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SUMMARY

There has been tremendous insight gained in the last two decades from basic science research. 

New molecular targets in neoplastic cells are emerging and provide the rationale for clinical 

development of novel agents in non-Hodgkin lymphoma. These novel agents can be broadly 

categorized into two groups. The first is by immunotherapy which includes novel monoclonal 

antibodies and immunomodulating drugs, which takes advantage of or optimizes immune system 

function. The other group of drugs target small molecules that may play an important role in 

tumorigenesis. The mechanisms of anti-tumor activity include targeting apoptotic pathways, 

inhibition of proteasomes, mammalian target of rapamycin (mTOR), cyclin-dependent kinases and 

histone deacetylases. The purpose of this review is to focus on these novel agents and the various 

treatment approaches that are currently being evaluated in non-Hodgkin lymphoma.
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Introduction

The treatment of non-Hodgkin lymphoma (NHL) in the last two decades have heralded an 

era of increasing exploration of therapies derived from improved biologic understanding of 

tumors and tumor-host interactions. The focus of drug discovery has moved from identifying 

classical cytotoxic agents to molecules that target specific pathways involved in signal 

transduction, apoptosis, and differentiation, to name a few. These efforts have been greatly 

aided by insights into the structure of proteins and the ability to design specific inhibitors 

using small molecules or monoclonal antibodies.

Although the introduction of new treatment agents and regimens for NHL has resulted in 

improved complete response (CR) rates and survival in some settings, the lack of any 

significant improvement in overall survival in many of the subtypes indicates a clear need 

for further novel drugs and interventions.1–3 These novel agents can be broadly categorized 
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into two groups. The first is by immunotherapy which includes novel monoclonal antibodies 

(MAb) and immunomodulating drugs (IMiDs), which take advantage of the immune system 

and/or optimize tumor cell targeting. The other group of drugs target small molecules that 

may play an important role in tumorigenesis. The mechanisms of anti-tumor activity include 

targeting apoptotic pathways, inhibition of proteasomes, mTOR, cyclin-dependent kinases 

and histone deacetylases. Herein we discuss several of these promising agents and the 

research that has led several of them into the clinic.

Monoclonal antibody therapy

Until 1980, the molecular architecture of the B-cell surface was known to consist of 

membrane-bound Ig, complement component receptors, and Fc receptors; beyond that, the 

molecular constitution of the cell surface was completely uncharacterized. That all changed 

with the advent of monoclonal antibody (MAb) technology.4 Over the past 25 years, slightly 

over ten B-cell-specific cell surface molecules have been identified by MAbs. It has been 

demonstrated that B-cell antigen expression is variable and differs at various stages of B-cell 

development. However, many of these B-cell antigens are often expressed on malignant B-

cells. Most of these antigens are involved in B-cell growth, differentiation, proliferation, and 

activation or have unknown functions. Several proposed mechanisms by which MAbs appear 

to produce their cytotoxic effects have been described: (1) Antibody-dependent cellular 

cytotoxicity (ADCC) is induced through binding of the Fc portion of the antibody to Fc 

receptors on host effector cells, such as natural killer (NK) cells, granulocytes, and 

macrophages,5–7 (2) Complement-dependent cytotoxicity (CDC) is induced by promoting 

complement fixation at the cell surface, leading to complement-dependent lysis of target 

cells,8,9 and (3) direct cytotoxicity via induction of cellular apoptosis following binding of 

the target antigen by MAb.10–13 Both ADCC and CDC depend on the interaction of the 

antibody with the host’s intrinsic immune system, while direct cytotoxicity is independent of 

it.

Novel anti-CD20 monoclonal antibodies

The CD20 antigen is expressed exclusively on normal and malignant B-cells.14 It has a 

stable expression and is tightly bound to the membrane with little modulation during 

maturation. It is neither secreted nor rapidly shed in circulation,15,16 and it likely has an 

important role in B-cell activation and regulation of cell cycle.17,18 All these features make 

CD20 an “ideal” anti-B-cell target. Rituximab was the first MAb to be approved by the Food 

and Drug Administration (FDA) in 1997 for treatment of relapsed or refractory CD20-

positive follicular or indolent B-cell NHL. Rituximab is a chimeric human–mouse IgG1 

kappa monoclonal antibody that binds to CD20, inducing cell death in both normal and 

neoplastic B-cells. It has since been used in combination with chemotherapy and is now 

considered the cornerstone of therapy in both indolent and aggressive B-cell lymphomas. 

Although rituximab is a valuable addition to the treatment for B-cell NHL, 50% of patients 

with relapsed or refractory CD20-positive follicular lymphomas do not respond to initial 

therapy with rituximab19 and close to 60% of patients who were previously treated with 

rituximab no longer benefit with retreatment.20 Rituximab resistance represents a significant 

barrier to immunotherapy of B-cell lymphomas.
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Newer-generation anti-CD20 antibodies designed to improve on rituximab are currently in 

development. Several approaches are under evaluation. Modification strategies include 

humanization of the molecule to decrease infusion reactions and immunogenicity, 

enhancement of binding affinity, and modification of the Fc portion of the molecule to 

optimize effector functions, particularly ADCC. Humanized anti-CD20 MAbs are appealing 

because they avoid antimurine immunogenic response and perhaps have a better side-effect 

profile. There are three humanized anti-CD20 MAbs undergoing clinical evaluation. One of 

these is ofatumumab (HuMaxCD20), a fully human IgG1 kappa antibody that binds to a 

novel CD20 epitope localized in the second extra-cellular loop distinct from that recognized 

by rituximab.21,22 Compared with rituximab, ofatumumab elicits stronger complement-

dependent cytotoxicity (CDC) but induces less apoptosis.23 Preclinical data demonstrates 

that ofatumumab inhibits the growth of engrafted B-cell tumors in SCID mice more 

efficiently than rituximab. Ofatumumab was also able to lyse rituximab-resistant Raji Burkitt 

cells in vitro.23

In a recent phase I/II study, 33 patients with relapsed or refractory CD20-positive chronic 

lymphocytic leukemia (CLL) were treated with four once-weekly infusions of ofatumumab; 

67% of the patients were Binet stage B and median number of previous treatments was 3 

(range, 1–9). Three cohorts of patients with the following dosing schedule were used: cohort 

A, one 100 mg infusion plus three 500 mg infusions (three patients); cohort B, one 300 mg 

infusion and three 1000 mg infusions (three patients); cohort C, one 500 mg infusion and 

three 2000 mg infusions (27 patients). All patients had significant reduction in leukemic 

cells as well as rapid and prolonged depletion of normal B lymphocytes. Their recovery to 

normal levels was not observed until 5–6 months after completion of therapy. Overall 

response rate (ORR) in all three cohorts was 44%, and was 50% in cohort C (13 of 26 

assessable patients). However, all were partial responses (PR). The majority of related 

adverse events occurred after the first infusion and these decreased at subsequent 

administrations. The most common grade 3–4 toxicity reported was myelosuppression 

