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Abstract: Non-Hodgkin’s lymphoma (NHL) is the sixth-most common cancer in the UK,
accounting for around 13,700 new cases every year. Until the late 1990s, treatment relied on
intensive chemotherapy, such as CHOP (cyclophosphamide—doxorubicin HCl-vincristine
[Oncovin]—prednisone). The use of standard CHOP therapy and its variations had resulted in
poor five-year survival rates (as low as 26%), particularly in patients with aggressive NHL.
Rituximab (Rituxan) was the first chimeric (mouse/human) monoclonal antibody approved for
the treatment of NHL. It was approved by the US Food and Drug Administration in 1997 for
indolent forms of NHL. It subsequently received EU approval in June 1998, and was licensed
under the trade name Mabthera (Roche, Basel, Switzerland). It then went on to be approved
for the first-line treatment of aggressive forms of NHL, such as diffuse large B-cell lymphoma
(to be used in combination with CHOP or other anthracycline-based chemotherapy) in 2006.
It is directed against the CD20 protein, an antigen found on the surface of B-cell lymphomas.
With minimal toxicity, activity as a single-agent (for indolent forms of NHL) and safety when
combined with chemotherapy (for aggressive forms), it represents great progress in this field.
Here, we analyze how this antibody therapeutic was developed from basic molecular and cellular
considerations through to preclinical and clinical evaluations and how it came to be a first-line
treatment for NHL, and we discuss the impacts the advent of rituximab had on treatment out-
comes for patients with DLBCL compared with the pre-rituximab era.
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Introduction

The lymphatic system is comprised of a network of vessels that carry lymph fluid
containing lymphocytes. These are crucial cells of the adaptive immune system,
accounting for 30% of the total white blood cells in the adult circulatory system.
Lymphocytes are categorized into T cells and B-cells. In the bone marrow, pluripotent
hematopoietic stem cells differentiate into either common lymphoid progenitor cells
or myeloid stem cells. Common lymphoid stem cells further differentiate into B-cell,
T-cell, and NK-cell lineages.!

In the adaptive immunoresponse, B and T cells are reliant on each other: B cells
are responsible for the production of antibodies and function in humoral immunity,
whereas T cells are responsible for cell-mediated immunity. In response to a foreign
antigen expressed from a pathogen, T cells are activated when the T-cell receptor binds
to the antigen-presenting cell via major-histocompatibility-complex glycoproteins. This
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causes the rapid secretion of cytokines called interleukins that
promote the differentiation of B cells into antibody-secreting
plasma cells. Antibodies (or immunoglobulins) are directed
against the foreign antigen expressed on the pathogen, and
are able to block the adhesion of pathogens to the human host
cells and enable effector mechanisms that help to prevent the
spread of the pathogen.'

The antigens themselves are a series of between five and
15 amino acids that form antigenic determinants (epitopes).
An antibody is described as monoclonal when it specifically
targets a single epitope, as opposed to more than one. If the
antibody targets more than one epitope, then the antibody
is polyclonal.> An antibody molecule is composed of four
polypeptide chains — two identical heavy chains and two
identical light chains — forming a characteristic Y shape.
Light and heavy chains are divided into variable and constant
domains. The variable domains of the light (V) and heavy
(V,) chains have a high diversity in amino-acid sequences
and determine recognition and specificity of the antibody,
whereas the constant domains of the light (C,) and heavy
(C,) chains also have functions in Fc-receptor binding for
phagocytosis.?

Each B cell (and T cell) is specific for a particular
antigen, and hence the diversity of B cells is extraordinary.
When activated in response to an antigen, each B cell also
has the capability of producing 107-108 antibody molecules.
Normally, once the foreign antigen has been neutralized,
this antibody production is terminated. When this does not
occur, the relentless proliferation of a specific B cell, which
may be due to the accumulation of multiple genetic changes,
environmental factors, and infectious factors, may resultin a
cancerous tumor known as a B-cell lymphoma.*

The concept of B-cell-depletion therapy with monoclonal
antibodies (MoAbs) is that in essence, antibodies that are
specific to a surface antigen of B cells are administered into
a patient with a B-cell lymphoma. The antibodies will bind
to the surface antigen of the malignant (and normal) B cells
and lead to the depletion of B cells and thus destroy the tumor.

Non-Hodgkin’s lymphoma and
treatment in the prerituximab era
Five percent of all newly diagnosed malignancies are lym-
phomas. There are two main types of lymphoma: Hodgkin’s
lymphoma and non-Hodgkin’s lymphoma (NHL). These can
be distinguished using pathological histology, and initial
diagnosis of lymphoma is based on the presence or absence
of the Reed—Sternberg cells. If these are present, the lym-
phoma is classified as Hodgkin’s. If absent, the lymphoma

is classified as NHL.’ Ninety percent of lymphomas are
accounted for by NHL.°

Globally, it was estimated that NHL had been diagnosed
in around 414,772 individuals and accounted for an esti-
mated 215,074 deaths in 2012 alone.” NHL is a broad term
encompassing a range of lymphoproliferative malignancies,
whereby the affected lymphocytes proliferate abnormally and
accumulate in certain parts of the lymphatic system. It is the
most common hematological cancer in adults, with around
13,700 patients being diagnosed in the UK every year.® The
most common symptom of NHL is a painless swelling,
typically in a lymph node in the neck, armpits, or groin, and
may be accompanied by other general symptoms, including
fever, chest pain/pressure, unexplained weight loss, fever,
night sweats, shortness of breath, and persistent fatigue. The
symptoms depend on the type and location of the NHL, and
may be symptomless until the cancer progresses to a more
advanced stage.’

