B).  Several antibodies specific to p65 

were utilized to determine the presence of p65 in these bands.  Although no clear 

supershift was observed with these p65 antibodies, a decrease in intensity was noted 

The human TNF promoter contains multiple B sites that become bound by NF-B proteins 

in response to LPS stimulation in cells of monocytic lineage.  Adapted by permission from 
S. Karger AG, Basel: Current Directions in Autoimmunity, copyright 2010 [383].   
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for all bands when the nuclear extract was pre-incubated with antibody, indicating 

that these DNA-protein complexes contained p65.  Banding patterns with the B2, 

B2a, and B3 probes were more consistent among samples.  However decreased 

NFB-DNA complex formation with these probes was observed for only some of the 

nuclear lysate samples from LMP-420-treated PBMC.  For example, inhibition of LPS-

induced NF-B binding to the B2 probe was demonstrated in only one of four 

samples (Figure 32C and 32D).  These variable EMSA results with nuclear lysates 

prepared from different PBMC donors do not fit with the consistent, potent LMP-420-

mediated inhibition of TNF transcription observed in LPS-stimulated PBMC [1].  

Therefore, inhibition of NF-B binding to B sites within the TNF promoter likely 

accounts for only part of the mechanism of action of LMP-420.4 

                                          

4 In addition to NF-B binding to B sites, LPS-inducible binding of Egr-1 to an Sp1/Egr-1 site 

in the TNF promoter is necessary for maximal transcription of TNF in human monocytic cells 

[247].  Consequently, we also examined the effect of LMP-420 treatment on transcription 
factor binding to an oligonucleotide containing the Sp-1/Egr-1 site from the TNF promoter     
(-182 to -157) by EMSA.  No difference in shift was observed between LMP-420-treated versus 

untreated nuclear extracts from LPS-stimulated PBMC. 
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Figure 31: Effect of LMP-420 on NF-B binding to B1 and B2 sites of the 

TNF promoter 

 

Electrophoretic mobility shift assays were performed on 4 g nuclear extract from normal 

PBMC incubated with either (A and B) 35 fmol -33P-labeled B1 oligonucleotide or (C and 

D) 175 fmol -33P-labeled B2 oligonucleotide.  The number of shifted bands and band 

intensity among treatments varied with the B1 probe.  (A) and (B) show representative 

EMSAs from two different PBMC donors, demonstrating three and two shifted bands, 
respectively.  (C) and (D) show representative EMSAs from two different PBMC donors 
with the B2 oligonucleotide.  A consistent decrease in shifted band intensity was observed 

in the LMP-420-treated unstimulated samples, but variable results were observed in the 

LPS-stimulated samples treated with LMP-420. 
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5.2.5 Post-translational modification of NF-B in the presence 

of LMP-420 

The transcriptional activity of NF-B is regulated by post-translational 

modifications that affect the ability of p65 to bind to DNA, interact with other 

proteins, and activate gene expression [48, 386-388]. To date, ten phosphorylation 

sites have been identified within p65, and phosphorylation at each of these can up- 

or down-regulate transcription for a subset of NF-B target genes [52].  We assessed 

the effect of LMP-420 treatment on p65 phosphorylation at the three most widely 

studied sites: Serine-276 (S276), Serine-468 (S468), and Serine-536 (S536).  In 

addition to human PBMC whole cell lysates (Figure 32A), TG-elicited murine 

macrophage lysates were also examined by western blotting (Figure 32B).  Since 

adherent TG-elicited peritoneal cells are primarily of monocytic lineage, a greater 

increase in signal was observed upon LPS stimulation in these lysates than in PBMC 

lysates.   

Phosphorylation of S276 increases transcriptional activity of p65 in response 

to LPS, TNF, and other stimuli. Increased phosphorylation was observed with LPS 

stimulation, but was not attenuated by pre-treatment with LMP-420.  Similarly, LPS 

and TNF stimulate phosphorylation of S536, which up-regulates p65-mediated 

transcription by promoting p65 binding to co-activator p300 and decreasing binding 

to co-repressor SMRT.  LMP-420 pre-treatment did not affect constitutive or LPS-

stimulated phosphorylation of p65 on S536.  LMP-420 also had no effect on S468 

phosphorylation, which is usually associated with negative effects on p65 

transcriptional activity.  Since p65 acetylation also affects its transcriptional activity, 

both commercially available antibodies for acetylated p65 at Lysine 310 were utilized 

to determine if LMP-420 affected acetylation at this site.  Unfortunately, no bands 
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were visualized in cell lysates, including when cells were treated with the acetylation 

inhibitor trichostatin A. 