(12%), followed by infections (9%). None of the patients developed human anti-human 

antibodies.24 This phase I/II study indicates that ofatumumab is an active and well tolerated 

agent in refractory/relapsed CLL in doses up to 2000 mg, with a relatively encouraging 

objective response. A phase I/II study of 40 patients with follicular lymphoma evaluated 4-

weekly infusions of ofatumumab given at different doses (300–1000 mg). Out of 38 patients, 

5 CR, 2 CR unconfirmed (CRu), and 9 PR were observed. Based on the median follow-up of 

9.2 months, the median time to disease progression was 8.8 months and the median duration 

of response (DR) was 29.9 months.25 In view of these results, two phase III clinical trials are 

currently underway. Ofatumumab is being evaluated as a single agent in patients with 

refractory CLL and in patients with follicular lymphoma that are refractory to rituximab. 

Also currently under way is a phase II trial of ofatumumab in combination CHOP 

chemotherapy (cyclophosphamide, doxorubicin, vincristine, and prednisone) in patients with 

previously untreated follicular lymphoma.

Veltuzumab (hA20) is another humanized anti-CD20 MAb being evaluated in clinical trials. 

This MAb is engineered with complementarity-determining regions (CDR) of murine origin 

and with 90% of the human framework regions identical to epratumumab, a humanized anti-

CD22 IgG1 antibody.26,27 The mechanism of cytotoxicity of Veltuzumab is similar to 
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rituximab and also very similar to rituximab in terms of antigen binding and specificity 

binding avidity. A phase I/II dose escalation study in 82 patients with recurrent B-cell 

lymphomas demonstrated a 40% ORR, including 17 patients who achieved CR/CRu (21%). 

In patients with follicular lymphoma (FL) which comprises the largest subgroup in this 

study, the ORR was 44% (24 of 55 patients) and 27% CR/CRu (15 of 55 patients). The 15 

patients with FL who achieved CR/CRu generally had durable responses with a median 

duration of response (DR) and progression free survival (PFS) of 19.7 and 24.2 months, 

respectively. The drug was generally well tolerated. All treatment related adverse effects 

were mild to moderate with the exception of one grade 3 hypoglobulinemia; otherwise, most 

were transient infusion-related symptoms occurring predominantly at first infusion.28 

Another approach being investigated is anti-CD20 MAbs with enhanced binding to 

FcγRIIIa. Three novel engineered anti-CD20 antibodies, AME-133v, rhuMAb v114, and 

GA-101, are currently in early phases of clinical development. They are associated with a 

higher antibody-dependent cytotoxicity as compared with rituximab, and increased direct 

apoptosis with GA-101 (Table 1).

Targeting non-CD20 antigens

Clinical success with anti-CD 20 MAbs has led to further investigation and discovery of 

other potential targets in B-cell NHL. Some examples include CD22, CD23, CD40, 

CD8029–32 (Fig. 1, Table 2). These agents have shown promise in early clinical trials and 

might represent an additional strategy to overcoming rituximab resistance. In this review, 

only galiximab, a MAb targeting CD80, will be discussed. CD80, a member of the B7 ligand 

family (B7.1), is a membrane co-stimulatory molecule that is involved in T-cell regulation 

and in regulation of normal and malignant B-cells.33,34 Preclinical studies demonstrated that 

cross-linking of CD80 on B-cells resulted in upregulation of proapoptotic proteins such as 

caspase-3, caspase-8, Fas, Fas ligand, Bak, and Bax and downregulation of anti-apoptotic 

proteins such as Bcl-XL
34 CD80 is a good target antigen because it is constitutively 

expressed in a variety of B-cell lymphoma cells, including follicular lymphoma and 

Hodgkin lymphoma.35,36

Galiximab is a primate–human chimeric anti-CD80 MAb with human IgG1 constant region 

and macaque variable region, which is structurally indistinguishable from human antibodies. 

Galiximab was evaluated in a phase I/II study of 38 patients with advanced-stage relapsed or 

refractory follicular lymphoma. Patients received four infusions of galiximab at doses of 

125, 250, 375 or 500 mg/m2, given once weekly for 4 weeks. The overall RR was 11%, with 

two patients achieving complete response (CR) and two reaching partial response (PR); 12 

patients (34%) had stable disease (SD). Both patients with complete response were 

administered the dose of 375 mg/m2. All enrolled patients were CD80 positive by flow 

cytometry, but those who responded did not necessarily have greater CD80 density than non-

responders. The most common adverse effects reported were grade 1 and 2 fatigue, nausea 

and headache. There were no grade 4 toxicities. Anti-galiximab antibodies were not 

observed.37

More recently, a phase II study of galiximab in combination with rituximab in relapsed 

follicular lymphoma showed better outcomes than with either agent alone. 64 patients 
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received rituximab 375 mg/m2 and galiximab 500 given on a weekly schedule for 4 weeks. 

The overall RR was 66%, including 19% CR, 14% unconfirmed CR (CRu) and 33% PR. 

The median progression-free survival was 12.1 months. The addition of galiximab to 

rituximab did not seem to increase overall incidence of adverse events and appears to be 

well tolerated. The most common adverse effects were hematologic toxicity followed by 

fatigue and chills.38 These promising results prompted the initiation of a phase III clinical 

study of galiximab in combination with rituximab compared with rituximab in combination 

with placebo for the treatment of patients with relapsed or refractory follicular lymphoma. 

The study will enroll approximately 700 patients worldwide across 150 cancer centers. This 

combination is also being evaluated in a phase II trial in previously untreated follicular 

lymphoma. This study was reported at the International Conference on Malignant 

Lymphoma, Lugano, Switzerland. The preliminary results for the 61 patients enrolled were 

encouraging. The ORR was 70% (37.7% CR and 6.6% CRu; 28% PR), and the estimated 1 

year disease-free survival probability was 0.87 (95% CI, 0.75–0.93). Treatment was well 

tolerated, with only 13% experiencing grade 3 adverse events. Potential future directions 

also include evaluating maintenance therapy with this combination regimen in follicular 

NHL and galiximab in combination with rituximab, plus chemotherapy for aggressive NHL.

Antibody drug conjugates

Another active area of research has been development of antibody-drug conjugates (ADCs). 