NHL can be categorized in a variety of ways. The World
Health Organization developed a classification scheme in
1995, which has been updated periodically since its con-
ception.'®!! This system is used worldwide, and is based
on pathological, genetic, and clinical factors. It divides
NHL according to the cell of origin: an immunophenotypic
examination can be carried out to determine whether the
NHL derives from B cells (85% of cases) or T cells and
natural killer (NK) cells (15% of cases). Classification
also considers their architecture (follicular or diffuse) and
morphology (small or large cells), seen from pathological
histology.!? NHLs can also be categorized according to
how they behave clinically. NHL is low-grade or indo-
lent when the lymphoma cells appear to divide slowly,
meaning the NHL develops over a prolonged duration.
Follicular lymphoma is the most common indolent NHL.
On the other hand, NHL is high-grade or aggressive when
the lymphoma cells appear to be dividing at a faster rate.
The most common aggressive NHL is diffuse large B cell
lymphoma (DLBCL)."

DLBCL in particular presents the highest burden on
patients and health care providers in Western countries, being
the most common high-grade form of NHL. Around a third
of all adult lymphomas are of this type.!* As the name sug-
gests, a diffuse growth pattern of larger-than-normal B-cell
lymphocytes is observed from histological examination of a
biopsy taken from a patient with this form of NHL.'

DLBCL may arise de novo or from the transforma-
tion of an indolent lymphoma into an aggressive type. The
median age at presentation for DLBCL is 60 years, and if
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left untreated, death would result within a matter of months.
However, if aggressive forms, such as DLBCL, are treated
quickly, they have a more positive outlook in terms of cur-
ability than indolent NHLs, such as follicular lymphoma.'¢
DLBCL can be cured, especially if diagnosed at an early
stage. However, >70% of patients with DLBCL present to
the clinic at an advanced stage.!”

The Ann Arbor staging system (I-IV) exists to define
how far the disease has spread. Stage I is recognized as early
disease, with a single group of lymph nodes being affected.
In stage I1, known as locally advanced disease, the lymphoma
is present in two or more groups of lymph-node regions
on one side of the diaphragm. Stage III, advanced disease,
entails the lymphoma being above and below the diaphragm.
In widespread disease, stage IV, the lymphoma is found in
the bone marrow and may also be present in extralymphatic
sites (such as the liver).?

Due to the fact that patients presenting with DLBCL are
mainly elderly and at an advanced stage of disease, they are
seen as a challenging group to treat. Treatment options before
the advent of rituximab were severely limited. Depending
on the extent of the disease, patients were often treated with
chemotherapy or radiation. These conventional yet intense
methods of treatment were associated with toxicity and lacked
specific antitumor-targeted activity. The go-to treatment for
younger and elderly patients with DLBCL was the CHOP
regimen (cyclophosphamide—doxorubicin HCl-vincristine
[Oncovin]-prednisone).'® CHOP is still used today for
DLBCL treatment, but often in conjunction with rituximab
(R-CHOP).

The use of standard CHOP therapy and its variations in
the prerituximab era was able to achieve complete responses
(CRs) in only 40%—50% of elderly patients. Three-year event-
free and overall survival (OS) rates were as low as 30% and
35%-40%, respectively.'® Efforts to increase the efficacy of
CHOP through the addition of other cytotoxic agents had
failed: no significant improvements in disease free survival
and OS were found. This may be due to the fact these agents
could not be administered unless the cyclophosphamide and
doxorubicin dosages were lowered to below that given in the
standard CHOP treatment.'$° In addition, CHOP was more
cost-effective and had less toxicity than the more complex
CHOP-containing regimens.

It was also identified that altering the standard che-
motherapy regimens to a higher degree of intensity could
improve outcomes for young patients with poor prognoses,
but elderly patients would not have been able to tolerate this
intensity of treatment, so did not stand to benefit from it.2!-??

Despite failed attempts to increase efficacy, CHOP continued
to be the gold standard of DLBCL treatment.

As such, the best therapy option available until the 1990s
was unable to cure >50% of patients with aggressive lym-
phomas (and most patients with low-grade lymphomas).?
This was coupled with the steadily rising incidence of NHL
throughout the 1970s and 1980s, particularly in the elderly.
By the 1990s, NHL accounted for one in 30 cases of and one
in 40 deaths from cancer, with around 2,400 male and 2,200
female deaths.?* Therefore, there was a desperate need for
new approaches to treatments with different mechanisms of
action and improved toxicity profiles. Here, we examine how
rituximab was developed and came to be a first-line treatment
for B-cell NHLs, such as DLBCL, and discuss the impact it
had on treatment outcomes.

Monoclonal antibody therapy in the

prerituximab era

MoAb development began in 1975 by Kohler and Milstein
with the use of hybridoma technology, whereby they were
able to produce mouse (murine) MoAbs indefinitely from a
single clone of B cells in vitro.” The first therapeutic use of
a murine MoAb against lymphoma-associated antigen in a
patient (that was not responding to standard chemotherapies)
took place in 1980, which was tolerated well without any
significant side effects and caused transient clearance of
tumor cells from the patient’s circulation.?

It was found that the unique immunoglobulin heavy- and
light-chain variable segment (idiotype) of each lymphoma
can be exploited as a tumor-specific marker in the patient.
Following the preliminary trial carried out by Nadler et al,
Miller et al hypothesized and tested a personalized approach
to lymphoma therapy that would utilize (murine) MoAbs
specific for the unique B-cell receptor expressed on a patient’s
lymphoma cells that aimed to eradicate lymphoma cells, but
spare healthy cells. This approach is called anti-idiotype
therapy.?” Temporary reduction in tumor sizes was achieved
in this trial, but immunoresponses to the murine antibody
limited the clinical efficacy, as once the immunoresponse
had begun, further infusions of antibody failed to reach
the tumor. In a further trial, partial clinical responses were
achieved in lymphoma patients using high doses (>2 g)
of 1F5 (a murine anti-CD20 MoAb). The responses were
dose-dependent, and so the higher doses resulted in a higher
reduction in lymphoma.?®

Although studies by Nadler et al, Miller et al and Press
et al established that MoADb use was safe and could lead to
a marked antitumor effect, there were obvious limitations
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to the use of murine MoAbs, as they lacked human-effector
functionality.?s2® This rendered them unable to mediate
complement-dependent cell lysis in the presence of human
complement or lyse target cells by antibody-dependent cel-
lular cytotoxicity (ADCC). As mentioned, immunogenicity
was also an issue. When used therapeutically to treat human
disease, murine MoAbs do not always have sustained
effects.?28 For instance, in a study by Press et al, therapeutic
responses were described as “transient”, and 25% of patients
developed a human antimouse-antibody response, leading to
clearance of the murine MoAb.?