 

 

Figure 32: Effect of LMP-420 on p65 phosphorylation 

 

(A) Normal PBMC were pre-incubated with media or 1 M LMP-420 for 2 h, then treated 

with media or 1 g/ml LPS for 45 min.  Cells were harvested, lysed in RIPA buffer with 

protease/phosphatase inhibitors and benzonase, and assessed for protein content.  
Samples (45 g protein/well) were analyzed for phosphorylated p65 and total p65 by 

immunoblot.  Actin was assessed as a loading control. (B) TG-elicited murine macrophages 
were pre-incubated with media or 12.5 M LMP-420 for 2 h, then treated with media or 1 

g/ml LPS for 45 min.  Cells were lysed and analyzed by immunoblot as in (A).  
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5.2.6 Effect of LMP-420 on p65 binding partners 

Since p65-regulated transcriptional activity is affected by interactions with 

other proteins, co-immunoprecipitation was used to examine the effect of LMP-420 

treatment on the binding partners of p65.  We hypothesized that LMP-420 treatment 

would result either in the initiation of p65 binding to a co-repressor or the loss of p65 

interaction with a co-activator.  Since PBMC are a mixed population containing a 

variable percentage of monocytes (usually < 15% in our samples), murine TG-

elicited macrophages were utilized for this study.  As discussed previously, murine 

cells are less sensitive to LMP-420 than human cells; therefore, murine macrophages 

were treated with 12.5 M LMP-420 rather than the 1 M concentration utilized in 

studies with human PBMC.  p65 was immunoprecipitated from whole cell lysates, 

cytoplasmic lysates, and nuclear extracts utilizing columns containing p65 antibody 

crosslinked to Protein A/G resin.  Immunoprecipitation eluates were separated by 

SDS-PAGE, and gels were silver stained to identify the gain or loss of p65 binding 

partners associated with LMP-420 treatment in unstimulated and LPS-stimulated 

cells.  This experiment has been performed three times with whole cell lysates and 

once with cytoplasmic and nuclear extracts.  We have observed new and absent 

protein bands in LMP-420-treated samples relative to untreated, but thus far the 

bands have contained insufficient protein for identification by mass spectrometry.  

Studies are ongoing to increase the protein amount and optimize 

immunoprecipitation conditions in order to facilitate identification of p65 binding 

partners potentially affected by LMP-420. 

5.2.7 Mechanism of action studies in primary CLL cells 

Since moderate effects on p65 nuclear localization and DNA binding were 

observed in PBMC, these parameters were also assessed in primary CLL cells.  
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Nuclear extracts were prepared from CLL cells cultured in the presence or absence of 

5 M LMP-420 for 3 or 18 hours (n = 2 or 4, respectively).  This concentration of 

LMP-420 was cytotoxic to these samples at 72 hours, as assessed by MTS assay.  As 

shown for two different CLL samples in Figure 33, LMP-420 treatment was associated 

with a slight decrease in nuclear p65 at 3 hours in both cases.  LMP-420 treatment 

did not significantly affect nuclear p65 levels at 18 hours (median decrease = 26%, 

mean decrease = 29%, p = 0.25).  In order to determine if these effects are 

significant, nuclear extracts from more patient samples will be assessed.  In addition, 

comparing the effects of LMP-420 on nuclear p65 in CLL cells that are responsive 

versus unresponsive to LMP-420 treatment will indicate whether decreased NF-B 

activity is associated with LMP-420-mediated cytotoxicity. 

 

Figure 33: Effect of LMP-420 on nuclear p65 in primary CLL cells 

 

Primary CLL cells were incubated with 5 M LMP-420 for 3 or 18 hours.  Cells were 

harvested, nuclear extracts prepared, and protein content measured.  Samples (12 g 

protein/well) were analyzed for p65 and nucleolin content by immunoblot.  (A) and (B) 
show immunoblots for two different patient samples. 
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 We employed EMSAs and the chemiluminescent TransAM NF-B ELISA to 

determine if LMP-420 affects p65-DNA binding activity in primary CLL samples.  No 

effect of LMP-420 on p65 binding to the consensus NF-B sequence was observed in 

EMSAs utilizing nuclear extracts from CLL cells at 3- and 18-hours post-treatment (n 