ADCs comprise an antibody that is conjugated to a cytotoxic drug via a chemical linker. The 

fundamental principle of the ADC concept is to use an antibody as a vehicle to deliver a 

cytotoxic drug selectively to a target cell surface antigen. This concept has been around 

since the 1970s but it is in the last decade that we have witnessed the most significant 

advances. The development of more target antigens, greater potency drugs used in 

conjunction with linkers of improved stability, and a better knowledge of ADC cell biology 

and pharmacology are just some of the key reasons for the development of ADC in the 

clinical arena. Gemtuzumab ozogamicin (Mylotarg) is currently the sole ADC approved for 

clinical use. It was approved in 2000 for the treatment of patients with CD33 positive acute 

myeloid leukemia in first relapse who are at least 60 years of age and considered unsuitable 

candidates for cytotoxic chemotherapy.39 Since then, many other ADCs have entered clinical 

trials for use in both solid tumors and hematological malignancies (Table 3).40,41 Currently, 

the sole ADC being investigated in patients with B-cell NHL is the agent Inotuzumab 

ozogamicin. It is composed of a humanized CD22 antibody, conjugated to calicheamicin via 

an acid labile, AcBut, linker. Inotuzumab is a well tolerated drug with significant single 

agent activity, with a 33% and 69% response rate in patients with relapsed DLBCL and FL, 

respectively.42 Similarly, the preliminary result from a small Japanese study of 13 patients 

with relapsed or refractory follicular lymphoma who have been pre-treated with rituximab 

showed responses in 11 patients.43 The main adverse event in both studies were 

hematologic, self limiting thrombocytopenia being the most common, and the MTD was 

established at the dose of 1.8 mg/m2. The encouraging results from the phase I study 

prompted the initiation of a study using the combination of rituximab with inotuzumab in 

patients with relapsed FL or DLBCL. The preliminary results of the phase I portion of the 

study were recently reported. The MTD dose was also confirmed at 1.8 mg/m2. Based on 30 

patients that were evaluable for tumor response, the ORR was 80% with a 43% CR rate. Of 
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note, 6 of the 14 patients with relapsed DLBCL achieved a CR with this combination. The 

safety profile of this combination is similar to that seen in the phase I trials.44 These data 

support the continuing development of inotuzumab ozogamicin in combination with 

rituximab in the management of NHL.

T-cell engaging antibodies

A number of therapeutic strategies have utilized T-cells in cancer therapy based on their high 

cytotoxic potential, efficient homing function and high abundance in the host environment. 

They include diverse vaccination approaches using tumor-associated antigens, blockade of 

the inhibitory molecule, cytotoxic T-lymphocyte antigen 4 (CTLA-4), on T-cells by 

monoclonal antibodies, which boost T-cell maturation. Other approaches include the ex vivo 

expansion and reinfusion of tumor-specific T-cells, a therapy also known as adoptive T-cell 

transfer. Dramatic tumor responses have been demonstrated in patients with advanced 

melanoma using this strategy.45,46 However, for most of the other approaches, further 

development for clinical use have been hampered by rather low response rates. Most of these 

approaches aim to facilitate tumor antigen presentation and undergo the complicated process 

of T-cell priming and maturation, resulting in tumor-specific T-cell clonal expansion. The 

complexity of these processes is frequently the basis for immune escape mechanisms of 

cancer cells.47

A novel approach that harnesses the enormous cytotoxic potential of T-cell antibodies, 

independent of peptide antigen presentation by tumor cells or T-cell specificity, are called 

bispecific T-cell engager (BiTE) antibodies. BiTE antibodies are recombinant protein 

constructs formed from two single-chain antibodies. One is specific for CD3, a subunit of 

the T-cell receptor complex, and the other is specific for a selected tumor-associated antigen 

such as CD19. A unique feature of these antibodies is that bivalent binding is required to 

trigger its mechanism of action, whereas monovalent binding will not cause T-cell 

activation. Blinatumomab (MT103) is currently the first BiTE antibody tested clinically in 

patients with relapsed NHL. A phase I study using Blinatumomab has included 39 patients 

with relapsed mantle cell lymphoma, follicular lymphoma, immunocytoma, marginal zone 

lymphoma and small lymphocytic leukemia. Most patients were heavily pre-treated, with a 

median of three previous regimens. Blinatumomab was administered as a continuous 

infusion over a period of 4–8 weeks, as one treatment cycle, and with a mean infusion 

duration of 5.2 weeks per patient. Seven dose levels, ranging from 0.0005 to 0.090 

mg/m2/24 h have been tested. No objective responses were seen in patients treated below 

0.015 mg/m2/24 h. But responses were observed in 11 out of 27 patients (41%) treated at 

doses of 0.015 mg/m2/24 h and higher. Five patients (19%) achieved CR and six (22%) 

reaching PR. At the dose level of 0.060 mg/m2/24 h, all seven patients have shown objective 

responses. Among patients who were treated at the dose levels of 0.030 and 0.060 mg/m2/24 

h, no treatment failures have been observed with the exception of one patient who relapsed 

at 14 months. Five patients at these dose levels have ongoing responses for more than 6 

months. The largest benefit was seen in patients with follicular or mantle cell lymphoma. 

Three out of five patients with mantle cell lymphoma treated at dose levels of 0.030 and 

0.060 mg/m2/24 h all had response duration for more than 1 year. The drug was well 

tolerated with a manageable toxicity profile, the most common adverse events being 
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lymphopenia, pyrexia and leucopenia. The majority of adverse events improved or resolved 

while on treatment. Out of 39 patients, treatment was discontinued in eight patients, of 

which six had fully reversible symptoms of the central nervous system, such as confusion, 

disorientation, and speech disorder. One patient with a background of 

hypogammaglobulinemia and bone marrow suppression from prior chemotherapy 

experienced a fatal sepsis 5 weeks after commencement of treatment.48 On the basis of these 

encouraging preliminary results, it appears that blinatumomab has activity and potential 

therapeutic use in an array of CD19-expressing B-cell malignancies.

Another exciting approach is to engineer T-cells to express chimeric antigen receptors 

(CARs). CARs are made up of an antigenrecognizing receptor coupled to signaling 

molecules that can activate T-cells expressing the CAR. The antigen-receptors most 

commonly incorporated into CARs are single chain variable region moieties (scFv) that 

consist of the light chain and heavy chain variable regions of a monoclonal antibody joined 

by a peptide linker. Murine models have shown that syngeneic T-cells transduced with 

retroviruses encoding CARs protected mice from tumor challenges in vivo.49,50 It has also 

demonstrated that including the signaling domain of CD28 in CARs and increasing the 

number of CAR-transduced T-cells enhanced tumor protection and persistence of CAR-

transduced T-cells.51,52

The only clinical trial of an anti-CD19 CAR that has been completed used electroporation to 

transfect T-cells prior to adoptive transfer. In this trial, T-cell persistence was limited and an 

antilymphoma effect was not detected.53 A group from our institution has constructed and 

extensively tested an anti-CD19 CAR that contains the signaling component of CD28, and 

using a retroviral vector rather than plasmid transfection to transfer an anti-CD19 receptor to 

