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Introduction
The translational process from bench to beside has been estimated 
to take 17 years.1 Some of these stories are famous, but others are 
forgotten or untold. For each story of success in translation, there 
are many more stories of failure. Even stories of success are filled 
with barriers to translation, which range from scientific and clinical 
to social and political. To accelerate this expensive process, the 
NIH created the Clinical and Translational Science Award (CTSA) 
program in 2006 and is targeting research funding with the goal 
of overcoming translational barriers.2,3 In this context, the story of 
rituximab for the treatment of NHL represents one example of a 
contemporary story of rapid and successful translation. This story 
serves as a model and template for future translational discoveries.

Underlying Disease
Non-Hodgkin’s lymphoma (NHL) accounts for approximately 
4% of all cancer cases in the Unites States.4 Since the 1970s, the 
incidence of NHL in the United States has increased by several 
percent per year across most age, race, and sex demographics.5 
However, interpretation of the causality of this trend is confounded 
by changes in the diagnostic methods, treatment, and the 
incidence of HIV/AIDS. Although the initial clinical presentation 
of lymphoma may be symptomless, classical signs include lymph 
node enlargement, pancytopenia, and the constellation of B cell 
symptoms: fever, night sweats, and weight loss.6 Lymphoma staging 
is based on the Ann Arbor system (I–IV) and includes a modifier 
based on the presence or absence of B cell symptoms. Grading 
is based on standard histological criteria and scored from low 
to high. Treatments for lymphoma range from watchful waiting 
to chemotherapy, radiation therapy, and transplant (autologous 
or allogeneic).7 A classic chemotherapeutic approach, which is 
still commonly used in the treatment of lymphoma, is CHOP 
therapy, which consists of cyclophosphamide, doxorubicin (aka 
hydroxydaunorubicin), vincristine (brand name Oncovin), and 
prednisone. However, using variations of standard CHOP therapy, 
5-year survival rates have historically been poor, particularly in 
the case of aggressive NHL.8

NHL is further classified based upon growth rate. Slow 
growing NHL subtypes are classified as indolent, while fast growing 
subtypes are classified as aggressive. The most common indolent 
NHL is follicular lymphoma (FL), while the most common 
aggressive NHL is diffuse large B cell lymphoma (DLBCL). 
Chronic lymphocytic lymphoma (CLL) or small lymphocytic 
lymphoma, a related disease, is frequently considered an indolent 
NHL. However, it can progress to aggressive forms of NHL. The 
pathogenesis of each of these NHL subtypes is different. From 
a molecular standpoint, dysfunction in different stages of the B 
cell maturation process accounts for differences, though all of 
these B cell-specific NHL subtypes share a common B cell origin.9 
Additionally, nearly all B cell lymphomas are characterized by the 
presence of the B cell-specific CD20 cell surface protein.10 This 
common feature is the basis for which rituximab therapy can be 
used to treat this wide range of conditions.

Key Basic Science
It is difficult to delineate where a story of translation actually 
begins (Figure 1). The historical foundation for monoclonal 
antibody therapy is hybridoma technology, which was developed 
in the 1970s and subsequently awarded the Nobel Prize in 
1984.11 The first mouse antithymus antibody was developed  
and administered experimentally in a mouse model of leukemia 
by 1980.12 Around this time, early studies characterizing the 
toxicity of various antibody therapies were simultaneously 
conducted in humans. In one pilot safety study, a mouse anti-
lymphoma-associated-antigen antibody was administered to 
a single lymphoma patient.13 In another such study, a mouse 
anti-B cell antibody was administered to one patient with B cell 
lymphoma.14 By 1985, an antibody was developed against B cell 
polypeptide 35kD (Bp35), which would eventually be renamed 
Cluster of Differentiation 20 (CD20).15 In 1987, the experimental 
administration of this mouse anti-CD20 antibody to four patients 
with refractory, malignant B cell lymphoma was published.16 By 
this time, a mouse-human chimeric anti-CD20 antibody had 
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also been developed by applying recombinant DNA technology 
to an existing mouse antibody.17 In vitro, this antibody was 
shown to mediate complement-dependent cytotoxicity (CDC) 
and antibody-dependent cell-mediated cytotoxicity (ADCC) 
using human complement factors and effector cells, respectively. 
The mechanism of this B cell depletion is now understood to 
include (1) CDC, (2) ADCC, and (3) direct cellular lysis.18 In 1994, 
IDEC Pharmaceuticals Corporation demonstrated that another 
chimeric anti-CD20 antibody, named IDEC-C2B8, was capable 
of causing B cell depletion in monkeys.19 In 1997, this antibody, 
which would eventually be renamed rituximab (trade names 
Rituxan and MabThera), became the fourth antibody therapy 
approved by the Food and Drug Administration (FDA) in the 
United States.20