= 6, including good and poor responders to LMP-420; data not shown).  p65-DNA 

binding after a 3-hour incubation with LMP-420 was measured by ELISA for the two 

samples shown above in Figure 33.  p65 activity was decreased by 52% and 18% in 

these samples.  Nuclear extracts from four samples at the 18-hour time point 

exhibited a trend towards decreased p65-DNA binding (median decrease = 16%, 

mean decrease = 18%, p = 0.125).  Given the sensitivity difference between the 

EMSA and TransAM ELISA, it is not surprising that these small decreases were not 

detected by EMSA.  These studies will be repeated with more samples to determine if 

the effect of LMP-420 on p65 activity is significant and correlates with apoptotic 

response to LMP-420.  However, it is unlikely that such a moderate decrease in NF-

B activity would account for the cytotoxicity of LMP-420.  In contrast to LMP-420, 

concentrations of the NF-B inhibitor LC-1 that induce apoptosis of primary CLL cells 

also cause complete inhibition of p65-DNA binding in the TransAM ELISA [183]. 

5.3 Discussion 

Initial studies of the mechanism of action of LMP-420 indicate that this 

compound affects constitutive and LPS-induced p65 activity in normal PBMC.  

Moderate decreases in p65 nuclear translocation and DNA binding activity were 

observed after LMP-420 treatment in both PBMC and a limited number of primary 

CLL samples.  However, it is unclear whether these effects are sufficient to explain 

the dramatic TNF inhibition in PBMC and apoptosis in CLL cells induced by LMP-420.  

Thus far, investigations into different B site sequences and p65 phosphorylation 
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have provided no indication that these potential modulators of NF-B activity are 

involved in the specificity of LMP-420’s effects.  Studies are ongoing to determine 

whether LMP-420 treatment affects NF-B activity through altering p65 interactions 

with other molecules, such as co-activators, co-repressors, other NF-B family 

members, or proteins involved in post-translational modification of p65. 

Many p65 transcriptional targets are not affected by LMP-420 treatment, 

indicating that LMP-420 is not a general inhibitor of p65.  Thus, the modest decrease 

in p65 nuclear translocation observed with LMP-420 must not be sufficient to block 

activation of most p65-regulated genes.  The selective effects of LMP-420 could 

however be explained if the genes inhibited by LMP-420 have a higher threshold of 

nuclear p65 required for initiation of transcription than unaffected genes.  Similarly, 

the modest effects on p65-DNA binding activity observed with LMP-420 may be 

sufficient to inhibit transcription of some genes, but not others.  In addition, greater 

inhibition of binding may occur in the physiological context of the nuclear 

environment than under the EMSA and ELISA conditions.  For example, optimal LMP-

420 activity may require longer flanking sequences around the B site or different 

salt concentrations than were present in these assays.   

Ideally, the transcriptional effects of LMP-420 would be assessed using a 

reporter gene assay.  This system would allow testing in the context of the whole 

cell, and the use of varied promoter sequences would help to determine if the 

specificity of LMP-420 is dependent on B site and/or flanking region sequences.  

Transcriptional inhibition was not observed when LMP-420 was tested in TLR4-

expressing HEK-293 cells (HEK-Blue TLR4 cells; Invivogen) containing a reporter 

gene under the control of an NF-B-inducible promoter containing five repeats of the 

B site ―GGGGACTTTCC‖ (data not shown).  Unfortunately, cell lines are poor models 
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for studying the mechanism of LMP-420, given their relative lack of sensitivity to the 

compound.  Furthermore, our initial attempts to transfect monocyte cell lines with an 

NF-B reporter plasmid using the Amaxa® Nucleofector® electroporation system have 

been unsuccessful.  However, optimization of this system is planned to facilitate 

these important mechanistic studies in primary monocytic cells. 

The disparity in potency for LMP-420 in primary cells versus cell lines is 

perplexing.  Interestingly, initial studies of the analog LMP-240 demonstrated similar 

activity to LMP-420, but decreased potency that was not affected by primary versus 

immortalized cell type.  One potential explanation for these results is that the 

boronic acid residue facilitates entry of LMP-420 into primary cells, but not into cell 

lines.  Thus, the decreased potency observed with LMP-240 and LMP-420-OH in cell 

lines would be due to decreased cellular uptake.   Important differences in cell 

surface molecule expression between primary cells and cell lines have been reported 

[389], however it is unclear whether these would affect LMP-420 uptake.  In order to 

definitively assess cellular uptake up LMP-420 and its analogs, radiolabeled versions 

of the molecule are required.  Unfortunately, synthesis of these radiolabeled organic 

compounds has thus far been prohibited by cost.  Alternatively, the 100-fold 

difference in potency between LMP-420 and LMP-240 may not be related to uptake, 

but could instead indicate that LMP-240 acts through an entirely different mechanism 

than LMP-420.  For example, LMP-240 may exert its activities through off-target 

effects observed at high concentrations of LMP-420, such as cAMP stimulation.   