T-cells. They have demonstrated that T-cells that are transduced with gamma-retroviruses 

encoding the sequence of this CAR can specifically recognize and kill CD19-expressing 

target cells including primary chronic lymphocytic leukemia cells. These anti-CD19-CAR-

transduced T-cells also produce the cytokines interferon and IL-2 specifically in response to 

CD19.54 There is currently an ongoing clinical trial at our institution in which gamma-

retroviruses encoding the anti-CD19 CAR will be used to transduce T-cells from patients 

with advanced B-cell malignancies. In the phase I portion, patients receive lymphocyte-

depleting chemotherapy consisting of fludarabine and cyclophosphamide, anti-CD19-CAR 

transduced T-cells, and high dose aldesleukin. This is based on murine models which 

showed that administration of high-dose IL-2 and immunosuppression before adoptive T-cell 

therapy enhanced anti-tumor activity both in mice and humans.46,52,55 Once the MTD is 

determined, the study will proceed to the phase II portion. Patients will be randomized to 

two treatment arms. Patients assigned to treatment arm 1 will receive fludarabine and 

cyclophosphamide chemotherapy in order to induce lymphocyte depletion prior to infusion 

of the anti-CD19-CAR-transduced T-cells, and high dose aldesleukin. Patients assigned to 

treatment arm 2 will receive anti-CD19-CAR-transduced T-cells, and high dose aldesleukin 

without chemotherapy. This trial design will also assess the effect of immunosuppression 

before T-cell transfer.
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Immunomodulating agents

The immunomodulating drugs (IMiDs) CC-5013 Lenalidomide and CC-4047 Actimid, are 

structural and functional analogues of thalidomide. These second generation of IMiDs was 

designed to enhance immunologic and anti-cancer properties while potentially decreasing 

the neurotoxic and teratogenic adverse effects of the parent compound thalidomide.56 These 

drugs have been extensively used and have shown clear benefit in other diseases, particularly 

multiple myeloma and myelodysplastic syndromes. Despite the clinical activity of IMiDs in 

various malignant diseases, the exact mechanism of their antitumor activity is yet to be 

elucidated. It has been hypothesized that the mechanism of action includes 

immunomodulatory and non-immunomodulatory activity. It has been reported to down 

regulate key prosurvival cytokines such as tumor necrosis factor-α (TNF-α), interleukin-6 

(IL-6), interleukin-8 (IL-8), and vascular endothelial growth factor (VEGF).57 Other 

immunomodulatory activities of IMiDs include inhibition of T regulatory cell function58 and 

potent T-cell co-stimulatory activity, leading to increased secretion of the T-cell lymphokines 

interferon (IFN)-γ, and IL-2. This enhances Th1-type cellular immunity and natural killer 

(NK) T-cell cytotoxicity.57,59–61 IMiDs have also demonstrated direct antiproliferative 

effects by inhibiting the Akt pathway and increasing the expression of the p21 tumor 

suppressor protein, leading to G1 cell cycle arrest,62,63 as well as its inhibition of 

angiogenesis.64

Of this class of drugs, most recent attention has focused on the more active agent, 

lenalidomide. A phase II study (NHL-002) of 50 patients with relapsed or refractory 

aggressive NHL showed moderate single-agent activity with lenalidomide. The study 

included patients with diffuse large B-cell lymphoma (DLBCL), follicular lymphoma (FL), 

mantle cell lymphoma (MCL), and transformed NHL. Lenalidomide (25 mg/day) was 

administered on days 1–21, every 28 days for 52 weeks as tolerated or until disease 

progression. The overall response rate (ORR) was 35% for all patients, 19% for DLBCL 

patients and 53% in MCL. Clinical responses were also observed in all lymphoma subtypes. 

The main adverse event was hematologic, severe neutropenia being the most common reason 

for dose reduction. The result from this study suggests that lenalidomide has potentially 

important activity in aggressive lymphoma.65 Based on these promising results of the study, 

an international phase II trial (NHL-003) of single-agent lenalidomide was initiated for 

patients with relapsed/refractory aggressive NHL. The preliminary results from the 39 MCL 

and 73 DLBCL patients enrolled in this study were recently reported. The ORR in patients 

with MCL was 41%, with five patients (13%) achieving CR/CRu and 11 (28%) reaching PR. 

The response rate was slightly lower in patients with DLBCL, with a ORR of 29%, with 

three patients (4%) achieving CR and 18 patients (25%) with PR. Eleven patients (15%) had 

stable disease. The drug was well tolerated with a manageable toxicity profile, similar to that 

observed in NHL-002. These preliminary results further validate the role of lenalidomide in 

the treatment of patients with relapsed or refractory MCL and DLBCL.66,67

Clinical data available so far suggest that lenalidomide monotherapy represents a promising 

new direction for lymphoma therapy. There are at least 10 ongoing clinical trials 

investigating the efficacy of lenalidomide in different types of lymphoma68–71 (Table 4). The 

principal challenge facing investigators, given the heterogeneity of the disease and the large 
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number of other active agents, will be the development of rational combinations that will 

ultimately result in the most clinical benefits for lymphoma patients.

Targeting small molecules

The discovery of new signaling pathways that are critical to lymphomagenesis has produced 

an array of new targets for the treatment of lymphomas. The next section of this review 

paper will discuss the biologic rationale and clinical trials on several of these small 

molecules. We will focus on the agents targeting novel pathways regulated by Bcl-2, 

proteasomes, mTOR inhibitors, cyclin-dependent kinases and histone deacetylases. A 

number of other drugs that target different pathways such as protein kinase C inhibitors and 

survivin inhibitors, have also shown promise in early clinical trials and is summarized in 

(Table 5).72–74

Proteasome inhibitors

The ubiquitin–proteasome pathway is essential for the degradation of most short- and long-

lived intracellular proteins in eukaryotic cells. The 26S proteasome, universally present and 

abundant in all eukaryotic cells, is an ATP-dependent multicatalytic protease that is central 

to the degradative pathway. The 26S proteasome functions not only in a housekeeping role 

to eliminate damaged or misfolded proteins but also as a critical regulator of multiple 

cellular processes by virtue of the many regulatory proteins governing the cell cycle, 

transcription factor activation, apoptosis, and cell trafficking that are substrates for 

proteasome-mediated degradation.75–78 Targeting the proteasome has emerged as a novel 

approach to cancer therapy. Among the proteins degraded by the ubiquitin–proteasome 

pathway are cyclins, cyclin-dependent kinase inhibitors such as p21 and p27, the tumor 

suppressor p53, oncogenes such as c-myc, c-jun and N-myc, and the inhibitory protein IκB, 

which inhibits nuclear factor kappa-B (NF-κB). Inhibition of the 26S proteasome results in 

the accumulation of these substrates and therefore causes cell cycle disruption and promotes 

cell death via multiple pathways.