This antiantibody response limits the clinical efficacy of
murine antibody therapy. This is the original rationale behind
the generation of chimeric antibodies. A chimeric antibody is
arecombinant protein, typically consisting of antigen-binding
(Fab) regions from mouse genes and constant regions (Fc)
from human genes. Rituximab is a high-affinity genetically
engineered chimeric (human/mouse) MoAb. It is made from
the binding regions from the original murine antihuman
CD20, consisting of the variable regions of the Ig heavy
and light chains that are fused with the human Igk light-
chain and v, heavy-chain constant regions. The Fc portion

Mouse Vy

Mouse V|

Human C_

Human Cy

= Murine variable regions

= Human constant regions

Figure | Structure of rituximab, a chimeric monoclonal antibody (~30% mouse
origin and ~70% human origin).

Notes: The murine variable regions bind specifically to the CD20 antigen on
malignant (as well as normal) B cells. The human constant regions allow human
effector mechanisms.

Abbreviations: V,, variable domain (light chain); V,,, variable domain (heavy chain);
C,, constant domain (light chain); C_, constant domain (heavy chain).

of human IgG, was selected, as it is able to fix complement
and activate ADCC.”

Rituximab, a chimeric MoAb, is directed against the
CD20 antigen found on the surface of normal and malig-
nant B lymphocytes. It was first approved by the US Food
and Drug Administration (FDA) in 1997 and then by
the European Medicines Agency in June 1998 for use in
selective B-cell-depletion therapy for patients of relapsed,
low-grade, or follicular NHL, and gained approval for use
in combination with chemotherapies for aggressive forms
of NHL in 2006.3%3! A schematic diagram of rituximab is
shown in Figure 1.

CD20 target identification and

validation

Selection of a target antigen is the first step in therapeutic
MoAb development. The selection of this target requires
extensive knowledge of biological processes involved in
specific disease pathology. These processes can then be used
to frame an appropriate development strategy to ascertain the
mechanism of action, binding specificity, affinity, kinetics,
and potency of the target antigen.’? Understanding the role
of the antigen is not only important in disease pathology
but also in determining if the target antigen has functional
redundancy in other systems that may determine likely effects
of the MoAD in clinical use.

To date, 86 types of NHL have been classified, each
resulting from differing pathogeneses.** From a molecular
perspective, all subtypes have a common B-cell origin, with
dysfunction of the B-cell-maturation process at differing
stages, which are thereby responsible for the differences seen
in each NHL subtype. Cell-surface proteins on B cells can
be markers for differentiation and identification. The human
B-lymphocyte-restricted differentiation antigen Bp35, later
named CD20, is one example of such a marker, and was one
of the first to be described.***

Biochemical studies were carried out to predict the
structural features of CD20. Analysis of data provided by
molecular cloning of CD20 revealed a hydrophobic protein
of 35 kDa, with four transmembrane regions, intracellular
termini, and the existence of an unglycosylated extracellu-
lar loop of around 43 residues between the third and fourth
transmembrane regions.*? It is expressed during early pre-
B-cell development, prior to the expression of cytoplasmic
p-heavy chains.* The exact functions have still not been fully
confirmed, perhaps because CD20-knockout mice display
almost normal phenotypes and because CD20 seems to have
no natural ligand.*'*?
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However, in vitro studies using MoAbs to blockade CD20
resulted in the interruption of B-cell proliferation and differ-
entiation, suggesting CD20 is involved in the cell cycle.’**
A subsequent study had found that CD20 is implicated in
the regulation of intracellular calcium.* CD20 presented an
ideal target for passive immunotherapy, due to its presence
on 95% of B-cell lymphomas and nearly all normal B cells
(apart from stem cells, pro-B cells, and plasma B cells).*
Other considerations that made it appealing included the
accessibility and sensitivity of hematopoietic tumors to
lysis by way of immunoeffector mechanisms, the fact it is
not normally shed from the cell surface, that there are no
detectable serum levels of soluble CD20 (so antibodies target
the lymphomas and not free CD20 in solution), and the fact
CD20 does not internalize after binding to an antibody.?%*’
Rituximab binds to an epitope on the large loop, as shown.
Residues important for rituximab recognition are Alal70
and Pro172.446

Proposed mechanisms of action

Rituximab binds to the CD20 antigen via its Fab domain,
and the Fc domain recruits immunoeffector functions
involved in B-cell lysis. The mechanisms of effector-
mediated cell lysis that rituximab uses to achieve B-cell
depletion in vivo are still not fully understood. However,
evidence suggests it stabilizes CD20 on lipid rafts, which
promotes ADCC. This is mediated by Fcy receptors on the
surface of granulocytes, macrophages, and NK cells. Other
postulated mechanisms include complement-dependent
cytotoxicity activated by Clq binding and the subsequent
lytic cascade, as well as apoptosis.*’*® The proposed
mechanisms of action through which rituximab acts are
illustrated in Figure 2.

Preclinical experiments

Here, we focus on the landmark preclinical study conducted
by Reff et al in 1994.% Their objective was to evaluate the
chimeric anti-CD20 antibody binding in vitro. Subsequent
in vivo pharmacology and toxicology evaluations aimed
to provide data to monitor efficacy and safety parameters
of the therapeutic so it could progress onto the clinical
stage. The experiment was the first report of a MoAb being
utilized in an immunotherapeutic context in the treatment
of B-cell lymphoma. In their study, Reff et al identified a
high-affinity murine anti-CD20 MoAb (murine MoAb 2B8)
and constructed a mouse/human chimeric antibody that was
expressed at high levels in mammalian cells. They named

this construct C2B8. In vitro experiments confirmed the
affinity, in vitro effector function, and immunoreactivity
of the chimeric antibodies produced. Following this, in
vivo experiments demonstrated marked B-cell depletion in
peripheral blood (PB), bone marrow, and lymphatic tissue
when the MoAb was administered to the subject animals
— cynomolgus monkeys. No toxicity in any of the animals
was detected.