Comparative studies of LMP-420 and its analogs are ongoing to gain insights into the 

mechanism of action of these molecules. 

The structure of LMP-420 and the decreased activity of its analogs may also 

provide clues to mechanisms of action that should be pursued in concert with the NF-
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B studies.  The decreased potency of LMP-240 and LMP-240-OH indicates that the 

boronic acid plays an important role in the activity of LMP-420.  Historically, boron-

containing drugs have been peptidyl boronic acids used for their inhibitory activities 

against serine proteases.  For example, bortezomib is a dipeptidyl boronic acid drug 

that putatively acts as a proteasome inhibitor, blocking NF-B nuclear translocation.  

Boron forms tetrahedral complexes at the active site of serine proteases through the 

interaction between the lone electron pair on the serine oxygen and the empty p-

orbital of boron [390].  Similarly, boron can coordinate with the lone electron pair of 

nitrogen in histidine residues [391].  The tetrahedral adduct formed by this 

interaction with serine or histidine is a stable analog of the enzymatic transition state 

[392]; therefore, catalytic activity of the protease is inhibited.  Prior studies with 

LMP-160 indicate that these drugs do not inhibit elastase, chymotrypsin, or several 

other proteases that were tested (G.J. Cianciolo, unpublished data).  Furthermore, 

preliminary studies in murine macrophages indicate that the chymotrypsin-like, 

trypsin-like, and caspase-like protease activities of the proteasome are not inhibited 

by LMP-420 (data not shown).  LMP-420 more likely targets an enzyme class that 

acts on a purine ligand and utilizes an active site serine and/or histidine residue in its 

catalytic mechanism.  Consequently, we are seeking candidate target enzymes fitting 

this description for future study with LMP-420.   

Histone deacetylases (HDACs) also represent an enzyme class potentially 

affected by LMP-420, although they do not act on purine-like ligands.  A recent 

molecular modeling study identified essential structural features of HDAC inhibitors, 

all of which are met by LMP-420 [393].  First, the pentyl group of LMP-420 is 
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sufficiently long to span the narrow tubular access5 to the HDAC active pocket.  

Secondly, the boronic acid residue capping this pentyl group can interact with the 

zinc cation, tyrosine residue, and histidine residue present in the active site at the 

bottom of this pocket [394]. Finally, the purine component of LMP-420 on the other 

side of the pentyl linker is largely hydrophobic, enabling a stabilizing interaction with 

the hydrophobic phenyl residues at the active pocket entrance [393]. Interestingly, 

various HDAC inhibitors have been shown to have similar effects to LMP-420, 

including apoptotic effects in primary CLL cells [395, 396] and anti-inflammatory 

activities such as TNF and IL-1 inhibition [397, 398].  Given these similarities in 

structure and effect profiles between HDAC inhibitors and LMP-420, we intend to 

pursue mechanistic studies along this avenue. 

In summary, LMP-420 treatment induces moderate decreases in p65 activity 

in PBMC, and likely in CLL cells as well.  However it is unclear whether these modest 

effects are sufficient to account for the potent activity of LMP-420.  Studies are 

ongoing to further define the effects of LMP-420 on the NF-B pathway.  In addition, 

the structural characteristics of LMP-420 are being utilized to guide investigation of 

other potential mechanisms of action. 

 

                                          

5 This ―tunnel‖ spans the length of a four- to six-carbon chain. 
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6. Concluding Remarks and Future Directions 

6.1. Summary of findings 

The initial portion of our studies focused on the effects of the boronic acid-

containing purine LMP-420 on primary CLL cells.  We demonstrated that LMP-420 

induces apoptosis in these cells and inhibits their proliferation.  Importantly, our data 

indicate that LMP-420 is active in samples from CLL patients with poor prognostic 

features for which current treatment modalities are less effective.  Furthermore, 

LMP-420 potentiates the anti-leukemic activity of the first-line CLL drug fludarabine 

without increasing its toxicity to normal hematopoietic cells.  These studies suggest 

that LMP-420 is a promising new molecule for use as a single agent or in 

combination with other drugs for the treatment of CLL. 

In the next phase of our research, we demonstrated the favorable in vitro 

therapeutic index of LMP-420.  LMP-420 exhibits no toxicity to normal hematopoietic  

cells in the concentration range at which it kills CLL cells, which is in stark contrast to 

purine analogs and alkylating agents such as fludarabine and cyclophosphamide.  