Key Clinical Studies in Translation
Early clinical trials of rituximab focused on the treatment of 
indolent NHL. In 1994, the first phase I clinical trial of rituximab 
for patients with recurrent B cell lymphoma was published, 
demonstrating extremely promising results.21 The first phase II 
clinical trials of rituximab were reported a few years later for 
patients with indolent NHL. In one study, patients with relapsed, 
low grade NHL were treated with rituximab; in another, patients 
with relapsed, indolent lymphoma.22,23 In 1998, the first phase II 
clinical trial was published that explored the use of rituximab 
in patients with relapsing or refractory aggressive lymphoma, 
including DLBCL and mantle cell lymphoma.24 In all of these 
phase II trials, results were extremely promising. By the mid-

2000s, the benefits of increasingly sophisticated dosing regimens 
of rituximab were investigated for patients with indolent NHL, 
including prolonged treatment of FL patients with rituximab 
and maintenance therapy versus retreatment at progression for 
patients with indolent NHL.25,26 For both, results were extremely 
positive. Four years later, adding rituximab to standard CHOP 
chemotherapy (R-CHOP) was demonstrated to improve outcomes 
compared to standard CHOP therapy in elderly patients with 
DLBCL.27 In 2005, R-CHOP was demonstrated to significantly 
improve outcomes in patients with previously untreated FL in a 
phase III clinical trial.28

In subsequent phase III clinical trials, variations of earlier 
trials were performed to demonstrate the efficacy of rituximab 
for additional applications. Improvement in clinical outcome was 
shown in patients with relapsed/resistant FL who were treated 
with rituximab maintenance therapy.29 Another application is the 
addition of rituximab to a modified CHOP therapy in patients 
with previously untreated, advanced FL.30 Additionally, rituximab 
has shown promise as a salvage (or rescue) therapy for patients 
with relapsed NHL who fail standard therapies.31 These rapid and 
clinically successful applications of rituximab eventually led to 
its approval by the FDA for additional indications.

FDA Approval Process
All drugs must obtain approval in the United States through the 
FDA, which is a branch of the federal, cabinet-level Department 
of Health and Human Services (Figure 2). Conventional drugs, 
such as small molecular inhibitors, must obtain approval 

Figure 1. Historical timeline of key events in the translation of rituximab. Top: preclinical and clinical publication dates. Bottom: United States FDA approval dates.
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through the FDA’s Center for Drug Evaluation and Research. 
The approval process is different for biological products, which 
the FDA considers to include vaccines, blood, blood components, 
allergenics, somatic cells, gene therapy, tissues, and recombinant 
therapeutic proteins.32 Although there are similarities to the 
process for conventional drugs, approval of biological products 
must be obtained through the FDA’s Center for Biologics 
Evaluation and Research (CBER).33 In 2009, the concept of 
biosimilars was introduced in the Biologics Price Competition 
and Innovation Act.34 According to this definition, a new 
biological product could be deemed biosimilar by demonstrating 
it to be “highly similar” to an already-approved biological 
product. This Act was passed in 2010 as part of the larger Patient 
Protection and Affordable Care Act (PPACA). Importantly, for 
biological products, PPACA established a period of 12 years 
for data exclusivity, which is the time between original FDA 
approval and generic filing. This is in contrast to the period for 
conventional drugs, which is 5 years for a New Drug Application 
or 3 years following a New Drug Indication.35 As a recombinant 
therapeutic protein, rituximab antibody therapy received its first 
FDA approval through CBER in 1997 for relapsed or refractory, 
CD20+, B cell, low-grade NHL.

Changes to Medical Practice
In 2001, rituximab received a second approval by the FDA for the 
retreatment of patients who relapsed following initial rituximab 
therapy.36 Rituximab has since received additional approvals 
for multiple chemotherapeutic uses. These include indications 
for DLBCL, CLL, and other advanced NHLs.37 As recently as 
2012, rituximab received another approval for a modified dosing 
regimen for the treatment of NHL. As a therapeutic agent that 
specifically targets B cells, rituximab has potential for more 
widespread application as an immunosuppressant therapy. 
With this in mind, rituximab has recently been investigated 
extensively for the treatment of rheumatoid arthritis (RA).38–40 
These studies proved extremely positive. As a consequence, in 
2006, rituximab was approved by the FDA for the treatment  
of moderately and severely active RA in combination with 
methotrexate (a standard RA therapy). Two years later, rituximab 
received another RA-related approval by the FDA.41 Although 
it is beyond the scope of this review, rituximab has been 
investigated for the treatment of other autoimmune, immune, 

and/or inflammatory diseases. These include multiple sclerosis,42 
systemic lupus erythematosus (SLE),43 transplant rejection,44 
Wegener’s granulomatosis,45 and microscopic polyangiitis.46,47 
For treatment of the latter two diseases, rituximab received FDA 
approval in 2011.48 Importantly, with the impending expiration 
of data exclusivity on rituximab in the United States and Europe, 
there is now substantial interest from pharmaceutical companies 
in the development of biosimilars for the treatment of all of 
these disease.49