Bortezomib is the first proteasome inhibitor to be evaluated in human studies. It is a 

dipeptidyl boronic acid which is a specific and selective inhibitor of multicatalytic sites 

within the 20S core of the 26S proteasome. The use of bortezomib in NHL was initially 

based on phase I and II data showing single-agent activity in various NHL subtypes.79,80 

The greatest activity was seen in patients with MCL but evidence of activity was also seen in 

other subtypes, including FL, marginal zone lymphoma (MZL), Waldenstrom’s 

macroglobulinemia (WM). Based on the results of a phase II study in 155 patients with 

relapsed or refractory MCL, bortezomib was recently approved for the second-line treatment 

of MCL. The ORR in the study was 31%, with a CR in 12 patients (7%), two patients (1%) 

with CRu and PR in 36 patients (23%). The median duration of response (DR) was 9.3 

months but was longer at 15.4 months in patients achieving CR or CRu.81 Adverse events 

were similar to those observed in the trials with multiple myeloma.82

As a single agent, bortezomib is not active in patients with DLBCL.83 But its use as an 

inhibitor of the NF-κB pathway appears to be important in some DLBCL. Gene expression 

profiling has revealed that DLBCL consists of at least three distinct diseases. Patients with 

Tay et al. Page 9

Blood Rev. Author manuscript; available in PMC 2020 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



one DLBCL subtype, termed activated B-cell-like (ABC) DLBCL, have a distinctly inferior 

prognosis.84 The gene expression profiles of ABC DLBCLs show high expression of target 

genes of the NF-κB/Rel family of transcription factors, raising the possibility that 

constitutive activity of the NF-κB pathway may contribute to the poor prognosis. Two cell 

line models of ABC DLBCL had high nuclear NF-κB DNA binding activity, constitutive 

IκB kinase (IKK) activity, and rapid IκBα degradation that was not seen in cell lines 

representing germinal center B-like (GCB) DLBCL. Retroviral transduction of a super-

repressor form of IκB or dominant negative forms of IKK killed the ABC but not GCB 

DLBCL cells.85 These findings establish the NF-κB pathway as a new molecular target in 

the most clinically intractable subtype of DLBCL and demonstrate that the ABC and GCB 

DLBCL subtypes defined by gene expression profiling utilize distinct pathogenetic 

mechanisms. NF-κB dependent transcriptional activity is mediated by dimers of NF-κB 

family members (p50/105, p52/100, p65/RelA, RelB, or c-Rel), and is regulated by members 

of the IκB family of inhibitors, principally IκBα, which binds to NF-κB dimers and retains 

them in the cytoplasm. In response to a wide variety of external signals, IκB is 

phosphorylated by the IKK complex, IκBα is then targeted for ubiquitination and 

proteasomal degradation. NF-κB is released and translocates to the nucleus, where it 

activates antiapoptotic and cell-proliferation genes.86–89 The stabilization of IκB through 

proteasome inhibition therefore prevents NF-κB activation. This is potentially significant as 

the inhibition of NF-κB by bortezomib might sensitize DLBCL patients with the ABC 

subtype to chemotherapy and improve its clinical outcome compared to GCB DLBCL (Fig. 

2).

To test this hypothesis, we conducted a phase I/II study of bortezomib combined with dose-

adjusted-EPOCH chemotherapy (etoposide, prednisone, vincristine, cyclophosphamide and 

doxorubicin) in 49 patients with relapsed or refractory DLBCL. The study was divided into 

two parts (A and B). Patients that were clinically stable were started on bortezomib alone 1.3 

mg/m2 on days 1, 4, 8 and 11 every 21 days. Treatment was continued until disease 

progression and at that point, patients received bortezomib in combination with DA-EPOCH 

(Fig. 3). Patients with serious disease related complications were started on bortezomib and 

DA-EPOCH (Part B). Bortezomib alone had no activity in DLBCL; out of the 23 patients in 

part A, only patient had PR. But when combined with chemotherapy, of the 44 patients in 

part B, 15 (35%) responded, including eight (18%) with CR. In the subset of 27 patients 

with de novo DLBCL who were classified by gene expression profiling as GCB or ABC 

DLBCL, the ORR was 13% in GCB compared with 83% in ABC DLBCL. The median 

overall survival was 10.8 months in ABC compared with 3.4 months in GCB DLBCL. These 

results supports our hypothesis that bortezomib synergizes with chemotherapy to improve 

the outcome for patients with ABC DLBCL83 (Fig. 4).

Targeting apoptotic pathways

Dysregulation of apoptosis is one of the cardinal features in cancer, which may lead to tumor 

progression and resistance to anticancer therapies. Apoptosis can be triggered either at the 

cell surface (extrinsic cell-death pathway) or at the mitochondria (intrinsic cell-death 

pathway). Both pathways eventually converge on the effector caspases, which are key 

players of the apoptotic cascade, and ultimately leading to cell death. The extrinsic cell-
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death pathway is activated by cell surface death receptors, such as Fas and tumor necrosis 

factor-related apoptosis inducing ligand (TRAIL) receptors. By contrast, the intrinsic cell-

death pathway, also known as the mitochondrial apoptotic pathway, is activated by a wide 

range of signals, including chemotherapy drugs, irradiation, and growth factor withdrawal.
90–92 Members of the Bcl-2 family are important regulators of the intrinsic apoptosis 

pathway. They control the integrity of the outer mitochondrial membrane through 

interactions of pro- and anti-apoptotic Bcl-2 family of proteins. The Bcl-2 family comprises 

25 pro- and anti-apoptotic members and share up to four Bcl-2 homology (BH) domains. 

The anti-apoptotic family members (Bcl-XL, Bcl-2, Bcl-w, Bcl-B, A1 and Mcl-1) are 

characterized by four BH domains that are designated BH1-4. The pro-apoptotic family 

members can be further subdivided into multidomain proteins (Bax, Bak) and the BH3-only 

proteins (Bad, Bik, Bid, Bim, Hrk, Bmf, Noxa, Puma).93–95 On receipt of a death signal, the 

multidomain pro-apoptotic proteins Bax and Bak are oligomerized and activated, leading to 

mitochondrial outer membrane permeabilization. Once the mitochondrial membranes are 

permeabilized, cytochrome c is released into the cytoplasm and activates the caspase 

cascade, resulting in the characteristic biochemical and morphological features associated 

with apoptosis.96,97 Anti-apoptotic Bcl-2 family proteins inhibit the release of cytochrome c 
by blocking activation of Bax and Bak. BH3-only proteins, which act upstream of Bax and 

Bak, selectively bind Bcl-2 family proteins and release Bax and Bad98–101 (Fig. 5).

Bcl-2 is expressed by most B-cell lymphomas including FL, MCL, MCL, CLL and DLBCL. 