Standard CLL therapies such as these are commonly complicated by infection and 

fatigue related to drug-induced cytopenia.  These complications adversely affect 

patient quality of life [399], and infection is often the cause of death in this patient 

population.  Our data indicate that LMP-420 has a more favorable hematopoietic 

toxicity profile than conventional CLL drugs, which would provide a major benefit to 

patients undergoing treatment.   

Our investigations into the mechanism of action of LMP-420 suggest that this 

molecule acts at least in part through inhibition of the NF-B transcription factor p65.  

However, it is not clear whether the modest decrease in p65-DNA binding observed 

in LMP-420-treated cells is sufficient to account for its significant biologic effects.  In 
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addition, the data gathered thus far do not explain the manner in which LMP-420 

specifically affects only a subset of p65-regulated genes and exhibits selective 

cytotoxicity for malignant B-cells.  Studies are ongoing to delve further into the 

specificity of LMP-420’s effects and to examine other potential mechanisms of action. 

6.2. Future studies 

In light of the potential clinical advantages of LMP-420, we would like to 

submit an Investigational New Drug (IND) application to the Food and Drug 

Administration to pursue LMP-420 testing in a Phase 1 clinical trial.  Before doing so, 

we will need to perform extensive preclinical testing of LMP-420, including 

assessment of the maximum tolerated dose, pharmacokinetic profile, and toxicity of 

the compound in mice or rats.  Preliminary toxicity studies with the less potent 

analog LMP-160 have been promising, with no adverse effects observed in mice 

receiving 33 mg/kg three times daily or 100 mg/kg once daily for 12 days.  

Parameters monitored in these mice included blood leukocyte counts, liver enzymes, 

blood urea nitrogen, creatinine, cholesterol, alkaline phosphatase, and albumin (G.J. 

Cianciolo, unpublished data).  Furthermore, no overt toxicity was observed in a 

recent mouse study involving daily administration of 50 mg/kg LMP-420 for three 

weeks (J.B. Weinberg, unpublished data).  The experiments presented in Chapter 4 

indicate that hematologic toxicity of LMP-420 will likely be low.  In addition, LMP-420 

exhibits high IC50 values in two widely used in vitro toxicity screens: the human 

ether a-go-go-related gene (hERG) assay (IC50 > 100 M; ~10% inhibition at 100 

M LMP-420) and submitochondrial particle assay (IC50 = 300 M).  These assays 

indicate that therapeutic doses of LMP-420 will not likely cause QT elongation-related 

cardiac toxicity [400] or generalized cellular toxicity [401], respectively.  Further in 

vitro testing of LMP-420 absorption, distribution, metabolism and excretion (ADME), 
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as well as the in vivo preclinical safety assessments would likely be performed using 

the services of a contract research organization such as Pharmaceutical Product 

Development, Inc. 

 Preliminary pharmacokinetic testing has been performed on LMP-160 

(structure shown in Figure 1), an LMP-420 analog with a four-carbon, boronic acid-

containing side chain.  Mice dosed orally once with 50 mg/kg LMP-160 achieved peak 

plasma levels of ~11 M.  When mice were injected subcutaneously with 150 mg/kg 

LMP-160, a maximal plasma level of ~200 M was reached 15 minutes post-

injection.  LMP-420 has approximately 10-fold greater potency than LMP-160 and 

likely has similar pharmacokinetic properties given the structural similarity of these 

drugs.  The LMP-160 data suggest that the achievable plasma levels for LMP-420 are 

within the range required for its anti-inflammatory effects and cytotoxicity to CLL 

cells.  Importantly, the LMP-160 pharmacokinetic data may be underestimates, since 

only plasma levels were measured rather than combined plasma and cellular levels 

of LMP-160.  The drug bortezomib exhibits pharmacokinetic behavior similar to that 

of LMP-160, which may be due to the presence of boronic acid in both molecules.  

Bortezomib is rapidly removed from the vascular compartment and taken up by cells, 

with more than 90% clearance from the plasma by 15 minutes post-intravenous 

injection [402, 403].  Consequently, standard pharmacokinetic parameters are 

inadequate for assessing activity of bortezomib.  This may also be the case for LMP-

160, which has a long biological half-life (~12 hours) relative to its plasma half-life 

(< 60 minutes).   

Preclinical testing of LMP-420 should include assessment of its efficacy in an 

in vivo CLL model.  Unfortunately, these studies are complicated by the shortcomings 

of available animal models.  In addition, LMP-420 consistently has decreased potency 
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in cell lines and in murine cells relative to primary human cells.  Engraftment of 

human leukemic cell lines such as JVM-3 is often utilized to test potential CLL 

therapeutics, however these xenograft models do not resemble human CLL, and 

LMP-420 has poor activity against these cell lines.  Injection of primary human CLL 

cells into SCID mice results in low engraftment rates, and the pathology in 

successfully engrafted mice poorly mimics CLL [404, 405].  Furthermore, SCID 

mouse models are not ideal for testing LMP-420, as its activity will likely involve 

effects on cytokine production by normal lymphocytes, which are known to play an 

important role in CLL pathogenesis.   