Generating the high-affinity murine anti-
CD20 MoAb

Reff et al immunized mice from the BALB/c strain weekly
with the human lymphoblastoid cell line SB (containing the
CD20 antigen) over a 3- to 4-month period. This stimulated
the immunoresponse in mice to produce antibodies directed
against the CD20 antigen. Mice that displayed high serum
titers of anti-CD20 antibodies were identified with the use
of known anti-CD20 antibodies. The spleens of said mice
were then removed. Spleen cells have only a limited life
span, so were fused with mouse myeloma SP2/0 to form
a hybrid cell capable of indefinite survival and capable of
secreting antibodies. As cell fusion is a random event with
three types of hybrid cells being produced, the antibody-
producing hybridoma cell is desired and needs to be selected
for with a hypoxanthine—aminopterin—thymidine medium. As
only hybridoma cells survive and proliferate in the selected
medium, the supernatant was tested for the presence of the
anti-CD20 antibody.”

Hybridomas were screened by coincubation with ‘251-Bl
(I0 ng) in 1% BSA, PBS, and 100,000 SB cells. Because
the original cultures may have been started with more than
one hybridoma cell, single cells from each antibody-positive
culture were isolated and then subcultured. After incuba-
tion for 1 hour at room temperature, cells were harvested
by transferal to 96-well filter plates and washed thoroughly.
Duplicate wells containing unlabelled BI and wells contain-
ing no inhibiting antibody were used as positive and negative
controls, respectively. The supernatant was tested once again
for anti-CD20 antibodies. Each positive subculture — having
been started from a single cell — represents a clone and its
antibodies are monoclonal. That is, each culture secretes a
single kind of antibody molecule directed against a single
determinant on a preselected antigen. The positive clones
provide a continuing source of anti-CD20 antibody. Wells
containing >50% inhibition were expanded and cloned. The
antibody showing the highest reactivity was derived from the
cloned cell line designated 2B8.%
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NK cell
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C3b
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CD20 Apoptosis B cell
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CD20

= Murine variable regions

= Human constant regions

Fecy
receptor

Macrophage

Figure 2 The various mechanisms of action rituximab uses to kill B cells associated with NHL through binding of the CD20 antigen.
Note: Binding provokes one or more of the following mechanisms: CDC, ADCC, and/or apoptosis.
Abbreviations: NHL, non-Hodgkin’s lymphoma; CDC, complement-dependent cytotoxicity; ADCC, antibody-dependent cellular cytotoxicity.

Construction of the chimeric anti-CD?20

immunoglobulin DNA-expression vector

The next step Reff et al took was to construct an expression
vector to include DNA coding for heavy- and light-chain
constant regions from a human source and mouse vari-
able regions from 2B8. This was done so the chimeric 2B8
MoAb could be expressed. The chosen expression vector
was a plasmid that when introduced to a target cell would

allow for large amounts of the anti-CD20 chimeric antibody
protein to be produced using the cell’s own protein-synthesis
mechanisms. Recombinant DNA technology was used to
construct the expression vector. Tandem Chimeric Antibody
Expression 8 (TCAES) is a widely used vector for chimeric
antibody expression, as it permits screening and analysis of
the antibodies generated for characteristics, such as binding
specificity and epitope-binding regions. As a result of this, the
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cDNA encoding the light- and heavy-chain variable regions
from a preferred or desired anti-CD20 antibody was able to
be incorporated into the vector.”’

RNA was isolated from the 2B8 mouse hybridoma
cell-producing anti-CD20 antibodies, and single-stranded
cDNA to the RNA was prepared therefrom using the pro-
tocol described by Chomczynski and Sacchi.* The murine
variable region light-chain DNA was isolated and amplified
from the cDNA using PCR. Specific DNA primers in the
PCR react to isolate the murine variable light-chain region
from the cDNA. This DNA fragment was subsequently
cloned into the TCAES8 vector in front of the human
K-light-chain constant domain and sequenced. The murine
heavy-chain variable region was also isolated using PCR
and then cloned in front of the IgG, constant domains in
the plasmid vector.”

Creation of chimeric anti-CD20-
producing CHO and SP2/0 transfectomas

The next step Reff et al took was to generate the chimeric
anti-CD20-producing CHO and SP2/0 transfectomas.” A
transfectoma is a myeloma cell into which immunoglobulin
genes have been transfected and expressed. First, Reff et al
used a cotransfection assay for antibody-secreting clones by
ELISA. CHO cells were grown in SSFM II in the absence of
hypoxanthine and thymidine. Plasmid DNA was inserted into
CHO cells by electroporation. Transfectoma clones positive
for the secretion of chimeric Ig were identified by an ELISA
specific for the human antibody.?

Colonies that produced the highest amount of immu-
noglobulin were expanded and plated into 96-well plates
containing media plus methotrexate, fed every 2-3 days.
Then, ELISA was carried out on the supernatants again and
colonies producing the highest amount of immunoglobu-
lin identified. Chimeric anti-CD20 antibody was purified
from the supernatant of colonies producing the highest
amounts using protein A-affinity chromatography. Purified
chimeric anti-CD20 was analyzed by electrophoresis in
polyacrylamide gels and estimated to be >95% pure. The
affinity and specificity of the chimeric antibody were then
compared to 2B8.%

Further experiments

After generating C2B8, Reff et al then carried out in vitro
experiments to determine the affinity of C2B8, the specificity
and immunoreactivity of C2B8, the in vitro effector function
of C2B8, the ability of C2BS to lyse B-lymphoid cell lines,
and the ability of C2B8 to achieve ADCC.”