However, there is variation in expression of Bcl-2 family proteins amongst the different 

lymphoma subtypes. Bcl-2 is expressed more in FL, CLL, MCL and MALT than in DLBCL 

and Burkitt’s lymphoma (BL), whereas Mcl-1 and A1 are expressed more in DLBCL. The 

first approach targeting Bcl-2 proteins used antisense nucleotides, and subsequently, several 

small molecules Bcl-2 inhibitors have been developed. By far, the most potent small 

molecule inhibitors are the Bad-like BH3 mimetics, ABT-737 and its orally active analog 

ABT-263. However, ABT-737 is not orally bioavailable and its low aqueous solubility makes 

formulation for intravenous delivery challenging. To overcome this, the oral formulation, 

ABT-263 was developed. Like its predecessor, ABT-263 binds with very high affinity (Ki ⩽ 
1 nM) to Bcl-2, Bcl-XL and Bcl-w but with much lower affinity to Mcl-1 or A1102 (Table 6). 

By binding to these proteins, ABT-263 releases the pro-apoptotic BCL-2 family members, 

thus resulting in cell death by apoptosis.

Pre-clinical studies showed that ABT-737 exhibits potent single agent activity against 10 of 

22 cell lines consisting of multiple leukemia and lymphoma types, both B-cell and T-cell 

malignancies.103 Furthermore, ABT-737 when used in combination with other commonly 

used therapeutic agents enhanced the treatment outcome in several hematologic malignant 

xenograft models. This observation was made by Tse and colleagues when they investigated 

ABT-263 in combination with other agents in several xenograft models. In the DoHH2 

DLBCL xenograft, ABT-737 in combination induced complete remission in 70% of the 

treated tumors, enhancing the efficacy observed in either agent alone. ABT-737 also 

significantly enhanced the activity of R-CHOP in a mantle cell lymphoma xenograft model, 

GRANTA-519. The combination resulted in CR in 100% of animals tested with a cure rate 

of 44%. The activity of bortezomib was also enhanced when used in the combination in an 

ABT-737 resistant model. The OPM-2 multiple myeloma xenograft model is typically 
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associated with high Mcl-1 expression. This data suggests that the synergy between 

bortezomib and ABT-737 may be due to neutralization of Bcl-XL/Bcl-2 by ABT-737 and 

Mcl-1 by bortezomib.103

There are currently three phase I/II studies in patients with lymphoid malignancies, small 

cell lung cancer and CLL. Our group is currently a site for one of the studies investigating 

ABT-263 in lymphoid malignancies. The phase I is divided into two parts, each testing a 

different dosing schedule. The patients in phase Ia will receive the test drug 14 days out of a 

21 days cycle and in the phase Ib, this group of patients will receive a continuous dose for 21 

days. The phase Ia is completed and the phase Ib with the continuous dosing schedule is still 

ongoing. The preliminary results of the study were recently reported and demonstrated 

favorable PK and safety profiles, with anti-tumor activity mostly observed in patients with 

relapsed or refractory CLL and follicular lymphoma.104 Based on preclinical evidence, 

observed toxicities are likely to be mechanism based. Potential treatment-related side effects 

include drug interactions, lymphopenia, testicular effects, and thrombocytopenia.105–107 Bcl-

XL is critical in limiting the pro-apoptotic activity of Bak in platelets whereas Bcl-w appears 

to be essential for spermatogenesis. ABT-263 accelerates apoptosis of circulating mature 

platelets as older platelets contain less Bcl-XL than younger platelets and are more 

susceptible to destruction. Hence, the thrombocytopenia from ABT-263 is an acute dose-

dependent event, the effects are limited due to release of platelets from the bone marrow.

Cyclin-dependent kinase inhibitors

Interphase cyclin-dependent kinases (CDKs) in concert with regulatory proteins called 

cyclins orchestrate the complex events that drive the cell cycle. The CDK/cyclin complexes 

are activated by phosphorylation of the CDK by CDK-activating kinase and the different 

complexes regulate each step of the cycle.108 The CDKs involved in the cell cycle (CDK2, 

CDK4, CDK5) are rational targets for cancer therapy because their activity is frequently 

dysregulated in cancer cells and the overall effect is loss of checkpoint integrity, resulting in 

uncontrolled proliferation.109 A second group of CDKs (CDKs 7–11), are involved in the 

regulation of transcription. A key enzyme in the transcription machinery, RNA polymerase 

II, is phosphorylated by several CDKs.110 The most important regulator is CDK 9/cyclin T 

which stabilizes the elongation of nascent mRNA transcripts.111 Inhibition of these CDKs 

has a global impact on cellular transcription, down-regulating the production of anti-

apoptotic proteins, cell cycle regulators, NF-κB and p53-responsive gene transcripts.

Flavopiridol is a synthetic flavone which is chemically identical to a natural product 

obtained Dysoxylum binectariferum. It is pan-CDK inhibitor that blocks the interphase 

CDKs (CDK2, CDK4, CDK6). Its actions also include the inhibition of CDK7 and cyclin H, 

and down-regulation of cyclin D1 and D3 expression leading to G1 arrest. In vitro studies 

demonstrated that exposure of MCL cell lines to flavopiridol, induces apoptosis and 

decreases cyclin D-1 and Mcl-1 expression in MCL lines.112 Preclinical studies also 

demonstrated that flavopiridol is significantly toxic for cell lines derived from the ABC-type 

of DLBCL (OCT-Ly3 cell line) and down-regulates NF-κB pathway which is constitutively 

activated in the ABC-type of DLBCL.113,114 The results of these preclinical studies have 
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provided the rationale for our study, a phase I/II study of flavopiridol in patients with 

relapsed or refractory MCL and DLBCL.

One of the great challenges in developing flavopiridol and applying it in clinical trials has 

been its dose scheduling. Several dosing schedules have been studied and most extensively 

in CLL patients. Both 24 and 72 h continuous infusion schedules in CLL were associated 

with 0% response rate. The bolus schedule produced a partial response rate of merely 11%.
115 A Phase I/II study using a hybrid schedule was investigated by Byrd and colleagues and 

was shown to be effective in patients with refractory CLL. Flavopiridol was administered 

weekly for 4 of 6 weeks, the patients were treated with a 30–40 mg/m2 loading dose 

followed by 30–50 mg/m2 infusion over 4 h. Twenty one of 52 patients (40%) achieved a 

PR, and those responses were durable, with a median progression-free survival of 12 

months. The dose-limiting toxicity (DLT) was tumor lysis syndrome which occurred in 

patients with high lymphocyte counts.116,117 Adopting a similar hybrid dosing schedule as 

mentioned, we recently reported the preliminary results of the phase I portion of our study. 