It should be noted that rituximab is not the only FDA-
approved, anti-B cell antibody therapy. In 2009, ofatumumab 
(human anti-CD20 antibody) was approved for the treatment 
of refractory CLL.50 The CD20 epitope it targets is distinct from 
the target of rituximab. In 2011, belimumab (human anti-B 
cell activating factor) was approved for the treatment of SLE.51 
Furthermore, ocrelizumab and obinutuzumab (humanized anti-
CD20 antibodies) are currently in Phase III clinical trials for 
the treatment of multiple sclerosis and NHL, respectively.52 The 
inevitable introduction of these and other antibody therapies to 
the biosimilar market is likely to have a substantial impact on the 
future of medical practice in the United States and around the 
world. In addition to driving competition and innovation, this 
market has the potential to increase the availability and decrease 
the cost of these drugs.

Social and Political Influences on Translation
Remarkably, rituximab faced no major social or political barriers 
in its initial or subsequent approval processes in the United States. 
Rituximab has also been approved by the European Commission 
and is currently recommended by the National Institute for Health 
and Clinical Excellence (NICE) in the United Kingdom as first-
line treatment for FL.53 Additionally, NICE has recommended 
rituximab for the treatment of RA after the failure of tumor 
necrosis factor antagonists.54 However, new challenges are 
beginning to arise. One is related to the cost of antibody therapy in 
general. Roche, the current and global patent holder of rituximab, 
has shown this therapy to be cost-effective in combination with 
chemotherapy for the first-line treatment of FL in the United 
Kingdom;55 despite this demonstration, the absolute cost of 
antibody therapy remains substantial. In the United States, this 
cost is on the order of tens of thousands of dollars per treatment.56 
With this financial expense in mind, another challenge—more 
specific to rituximab therapy—is its increasingly widespread 
reappropriation for generalized immunosuppression therapy. 
In 2009, the first preliminary case series exploring the use of 
rituximab for the treatment of chronic fatigue syndrome (CFS) 
was published.57 Although the etiology of CFS is unclear, interest 
in this subject has continued to increase.58,59 Further research will 
be necessary to clearly establish the efficacy of rituximab therapy 
for the treatment of CFS.

Finally, a new challenge is beginning to arise regarding the 
long-term risks associated with rituximab therapy. In general, 
the toxicity and side effect profiles of rituximab have proven to 
be minimal. However, long-term data on the growing number of 
survivors of rituximab therapy is only now becoming available. 
As a result, it is apparent that some small number of survivors 
develops progressive multifocal leukoencephalopathy in the 
months following rituximab therapy.60 The onset of this rare 
neuro-inflammatory disease is usually rapid and fatal. Thus, for 
all of these reasons, there is likely to be growing social and political 
awareness of rituximab therapy in the near future.

Figure 2. Overview of key administrative structures within the United States De-
partment of Health and Human Services (HHS) and the FDA. Highlighted in dark 
blue is the Center for Biologics Evaluation and Research (CBER) pathway, which is 
specific to the approval process for rituximab. CDER = Center for Drug Evaluation 
and Research, CDRH = Center for Devices and Radiological Health, CFSAN = Center 
for Food Safety and Applied Nutrition.
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Conclusion
NHL is a devastating disease, for which treatment was historically 
limited to CHOP therapy. However, key basic science discoveries 
in the 1980s allowed for the targeted depletion of B cells. As a result, 
rituximab was developed and key clinical studies in translational 
were performed over the course of the 1990s. As a biological 
product, the review and approval of rituximab in 1994 were 
handled by the FDA’s CBER. Rituximab has transformed medical 
practice, receiving approval for additional NHL indications, as 
well as the treatment of several immune-mediated diseases. 
However, the social and political implications of the cost of 
antibody therapy, as well as increasingly widespread applications 
of rituximab therapy, are only beginning to emerge in the United 
States and around the world. In spite of these challenges, the story 
of the rapid translational of rituximab serves as a model and 
template for future translational discoveries. In particular, these 
lessons can be applied to the rapidly expanding field of new and/
or developing biological products.
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