Determination of affinity of C2B8 using a

direct and competitive binding assay

The affinity constant (Kap) for the chimeric antibodies was
determined through carrying out a direct and competitive
binding assay, whereby the direct binding of I'*-radiolabeled
chimeric anti-CD20 was compared to radiolabeled 2B§
with a Scatchard plot.? Both types of antibody showed
comparable affinity on a number of CD20-positive B-cell
lines. Estimated K, for CHO-produced chimeric anti-CD20
was 5.2x107° M and for SP2/0 (mouse myeloma)-produced
antibody 7.4x107°M. Estimated K for2B8 was 3.5x107° M.
The binding of MoAbs to their specific target antigen CD20
is an absolute requirement for their therapeutic efficacy, and
so the fact that the chimeric antibody had comparable affinity
to the murine antibody is promising, as having substantially
the same specificity and binding capability as the murine
anti-CD20 MoAb 2B8 shows therapeutic potential.?

Determination of immunological
activity and specificity of C2B8 using

radioimmunoassay

Both the specificity and retention of immunoreactivity of the
chimeric antibodies produced by the CHO transfectoma were
then confirmed using radioimmunoassay. The target antigen
CD20 was present on 10,000 B-lymphoid cells. Direct com-
petition by radioimmunoassay compared (unlabeled) C2B8’s
ability to compete effectively with 2B8 (I'**-labeled) for the
CD20 antigen on 10,000 B-lymphoid cells.?’ The results
showed that substantial and equivalent amounts of chimeric
anti-CD20 and 2B8 antibodies were required to produce 50%
inhibition of binding of each to CD20 antigens on SB cells.
It can be assumed that chimerization was the cause of the
minimal loss in inhibition activity of the C2B8 antibodies.”’

In vitro characterization of C2B8 using

flow cytometry

After the C2B8 antibodies had been deemed to have sufficient
affinity and retention of immunoreactivity, the in vitro effec-
tor function of C2B8 — specifically, whether C2B8 is able to
bind to human C1q — was determined using whole-cell flow
cytometry. The Clq complex is involved in the complement
system, wherein Clq can bind to IgG (and IgM) when the
antibody is bound to the antigen. When C1q is bound, the C1
complex initiates the classical complement pathway, which
involves the activation of an enzymatic cascade that results
in the assembly of a membrane-attack complex on the B-cell
membrane that causes cell lysis.?
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The assay used fluorescein-labeled C1q. Equal amounts
of C2B8 antibody, human IgG,, K myeloma protein, and
2B8 antibody were incubated with an equivalent number of
CD20-positive SB cells, which was followed by a washing
step with FACS buffer to remove any unbound antibody.
Incubation with fluorescein isothiocyanate-labeled C1q was
then carried out. After 30-60 minutes of incubation, cells
were then washed again. Analysis was carried out using a
FACScan instrument.?

Results from the whole-cell flow cytometry showed
evidence of a vast increase in fluorescence with the C2B8
antibodies. This is because the chimeric antibodies binding to
the CD20 antigen on the SB cells have human Fc regions that
are able to bind to human C1q, causing there to be increased
fluorescence compared with the murine antibody. The murine
antibody failed to activate complement, and produced the
same pattern as the control (fluorescein isothiocyanate-
labeled Clq; data not shown). This experiment confirmed
that C2B8 had the ability to activate human complement in
vitro, and is an important preclinical consideration.?

Complement-dependent cell lysing
Chimeric C2B8 antibodies were tested for their ability to lyse
B-lymphoid cell lines in the presence of human serum as a
source of complement.” Labeled CD20-positive SB cells
were incubated in the presence of equivalent amounts of
human complement and equivalent amounts of either C2B8
or 2B8 antibodies. The results indicated that C2B8 antibodies
were able to lyse approximately 50% of the SB target cells.
In comparison, no significant lysis of SB cells was seen using
HSB cells that contained no CD20 antigen. This was carried
out as a negative control.”” The results showed the chimeric
antibody produced far more lysis of B-lymphoid cell lines
compared to the murine antibody. This is because murine
MoAbs lack human-effector functionality and thus are not
able to lyse human target cells through such mechanisms as
ADCC or Fc-receptor-mediated phagocytosis.”

Antibody-dependent cellular cytotoxicity-

effector assay

A potential mechanism used by therapeutic antibodies to kill
their target cells is ADCC. The assay is end point-driven in
that it analyses target-cell lysis.? In this ADCC assay, SB and
HSB cells were labeled, both with >!Cr. Analysis was then
performed using approved protocols. It was shown that there
was substantial chimeric anti-CD20 antibody-dependent cell-
mediated lysis of CD20-positive SB target cells at the end of
an incubation period of 4 hours at 37°C. The ratio of effector

cells:target was 100:1, where effector cells were human
peripheral lymphocytes and the target the CD20 antigen.”

The results indicated that the chimeric anti-CD20 anti-
bodies were immunologically active, as there was significant
lysis, on approximately 50% of the antigen on SB cells. In
comparison, under the same conditions, the murine anti-
CD20 MoAb 2B8 had a statistically insignificant effect. The
HSB (CD20-negative) cells were not lysed; this was carried
out as a control.?”

In vitro functional assays (eg, complement-dependent
lysis, ADCC) are not sufficient to predict the in vivo capa-
bility of a chimeric antibody to destroy/deplete target cells
expressing the specific antigen. A 1991 study also illustrated
that chimeric mouse/human antibodies have undetectable
ADCC activity.>® Therefore, the potential therapeutic efficacy
of C2B8 needed to be assessed in vivo. Following the success
of'the in vitro experiments, monkeys were used as the animal
of choice to test for the depletion of PB B lymphocytes.?’