Patients (23) were enrolled, 12 patients with MCL and 11 patients with DLBCL. The overall 

RR was 10%, with two patients achieving PR and five patients (25%) had SD, none achieved 

CR. The main adverse event was grade 4 neutropenia, observed in 10 (50%) patients. The 

dose limiting toxicities were tumor lysis syndrome (TLS) and severe vomiting/diarrhea in 2 

pts. The MTD and phase II dose has not yet been defined. In this study, we are also 

assessing multiple biomarkers including effects on proliferation, and phosphorylation of cell 

cycle associated targets such as cdk2, 4 and 9, p27 and RB. The results are still being 

analysed.118

mTOR inhibitors

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that regulates 

translation of key proteins important for cell growth, protein synthesis, and cell cycle 

progression through interactions with a number of signaling pathways. mTOR inhibitors 

were originally developed as immunosuppressive agents and is approved for use in both 

solid organ and allergenic stem cell transplantation. However, preclinical studies have also 

demonstrated activation of mTOR pathways in a number of hematological malignancies.
119–122 Based on these findings, several mTOR inhibitors have been investigated in clinical 

trials for treatment of various hematological malignancies, including lymphomas, leukemias 

and multiple myelomas.

Of the novel rapamycin analogs, temsirolimus is the most extensively studied and has the 

most potential for clinical benefit in patients with mantle cell lymphoma. Two phase II 

studies have been conducted on patients with relapsed or refractory mantle cell lymphoma, 

using two different doses. The first phase II study by Witzig et al. reported 35 patients with 

MCL who had received a median of three prior therapies and investigated a higher dose of 

IV temsirolimus 250 mg administered once weekly. The overall response rate was 38%, with 

one patient (3%) achieving complete response and 12 (35%) partial responses.123 The 

second study enrolled 29 patients but temsirolimus was given at a lower dose of 25 mg 

weekly. The lower dose was tested in this second trial because 12 patients discontinued 

treatment for toxicities in the earlier phase II study. The overall response rate was 41%, with 
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one complete remission (4%) and 10 partial responses (37%). The toxicity profile in this 

study was much improved compared to the higher osing.124 Similar to the earlier study, the 

main adverse event was still reversible myelosuppression with grade 3 thrombocytopenia 

and neutropenia occurring in 39% and 18% of patients, respectively. This is in contrast to the 

higher occurrence of grade 3 or 4 thrombocytopenia and neutropenia seen with the 250 mg 

dose (66% and 29%, respectively).

A randomized, open label phase III trial of 162 patients with relapsed or refractory MCL 

was recently reported. Patients were randomized to three arms; two groups received 

temsirolimus 175 mg weekly for 3 weeks followed by either 75 mg (175/75 mg) or 25 mg 

(175/25) weekly. The third group received an approved therapy for MCL based on the 

investigator’s choice. It consisted mostly of monotherapy cytotoxic agents with gemcitabine 

and fludarabine comprising the majority (42% and 26%, respectively) of the treatment 

choice. Patients treated with temsirolimus 175/75 mg achieved a significantly longer 

progression-free survival compared with patients treated with investigator’s choice therapy 

but this survival benefit was not achieved in the cohort of patients treated with 175/25 mg. 

The median PFS was 4.8, 3.4, and 1.9 months for the patients treated with temsirolimus 

175/75 mg, 175/25 mg, and investigator’s choice, respectively. The objective response rate 

was significantly higher in the 175/75 mg group compared with the investigator’s choice 

group (22% vs. 2%; p = 0.019) but the objective response rate in the 175/25 mg group was 

not (6%; p = 0.6179). Among the responses in the 175/75 mg group, there was one complete 

remission and 11 partial responses.125 The drug was well tolerated with a manageable 

toxicity profile, similar to that observed in the phase II trials with myelosuppression being 

the most common adverse event seen. Grade 3 or 4 thrombocytopenia occurred in 59% of 

patients treated with 175/75 mg, in 52% of patients in 175/25 mg group, and in 36% of 

patients receiving investigator’s choice therapy. Both the temsirolimus arms in the phase III 

trial reported a lower response rate than in the phase II studies. This likely reflects the 

differences in patient selection between the phase II and the phase III trials. A higher 

proportion of heavily pre-treated patients were enrolled in the phase III trial, with 50% of the 

patients receiving four to seven prior therapies. Furthermore, patients in the phase III trial 

were also required to have had prior treatment with an anthracycline, an alkylating agent, 

and an anti-CD20 containing regimen. Nonetheless, this is the first phase III study to 

demonstrate a PFS benefit for heavily pre-treated patients with MCL using the temsirolimus 

dose of 175/75 mg in comparison with standard chemotherapeutic single agents.

Temsirolimus has also been investigated in clinical trials in patients with non-MCL NHL. A 

multicenter phase II study of 82 patients with relapsed or refractory NHL showed moderate 

single-agent activity. The study included patients with diffuse large B-cell lymphoma 

(DLBCL), follicular lymphoma (FL) and small lymphocytic lymphoma/chronic lymphocytic 

leukemia (SLL/CLL). Temsirolimus 25 mg IV was administered weekly with a planned 8 

weeks of therapy (two cycles) or given until disease progression if tolerated. The overall 

response rate was 35% for all patients, 9% for DLBCL, 23% for FL, and 3% in SLL/CLL. 

However, among patients who received at least two cycles of temsirolimus, the objective 

response rate was 46%. Most non-hematologic toxicities were grade 1 or 2, including 

stomatitis, rash and metabolic dysregulation but 12 patients were removed from the study 

due to pneumonia/pneumonitis or stomatitis in seven patients, two patients for infection, and 
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three patients for cytopenia.126 Clinical data available so far suggest that temsirolimus 

monotherapy represents a promising new direction for lymphoma therapy. Two other mTOR 

inhibitors, everolimus and deforolimus, have also shown potential in clinical trials in the 

management of advanced hematological malignancies and their results are summarized in 

(Table 7).127–129

Histone deacetylase inhibitors

Histones are a family of proteins around which DNA is wound to form the nucleosome, the 

basic unit of chromatin. Histones can undergo several post-translational modifications, 

including acetylation, methylation, phosphorylation, and ubiquitylation. These modifications 

affect the intrinsic chromatin structure and interactions with chromatin-associated proteins, 

ultimately impacting gene expression.130,131 One of these epigenetic alterations is histone 

acetylation/deacetylation. Acetylation is regulated by two groups of enzymes with opposite 

activities, histone acetylase and histone deacetylase (HDAC). When histones are acetylated, 

the chromatin is relaxed allowing transcriptional activity, while deacetylation is associated 

with condensed chromatin and transcriptional repression. Alteration of this protein 

acetylation equilibrium and overexpression of HDAC, has been observed in both 

hematological and solid malignancies.132–134 Recent data have demonstrated that HDACs 

regulate an array of proteins that is not limited to histones. A variety of non-histone proteins 

are regulated by their acetylation level, including transcription factors, chaperones and 

structural proteins. The gene-silencing activity of DNA methylation also relies on HDAC. 