Several murine CLL models do exist as an alternative to xenografts, however 

they do not accurately reflect the heterogeneity of the human disease, and their use 

is complicated by a long latency period prior to developing malignancy [406].  In 

general, these models are better suited for studies of the pathways involved in CLL 

pathogenesis than for preclinical testing of new drug therapies.  The model currently 

available with the greatest potential for preclinical drug testing is the E-TCL-1 

mouse.  Overexpression of the oncogene tcl-1 in B-cells of these mice leads to 

enhanced Akt pathway activation and development of a clonal chronic B-cell 

leukemia after 9 to 13 months [407].1  Recent studies suggest that this model 

mimics the more aggressive subset of human CLL with unmutated IgVH status 

[408].  A small pilot study with LMP-420 in the E-TCL-1 model demonstrated a 

slight trend towards more stable disease in mice treated with LMP-420 compared to 

vehicle (J.B. Weinberg, unpublished data). However, the high ED50 of LMP-420 

(~150 M) observed in MTS assays on murine TCL-1 leukemic cells suggests that the 

                                          

1 The validity of this model has been questioned, as the leukemic clone of TCL-1 mice arises 
from B-1a lineage cells.  While the cell of origin for CLL remains in question, most evidence 

points to derivation of human CLL cells from mantle zone B-cells, not B-1a cells. 
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dose utilized in this study (50 mg/kg daily for three weeks) was likely too low.  

Furthermore, the ~50-fold difference in LMP-420 potency for these cells relative to 

primary human CLL cells indicates that this model is not ideal for preclinical testing 

of LMP-420.  We are currently considering other CLL models for future in vivo 

efficacy testing with LMP-420.  Potential options include the New Zealand Black 

mouse model, which naturally develops a late-onset CLL-like disease [409, 410], and 

the recently developed E-miR-29 transgenic mouse, which models an indolent 

subtype of CLL [411].  Unfortunately, neither model has yet been validated as a 

reproducible preclinical system for testing new CLL therapeutics. 

In addition to animal studies, further in vitro testing can also be employed to 

advance our knowledge of LMP-420.  Assessing LMP-420 treatment of CLL cells in 

culture with nurse-like cells [266] or CD40L-expressing fibroblasts [412] may 

indicate whether LMP-420 will maintain its cytotoxic effect on CLL cells in the 

presence of the survival factors provided by the microenvironment in vivo.  In 

addition, testing LMP-420 on more CLL samples with poor prognostic factors will help 

to determine which patients would most likely benefit from LMP-420 treatment.  

Furthermore, in vitro studies on cells from patients with refractory disease will 

indicate whether LMP-420 has potential as a salvage therapy for patients resistant to 

currently available treatments.  Finally, further combination studies with other drugs 

should be performed to determine if LMP-420 potentiates the activity of other CLL 

therapies in addition to fludarabine. 

Many questions remain regarding the activity of LMP-420, both in non-

malignant and CLL cells.  Future studies will pursue several avenues of investigation 

to elucidate LMP-420’s mechanism(s) of action.  First, the effects of LMP-420 on the 

NF-B pathway will be probed further through chromatin immunoprecipitation 
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(ChIP), additional DNA-binding studies, and reporter gene assays.  Secondly, follow-

up experiments will be performed to validate the effects of LMP-420 observed in the 

CLL microarray studies and to determine what role these targets play in the 

mechanism of LMP-420.  Finally, we will examine the effect of LMP-420 on additional 

targets, such as histone deacetylase inhibitors, that are predicted by structural 

analysis of the compound. 

6.3. Conclusion 

LMP-420 exhibits potent cytotoxicity to primary CLL cells with a high degree 

of selectivity for leukemic cells over normal hematopoietic cells.  This molecule is 

active against CLL cells from patients with poor and favorable prognostic indicators.  