In vivo experiment: depletion of
peripheral blood B lymphocytes

Reff et al carried out an experiment to ascertain the effect
of various doses of immunologically active C2B8 needed
for effective depletion of PB B lymphocytes in a nonhuman
primate system.? Cynomolgus monkeys were administered
various doses of C2B8 —0.04, 0.4, 1.6, and 6.4 mg/kg — daily
for a period of 4 days, which resulted in a total dose range
of 0.04-6.4 mg/kg.” B-lymphocyte depletion is considered
a sufficient indication of C2B8 efficacy. These data showed
that there was effective and rapid depletion of B cells in PB
where the antibody was in excess, regardless of single- or
multiple-dosage levels. Following the final injection, deple-
tion was observed for at least 7 days. Partial recovery of B
cells was seen by day 21.%

Clinical evaluations of C2B8
Here, we discuss the key clinical trials that led to the initial
approval of rituximab by the FDA in 1997.3°

Phase | clinical trial of C2B8: single-dose
therapy study

The first phase I clinical trial of single-dose infusions with the
chimeric anti-CD20 antibody in patients with relapsed B-cell
NHL was conducted in 1994 by Maloney et al following
the promising results from Reff et al’s preclinical study.?*?’
Maloney et al administered single-dose IDEC-C2B8 (C2BS)
to 15 patients who had histologically documented relapsed
B-cell NHL. Patients had to have previously undergone at
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least one prior course of standard therapy. Three patients
were treated with a single intravenous dose at each dose level.
Doses were 10, 50, 100, or 250 mg/m? MoAbs. Patients were
then evaluated for infusion-related toxicity and effect on
PB B cells, T cells, neutrophils, platelets, serum chemistry,
Ig, and complement levels. Tumor biopsies were also taken
from patients who had been administered doses of 50, 100,
or 250 mg/m? pretreatment and after 2 weeks of treatment,
also being examined for antibody binding and B- and T-cell
content. Antitumor activity was monitored in all patients.?
All patients completed the therapy. Toxicity ranged from none
to severe in one patient. There was no toxicity relating to
immunresponse.” Maloney et al then proceeded to investigate
the effect of C2B8 on circulating B cells, serum-antibody
pharmacokinetics, and posttreatment biopsy specimens.?

Effect of C2B8 on circulating B cells

To establish the impact of C2B8 on B and T cells, Maloney
et al used two-color flow cytometry to quantify the number
of B cells in the PB before and after C2B8 therapy. B-cell
antigens CD19 and surface Ig were not blocked by the bind-
ing of C2B8 to CD20, so these were used to identify B cells.
Bound antibodies on B cells from infusion were identified
by blocking the binding of a directly labeled anti-CD20
antibody.?”® There was a dose-dependent, rapid, and specific
depletion of B cells in all but one patient, particularly in those
receiving doses >100 mg/m? C2B8. These depletions endured
for 1->3 months in all except one patient.??

Serum-antibody pharmacokinetics

For serum-antibody concentrations to be determined, ELISA
was used. This was based on the capture of C2B8 by poly-
clonal antibodies directed against its idiotype.?* Maloney et
al reported that antibody levels >10 pg/mL persisted for >14
days in the serum of six of nine patients receiving a single
dose of C2B8 (100, 250, or 500 mg/m?). The average half-life
of the antibody was 4.4 days, ranging from 1.6 to 10.5 days.
It can be concluded that a higher dosage of chimeric antibody
leads to a higher serum concentration maintained in vivo,
so C2B8 efficacy is influenced by pharmacokinetic factors.
The wide range of half-lives may reflect the variable tumor
burden among patients. It may also suggest that complex
pharmacokinetics were involved, and the factors influencing
clearance of 2B8 were largely unknown at the time. The study
of serum-antibody pharmacokinetics was limited here, due
to the small number of patients used in this trial. Maloney
et al also noted it is difficult to establish the half-life of the
antibody with patients who have varying degrees of tumor

burden and have only received a single nonsaturating dose
of antibody.?

Analysis of posttreatment tumor-biopsy specimens
Although patients received only a single nonsaturating
dose of C2B8, promising clinical effects were observed
in some patients. One such patient achieved partial remis-
sion.”? Computed tomography images were taken from a
patient with relapsed follicular lymphoma who was treated
with 500 mg/m? C2B8. Images were taken of an abdominal
mass pretherapy and 3 months after treatment.? Regression
(shrinkage) of the tumor was seen after treatment.?

In conclusion, the clinical data from this single dose-esca-
lating study showed that C2B8 resulted in no dose-limiting
toxicity and demonstrated clinical activity. Antibody infusion
caused CD20-positive B-cell depletion in PB at 24—72 hours,
continuing for 2—3 months in the majority of patients.? This
trial utilized single-dose infusions of antibody, which is a
limitation. This is because a single dose is unlikely to reach
a saturating level. It was noted that there was a larger col-
lection of B cells within the lymphomas than in the PB, so it
was a possibility the C2B8 could not access the lymphoma
cells sufficiently. Maloney et al addressed this in a phase I
multiple dose-escalation trial.®!

Phase | clinical trial of C2B8: multiple-
dose therapy study

Maloney et al further confirmed the safety, pharmacokinetics,
and therapeutic effects of C2B8 that they had previously indi-
cated in their previous trial, this time with multiple doses.”!
Multiple infusions of C2B8 (125, 250, or 375 mg/m?) were
administered to 20 patients with relapsed B-cell lymphoma.
In this trial, serum levels of C2B8 were seen to be propor-
tional to the antibody dose infused. It was also observed that
higher, more sustained serum levels were attained following
multiple doses compared with single doses. Infusion side
effects during the initial infusion were generally mild.>! The
weekly 375 mg/m? dose for 4 weeks was selected for further
phase II evaluation, and it remains the standard single-agent
dose and schedule today.

Phase Il clinical trial of C2B8: multiple-
dose therapy study

The success of phase I clinical trials boded well for progres-
sion of C2B8 onto phase II. McLaughlin et al conducted
the pivotal phase II trial that led to FDA approval 3523 [t
is interesting to note that FDA approval for drugs is nor-
mally granted after phase I1I clinical trials, which are a final
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confirmation of safety and efficacy.* However, in this case
approval was granted earlier given the nature of the disease.