As a result of these interactions, control of cell cycle, apoptosis, cellular differentiation, 

angiogenesis and invasion represents some of the most important pathways affected by 

HDAC, therefore making HDACs important potential therapeutic targets in anticancer 

therapy135,136 (Fig. 6). However, it should be emphasized that epigenetic regulation of gene 

expression is highly complex and the diverse roles of HDAC suggest that the mechanism of 

cell death resulting from HDAC inhibitors is likely to be multifactorial and not 

straightforward in predicting its efficacy.

HDAC inhibitors (HDACIs) have demonstrated potent anti-tumor activity in vitro with 

remarkably little toxicity in preclinical studies and are currently in various stages of clinical 

development. HDACIs are classified according to their chemical structure. The major classes 

include hydroxamic acid: SAHA (vorinostat), cyclic peptides: depsipeptide (romidepsin), 

short-chain fatty acids: valproate, benzamides: MS-275, MGCD-0103, thiolate, non-

hydroxamic acid, carboxamides, and ketones. Of these, vorinostat, a pan-HDACI is the most 

advanced of this class of agents in clinical development. It was the first HDACI to be 

approved by FDA in 2006 for the treatment of progressive, persistent, or recurrent cutaneous 

T-cell lymphoma (CTCL).137–139 We will now review the clinical progress of HDACIs with 

respect to peripheral T-cell lymphoma (PTCL) and DLBCL (Table 8).140–142

Romidepsin (Depsipeptide/FK 228) is a cyclic peptide, a selective HDACI, with inhibitory 

activities against class I and II HDACs (isotype 1, 2, 4 and 6). Romidepsin was first isolated 

from a broth culture of Chromobacterium violaceum and was observed to be able to reverse 

the transformed morphology of Ras-1 cells. Early in vitro studies of romidepsin in T-cell 

lymphomas demonstrated significant apoptosis in the HUT78 human CTCL cell line. 

Tay et al. Page 15

Blood Rev. Author manuscript; available in PMC 2020 June 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Subsequently, a number of phase I and II trials have been conducted in patients with 

relapsed or refractory CTCL or PTCL. A small phase I trial conducted here at the National 

Cancer Institute (NCI) identified significant activity with three PRs in CTCL and one CR in 

PTCL. These encouraging results prompted the initiation of the phase II study. Romidepsin 

is administered on days 1, 8, and 15 of a 28 days cycle, with a starting dose of 14 mg/m2. 

Among the 46 patients enrolled, three had CRs, and eight had PRs for an ORR 28%. 

Overall, the drug was well tolerated with similar adverse effects as in the phase I study, 

including nausea, vomiting, fatigue, neutropenia, thrombocytopenia and hypocalcemia.143 

The results of this study will hopefully be confirmed in a multi-institutional phase II study 

that was recently initiated. The study is an open-label, single arm, multinational trial that 

will be conducted at 35 sites in the United States, Europe and Australia.

Conclusion

With the increase in incidence of NHL in recent years, there is a clear clinical need for novel 

agents to offer new options in resistant disease, and potentially to improve outcomes in 

curative settings. There has been tremendous insight gained in the last two decades from 

basic science research, which provided the impetus and rationale for clinical development of 

novel agents. As a result, there are an unprecedented number of ongoing clinical trials in 

NHL evaluating various novel targeted therapies, several of which show early evidence of 

efficacy. However, it is still unclear how to optimally incorporate many of these agents into 

treatment algorithms for NHL. The principal challenge facing investigators and clinicians, 

given the heterogeneity of the disease, will be the development of rational combinations that 

are most effective with limited toxicity, and individualizing treatment algorithms based on 

the biology of specific NHL.
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Fig. 1. 
B-cell antigen targets.
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Fig. 2. 
Blockade of the NF-κB pathway in ABC DLBCL by bortezomib. NF-κB is regulated by 

members of the IκB family of inhibitors, principally IκBα, which binds to NF-κB dimers 

and retains them in the cytoplasm. In response to a wide variety of external signals, IκB is 

phosphorylated by the IKK complex, IκBα is then targeted for ubiquitination and 

proteasomal degradation. NF-κB is released and translocates to the nucleus, where it 

activates antiapoptotic and cell-proliferation genes. The stabilization of IκB through 

proteosome inhibition therefore prevents NF-κB activation.
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Fig. 3. 
Study schema. Patients initially received bortezomib alone at 1.3 mg/m2 on days 1, 4, 8, and 

11 every 21 days (Part A) unless they had disease that the investigators judged to require 

immediate chemotherapy, as in cases of impending or ongoing organ compromise; these 

patients received only Part B. Patients with progressive disease in Part A later received 

bortezomib with DA-EPOCH (Part B). Molecular classification. Of 31 DLBCL cases 

analyzed by gene expression profiling, 16 were excluded due to ineligible subtype by 

classification or did not receive Part A, leaving 5 ABC and 10 GCB cases eligible for 

analysis of outcome. Of 24 paraffin embedded tumor biopsies analyzed by 

immunohistochemistry, 12 of each were categorized as GCB and ABC type.By combining 

both methods, cases were identified as GCB in 15 and ABC in 12 and included in the 

analysis of outcome with Part B.
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Fig. 4. 
Overall survival in patients with DLBCL. (A) Overall survival of 31 patients with de novo 

DLBCL who received DA-EPOCH-B. With a median potential follow-up of 49 months, the 

median survival was 8 months. (B) Overall survival of 27 patients with ABC or GCB 

DLBCL who received DA-EPOCH-B showed a median survival of 10.8 and 3.4 months, 

respectively (P = 0.0026).
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Fig. 5. 
On receipt of a death signal, the multidomain pro-apoptotic proteins Bax and Bak are 

oligomerized and activated, leading to mitochondrial outer membrane permeabilization. 

Once the mitochondrial membranes are permeabilized, cytochrome c is released into the 

cytoplasm and activates the caspase cascade, resulting in apoptosis. Anti-apoptotic Bcl-2 

family proteins inhibits the release of cytochrome c by blocking activation of Bax and Bak. 

BH3-only proteins, which acts upstream of Bax and Bak, selectively binds with anti-

apoptotic Bcl-2 family proteins to relieve their inhibition of Bax and Bad98–101 (Used with 

permission from Abbott Laboratories).
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Fig. 6. 
Histone deacetylase inhibitors can induce transformed cell growth arrest and death by 

different pathways. HDACs – histone deacetylases; HIF-1α – hypoxia induced factor-1α; 

HSP90 – heat shock protein 90; PP1 – protein phosphatase; ROS – reactive oxygen species; 

TBP2 – thioredoxin binding protein 2; Trx – thioredoxin; VEGF – vascular endothelial 

growth factor.
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