Given its exceptionally attractive toxicity profile in vitro, LMP-420 may prove 

particularly useful in patients who cannot tolerate current first-line therapeutics.  In 

addition, LMP-420 potentiates the activity of fludarabine without enhancing the 

toxicity of this drug.  Finally, LMP-420 has practical benefits over most other CLL 

therapeutics, as it is inexpensive to synthesize, highly stable in solution, and orally 

bioavailable.  Based on our findings, we conclude that additional preclinical 

evaluation of LMP-420 as a single agent and in combination with other drugs for the 

treatment of CLL is warranted.  In addition, ongoing study of the molecular 

mechanism(s) by which LMP-420 selectively kills malignant B-cells while sparing 

normal leukocytes may facilitate the future design of more effective treatments for 

not only CLL, but other malignancies as well. 



 

112 

Appendix A: Rat Radioprotection Study 

A1. Introduction 

Pulmonary irradiation is followed by an early acute pneumonitis phase, 

followed by delayed pulmonary fibrosis.  Although the pathogenesis of radiation-

induced pulmonary fibrosis has not been fully elucidated, it is thought to result in 

part from chronic inflammation due to a continuing cytokine cascade initiated by 

irradiation [413]. TNF has particularly been implicated as an important cytokine in 

pulmonary fibrosis, given its pro-inflammatory effects such as increasing secretion of 

other cytokines and increasing adherence of leukocytes to blood vessel walls [414]. 

TNF is also associated with increased TGF levels and fibroblast activation, both of 

which are involved in collagen deposition, and thus fibrosis. LMP-420 inhibits TNF 

release, as well as secretion of MCP-1, IP-10, and RANTES—chemokines that 

increase after irradiation in mice sensitive to radiation-induced pulmonary fibrosis, 

but not in a radiation-resistant mouse strain [415].  Upregulation of SOD by LMP-420 

could also play a role in inhibiting radiation injury by scavenging reactive oxygen 

species (Figures 34 and 35). SOD mimetics have been demonstrated to decrease 

TGF levels and protect against radiation-induced pulmonary injury [416].  We 

hypothesized that LMP-420 would decrease the adverse effects of pulmonary 

irradiation through inhibition of key components of the acute and chronic 

inflammatory responses to radiation damage.   
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Figure 34: Effect of LMP-420 on SOD expression in cultured rat splenocytes 

 

 

 

Figure 35: Upregulation of SOD in LMP-420-treated rat tissues 

 

A2. Materials and methods 

Female Fisher-344 rats were used in this study under a research protocol 

approved by the Duke University Institutional Animal Care and Use Committee.  Two 

animals were housed per cage and provided food and water ad libitum.  Rats were 

Rats were injected intraperitoneally for two days with vehicle (sorbitol) or LMP-420 (10 
mg/kg).  The rats were sacrificed 24 h after the second dose, their lungs and spleen 
harvested, and the tissues flash-frozen.  (A) RNA was isolated from lung and spleen tissue, 

and RT-PCR performed. (B) Lung homogenates were run on SDS-PAGE and 
immunoblotted.  SOD1 and SOD2 bands were quantitated by densitometric analysis, and 
relative amounts determined as a ratio to -actin loading control. 

Rat splenocytes (106/ml) were incubated overnight with the indicated concentrations of 
LMP-420, RNA was harvested, and RT-PCR performed with primers for SOD2, SOD3, and -

actin. 
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randomly divided into five groups (20 rats/group) to receive the following 

treatments: radiation (RT) + 5% sorbitol (vehicle control), RT + 1.1 mg/kg LMP-420, 

RT + 3.3 mg/kg LMP-420, RT + 10 mg/kg LMP-420, or sham RT + 10 mg/kg LMP-

420.  The rats were anesthetized with ketamine and xylazine before irradiation, then 

irradiated to the right hemithorax using a single dorsal-ventral field to deliver 28 Gy.  

Lead blocks were utilized to shield the unirradiated areas.  LMP-420 or vehicle 

control was administered subcutaneously 4 hours prior to and after irradiation.  For 

two weeks following RT, LMP-420 was administered daily.  Breathing frequency was 

assessed every two weeks using whole-body plethysmography as an indicator of 

pulmonary injury.  The mean of five measurements was recorded for each rat.  Rats 

were euthanized if weight loss exceeded 15% of original body weight or if the animal 

appeared in distress.   