In this multi institutional trial of C2BS§, 166 patients
with relapsed low-grade or follicular lymphoma received
an intravenous treatment course of C2B8 at a dose of 375
mg/m? weekly for four doses.”? Of the 166 patients in the
intent-to-treat group, there was a 48% overall response rate.
Of these, 6% were CRs and the remainder — 42% of patients
—achieved partial responses (PRs). The requirement for a CR
was the resolution of all symptoms and signs of lymphoma,
including bone-marrow clearing, for at least 28 days. For a
response to be classified as a PR, >250% decrease in the sum
of the products of perpendicular measurements of lesions was
required, and for there to be no evidence of any progressive
disease for a minimum of 28 days.*

Patients who achieved an overall decrease (<50%) in
measurable disease were still nonresponders in this study. It
is notable that of those who did not achieve a CR or PR, most
achieved some net decrease in measurable disease, with a
mean decrease of 32% from the nonresponders.*> The median
follow-up of patients was 11.8 months. This was the time
between the last treatment of C2B8 in patients and the time
that data on their outcomes were collected. For patients that
were responders, the projected median time to progression
was 13.0 months. This was the length of time from the start
of C2B8 treatment until the disease started to spread. The
pharmacokinetics of the serum antibody and adverse effects
were two other major parameters monitored in this trial.>

McLaughlin et al observed that serum-antibody levels
were sustained for longer after the fourth infusion than after
the first, due to the accumulation of C2B8. Patients who were
responders and/or had a lower tumor burden were more likely
to accumulate higher serum-antibody concentrations than
nonresponders. Nonresponders displayed rapid clearance of
the antibody after each infusion. This meant that accumula-
tion to a saturating level could not occur and so there was
less B cell depletion, which resulted in a lower decrease in
measurable disease.*

Most adverse effects experienced by patients were mild
(grade 1). Common adverse effects were fever and chills,
mainly experienced after the first infusion. However, 55% of
patients experienced no adverse effects/toxicity after the first
infusion or for the remainder of the treatment period. Only
3% of patients experienced life-threatening toxicity (grade
4), and only one patient had a microangiopathic hemolytic
anemic response to the chimeric antibody.>* Severe and rapid
depletion of CD20-positive B cells from the circulation in
this therapy would have created anxiety about its possible

impacts on immunofunction. If used on a long-term basis,
patients would be chronically depleted of B cells and the
predicted consequences would be that these patients would
have a higher risk of infectious complications. However, the
normal B-cell population recovers around 6—9 months fol-
lowing the termination of therapy.*

FDA approval
Initial approval by the FDA was given to Genentech (San
Francisco, CA, USA) for the manufacture of IDEC-C2BS by
IDEC Pharmaceuticals. Approval was given for the treatment
of relapsed or refractory low-grade or follicular B-cell NHL
in November 1997, based on McLaughlin et al’s pivotal phase
IT trial.’*>? IDEC-C2B8 was renamed rituximab and also
assigned the trade names Rituxan and Mabthera.
According to the FDA, guidelines at the time stipulate
that in the refractory cancer setting, nonrandomized trials
with therapies that show evidence of tolerable treatment
toxicity and are reasonably likely to predict a clinical benefit
may be approved under accelerated-approval regulations.™
This was the case for rituximab, so McLaughlin et al were
permitted to submit the results of their study following FDA
approval.®® This also paved the way for further evidence to
be gathered to confirm the clinical benefit of rituximab in
aggressive forms of NHL.*!

Impact on treatment of DLBCL
Currently, we have discussed only the treatment of indo-
lent, low-grade NHL. However, we now consider DLBCL,
the most common form of high-grade NHSL. Previously,
DLBCL treatment had been severely restricted to CHOP
before the advent of rituximab. However, its use had resulted
in poor S5-year survival rates for patients with aggressive
NHL — as low as 26%.% Rituximab approval was granted by
the FDA for first-line treatment of DLBCL in combination
with CHOP or other anthracycline-based chemotherapy
regimens in February 2006.3' Approval was granted based
on the results of a successful phase III randomized clini-
cal trial comparing R-CHOP to CHOP alone in aggressive
lymphomas.

Coiffier et al undertook the first randomized study to
compare outcomes with R-CHOP and CHOP in patients
with DLBCL in 2002.% In this, 399 elderly patients 60—80
years old with DLBCL who had been previously untreated
and had a poor prognosis were recruited. These patients were
randomized into a CHOP (197 patients) or an R-CHOP arm
(202 patients). Those in the CHOP arm received eight cycles
of the standard dose of CHOP every 3 weeks, while those
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in the R-CHOP arm received eight cycles of the standard
dose of rituximab (375 mg/m?) in combination with CHOP
on day 1 of each cycle.* The CR rate was statistically much
higher in the group that received R-CHOP than in the group
receiving CHOP alone (76% vs 63%, P=0.005). The median
follow-up was 2 years, and both progression-free survival and
OS were longer for patients receiving R-CHOP (P<0.001 and
P=0.007, respectively). The OS of patients was analyzed with
the log-rank test, which calculates a y*-value for each arm.
Log-rank results were used to calculate a P-value, and as this
was <0.05, the differences between OS in the R-CHOP and
CHOP arms were statistically significant.’” After 2 years,
70% of patients who received R-CHOP were alive, whereas
only 57% of patients who had been treated with CHOP alone
survived.®® Two other key phase III trials were carried out
by Pfreundschuh et al and Habermann et al in 2006.%%% The
results are summarized, along with the results from Coiffier
et al’s study, in Table 1.%6:5%%

The results from these prospective trials were very prom-
ising, as the addition of rituximab to chemotherapy showed a
clear benefit in patient outcomes. Until 2014, only a handful
of population-based, retrospective analyses had been carried
out that assessed rituximab’s impact on survival of patients
with DLBCL. These register-based analyses provided data
comparing the outcome of patients who had been adminis-
tered CHOP or R-CHOP, and confirmed that R-CHOP had
a positive effect.®®* However, only patients with advanced
stages of DLBCL were included in Sehn et al’s study, and
important clinical parameters were lacking.®® Hasselblom
et al included only very elderly patients, and Krause et al’s
study lacked some clinical information.5"¢