Five rats from each group were euthanized at 10- and 20-weeks post-

irradiation for histopathology and immunohistochemistry studies.  The remaining rats 

were sacrificed at 25 weeks post-RT.  After the rats were euthanized, both lungs 

were infused for 25 minutes by tracheal instillation of fixative containing 0.08 M 

sodium cacodylate, 0.5% calcium chloride, and 2% glutaraldehyde (pH 7.4).  Lungs 

were then removed and placed in formalin.  Spleen and liver were also harvested, 

with half of the tissue being flash frozen and the other half fixed in formalin.  The 

four lobes of the right lung were separated, embedded in paraffin, and cut into 5-

m-thick sections for histological assessment.  Sections were stained with 

hematoxylin/eosin and Masson’s trichrome.  Immunohistochemistry was performed 

utilizing the methods of Hsu et al. [417].  Staining was performed with primary 

antibodies to the activated macrophage marker ED1/CD68 (1:50; #MCA341R; ABD 

Serotec; Raleigh, NC) and to a marker for oxidative stress, 8-hydroxy-2’-
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deoxyguanosine (1:2000; #M06-20P; Genox; Baltimore, MD).  The specific protocol 

for staining with these antibodies is described by Fleckenstein et al. [418]. 

Data are shown as mean  SEM. Statistical comparison of Kaplan-Meier 

survival curves was performed by log-rank Mantel-Cox test. 

A.3 Results and conclusions 

Although this experiment was not designed as a survival study, several rats 

died prior to the planned sacrifices at 10- and 20-weeks post-RT1.  The rats in the RT 

+ sorbitol, 1.1 mg/kg LMP-420, and 3.3 mg/kg treatment groups began dying at 

approximately 8 weeks post-RT.  Although weights (Figure 36) and breathing 

frequencies (Figure 37) were obtained throughout the study, the unanticipated 

deaths and associated morbidity make these data difficult to interpret.  In addition, 

comparisons of histopathology scoring among different treatment groups were 

difficult to interpret, since the animals with the most severe pulmonary damage were 

likely those that died prior to the scheduled sacrifice dates.  No histopathologic 

differences were observed among the lung tissues of irradiated rats treated with 

LMP-420 relative to those who received sorbitol. 

The survival data do indicate a dose-related protection against RT-associated 

death by LMP-420 (Figure 38).  Relative to the sorbitol-treated group, a trend 

towards decreased mortality was observed in irradiated rats treated with 3.3 mg/kg 

LMP-420 (p = 0.12) or 10 mg/kg LMP-420 (p = 0.06).  Thus, LMP-420 may have 

therapeutic potential in radiation-induced injury.   

                                          

1 A calibration problem with the irradiator resulted in delivery of a radiation dose greater than 

28 Gy.  We do not know the precise radiation dose that the rats received. 
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Figure 36: Rat weights post-irradiation 

 

Weights are shown as mean  SEM for each treatment group. 
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Figure 37: Rat breathing frequencies post-irradiation 

 

 

 

Breathing frequencies for each rat were the average of five measurements.  Data are 
shown as mean  SEM for each treatment group. 
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Figure 38: Rat survival comparison among treatment groups 

 

Breathing frequencies for each rat were the average of five measurements.  Vertical hash 
marks indicate censoring at the time points when a subset of animals were randomly 
selected for sacrifice and tissue collection.  Data are shown as mean  SEM for each 

treatment group. 
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Appendix B  

Table 9: Structure-activity relationship data for LMP-160 analogs 

Compound 
# 

Ring Ring Substitution Side Chain 

IC50, TNF 

Inhibition 
(nM) 

160 Purine 2-amino-6-chloro 9-(CH2)4B(OH)2 800 
263 Purine 6-chloro 9-(CH2)4B(OH)2 2500 
264 Purine 2-amino-6-chloro 7-(CH2)4B(OH)2 3000 

265 Purine 2-amino-6-oxo 9-(CH2)4B(OH)2 11000 
266 Purine 6-oxo 9-(CH2)4B(OH)2 >50000 
291 Purine 2-amino-6-chloro 9-(CH2)3CH2OH >50000 

302 Purine 2,6-dichloro 9-(CH2)4B(OH)2 800 
303 Purine 2-acetamido-6-chloro 9-(CH2)4B(OH)2 8000 
325 Purine 6-amino 9-(CH2)4B(OH)2 1000 
326 Purine 2,6-diamino 9-(CH2)4B(OH)2 2500 

327 Purine 6-methyl 9-(CH2)4B(OH)2 1500 
328 Purine 6-aminomethyl 9-(CH2)4B(OH)2 >20000 
329 Purine 2-amino-6-chloro 9-(CH2)3COOH >20000 

330 Purine 2-amino-6-chloro 9-(CH2)3CO2CH2CH3 >20000 
420 Purine 2-amino-6-chloro 9-(CH2)5B(OH)2 80 
448 Purine 2-propylamido-6-chloro 9-(CH2)4B(OH)2 10000 

449 Purine 2-amino-6-chloro 7-(CH2)5B(OH)2 900 
450 Purine 2-amino-6-chloro 9-(CH2)6B(OH)2 >1000 
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