Mian et al carried out a real-life analysis of patients with
DLBCL who were administered R-CHOP or CHOP. They

aimed to evaluate the outcomes of DLBCL patients in the
pre- and postrituximab era.** Between 1999 and 2012, 219
DLBCL patients aged 18-90 years (median 63 years) were
investigated: 56% had stage I1I/IV DLBCL and 26% had a
poor prognostic index (a clinical tool to predict prognosis
of aggressive NHLs). A total of 219 patients were in the
R-CHOP arm and underwent six cycles of R-CHOP. The out-
comes of these patients were compared to a historical cohort
of 88 patients treated with six cycles of CHOP therapy: 64 of
these patients were administered CHOP and 24 CHOP-like
chemotherapy alone between 1988 and 2000.% The median
follow-up was 3.5 years, and results showed that the 5-year
estimated progression-free survival for the R-CHOP and
CHOP arms was 56% and 44% (P=0.002) respectively. Five-
year OS was significantly longer for the R-CHOP arm (69%)
compared to 40% for the CHOP arm (P<0.001).% Therefore,
there was strong conclusive evidence to confirm that ritux-
imab had an independent impact on the outcomes of patients
with DLBCL when combined with CHOP-like therapies
compared with CHOP alone. The results from Mian et al’s
study were consistent with data published previously.5%6364

Final remarks

Here, we have largely discussed rituximab in the treatment
of DLBCL. However, it has also been shown to improve
the prognosis of all B-cell NHL. A meta-analysis of 2,315
patients in seven trials showed that rituximab improved
progression-free survival in follicular lymphoma, but the
effect on OS was inconclusive.®® Mantle-cell lymphoma
is characterized by overexpression of cyclin D1, due to a
t(11:14) chromosome translocation. A 2015 meta-analysis
of seven studies showed that rituximab improved overall and
CR rates in patients with mantle-cell lymphoma.®® However,

Table | Three key clinical trials with rituximab in combination with CHOP for treatment of aggressive B-cell lymphomas

Patient population Regimen

Overall survival Progression- free survival

Coiffier et al*¢ n=399

Previously untreated R-CHOP vs CHOP

Aged 60-80 years

70% vs 57% 57% vs 38%

Pfreundschuh et al*® n=824

Previously untreated

Aged 18-60 years

R-CHOP-like chemotherapy vs
CHOP-like chemotherapy

93% vs 84% (P=0.0001) 79% vs 59% (P<0.0001)

Habermann et al*’ n=632

Previously untreated R-CHOP vs CHOP

Aged >60 years

Not reached 53% vs 46% (P=0.04)

Notes: Trials led to US Food and Drug Administration approval for its use in this context.***®5? Adapted from Dotan E, Aggarwal C, Smith MR. Impact of rituximab (Rituxan)

on the treatment of B-cell non-Hodgkin’s lymphoma. P T. 2010;35(3):148-157.!7

Abbreviations: CHOP, cyclophosphamide—doxorubicin HCl-vincristine [Oncovin]—prednisone; R-CHOP, rituximab with CHOP.
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the small (three) number of randomized clinical trials and
the high risk of observational bias in these largely homo-
geneous studies are limitations to these findings. Finally, a
meta-analysis of 13 studies with 237 patients evaluated the
efficacy and safety of rituximab treatment in marginal zone
lymphoma, showing an overall response rate of 81% and a
CR rate of 50%.5

However, although rituximab has changed the treatment
paradigms and outcomes for B-cell lymphomas, there are
still drawbacks to its use. The cost per course of rituximab
infusion is £10,634.95, based on eight cycles at a fixed
dose of 1,400 mg per cycle, and thus is very costly.®® The
majority of indolent NHLs will eventually relapse and
are incurable, driving the search for improved methods of
treatment. In 2017, subcutaneous rituximab was approved
by the FDA to treat follicular lymphoma and DLBCL fol-
lowing favorable trials.®’® Toxin-conjugated anti-CD20
therapy initially showed higher response rates as the toxic
payload was delivered directly to B-cell malignancies, but
was eventually pulled from the market, due to poor sales.”
Current work in this field includes rituximab—doxorubicin
therapy; however, this has not been approved by the FDA.”
Furthermore, additional therapeutic anti-CD20 MoAbs have
been generated featuring modifications including an alternate
binding epitope, additional humanization, or altered glyco-
sylation. Ofatumumab was the first fully humanized MoAb,
with unique binding more proximal to the cell membrane,
allowing greater complement-dependent cytotoxicity activity
compared to rituximab;” however, it is given at substantially
higher doses than rituximab, making a direct comparison of
efficacy difficult.

Conclusion

Over 20 years of clinical use later, the R-CHOP chemo-
therapy (every 14 or 21 days) remains a first-line treatment
for DLBCL, and it is probable that it will remain an integral
component of therapy regimens. The clear impact rituximab
has had on treatment outcomes for B-cell NHLs cannot
be disputed. It is safe and well tolerated in all age-groups.
Prognosis of DLBCL has improved significantly in the last
decade due to these treatments being implemented, although
earlier or more precise diagnosis also plays a role. While
the advent of rituximab has been one of the most significant
milestones in treating lymphoproliferative disorders and
most patients will be cured following first-line R-CHOP,
there is still room for improvement. Relapse is still an issue
for DLBCL patients: over 30% of patients fail to respond to
current treatment regimens or suffer relapse.

With improved understanding of the biology of DLBCL
in regard to the malignant B cell of origin, the reason that
some patients are not cured with current regimes can be
inferred. For example, the Lymphoma/Leukemia Molecular
Profiling Project discovered that the ABC subtype of DLBCL
was associated with much poorer prognosis than other
DLBCL subtypes.” The ABC subtype is associated with
upregulated transcriptional activity of the NFxB pathway,
which suppresses the effects of cytotoxic therapy regimes
in inducing apoptosis (such as R-CHOP). By inhibiting
the NFkB pathway with bortezomib in combination with
R-CHOP, clinical benefits could be investigated, and clinical
trials are currently under way. Unfortunately, recent phase
II trials show no significant benefit from the addition of
bortezomib to R-CHOP.”®
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