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The anti-CD20 antibody rituximab (RTX; Rituxan®, MabThera®)
was the first anti-cancer antibody approved by the US Food
and Drug Administration in 1997 and it is now the most-
studied unconjugated therapeutic antibody. The knowledge
gained over the past 15 y on the pharmacodynamics (PD) of
this antibody has led to the development of a new generation
of anti-CD20 antibodies with enhanced efficacy in vitro.
Studies on the pharmacokinetics (PK) properties and the
effect of factors such as tumor load and localization, antibody
concentration in the circulation and gender on both PK
and clinical response has allowed the design of optimized
schedules and novel routes of RTX administration. Although
clinical results using newer anti-CD20 antibodies, such as
ofatumumab and obinutuzumab, and novel administration
schedules for RTX are still being evaluated, the knowledge
gained so far on RTX PK and PD should also be relevant for
other unconjugated monoclonal antibody therapeutics, and
will be critically reviewed here.

Introduction

Rituximab (RTX; Rituxan®, MabThera®) is a chimeric monoclo-
nal antibody (mAb) that binds the CD20 antigen, a transmem-
brane phosphoprotein specifically expressed by B-lymphocytes,
from the pre-B to the mature germinal center B cells, and by most
B cell neoplasms derived from these cells."? RTX induces target
cell death and is used in combination with polychemotherapy in

*Correspondence to: Josée Golay; Email: jgolay@hpg?23.it
Submitted: 06/03/13; Revised: 07/31/13; Accepted: 08/01/13
http://dx.doi.org/10.4161/mabs.26008

826

mAbs

the treatment of all histological types of B non-Hodgkin lym-
phoma (B-NHL) and in chronic lymphocytic leukemia (CLL),
both as first-line and as rescue therapy. Furthermore, it is used
for maintenance therapy of B-NHL and for treatment of several
autoimmune diseases, in particular rheumatoid arthritis.** In the
past 15 y, much has been learned about RTX pharmacodynamics
(PD) and pharmacokinetics (PK) and about how these affect the
clinical response of patients with B cell neoplasia. This informa-
tion can be applied to optimize treatments with new generation
anti-CD20 as well as other anti-tumor mAbs.

RTX PD

Rituximab is an unconjugated IgGlk antibody, and most studies
are consistent with the hypothesis that RTX in vivo acts mostly
through immune-mediated mechanisms, including complement-
dependent cytotoxicity (CDC), antibody-dependent cell-medi-
ated cytotoxity (ADCC) involving NK cells and phagocytosis by
macrophages and neutrophils (Fig. 1A)." These mechanisms
depend on the Fc portion of the antibody binding to FcyRs on
immune cells. In addition, RTX and other anti-CD20 antibodies
can activate signaling pathways after binding of the Fab portion
to CD20 on B cells and induce homotypic adhesion (aggregation
of target cells) and/or cell death to a variable extent (Fig. 1B)."*"”
At least for RTX, direct cell death induction is not generally con-
sidered a major mechanism of action of the antibody.® In addition
to the mechanisms already mentioned, some evidence suggests
that RTX may induce an anti-tumor immune response by cyto-
toxic T lymphocytes (CTL)." Indeed, the antibody may promote
tumor antigen uptake and peptide presentation by dendritic cells,
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Figure 1. Possible mechanisms of action of RTX. (A) immune mediated.
(B) direct mechanisms. (C) vaccine effect

leading to maturation and activation of specific effector CTL
(Fig. 1C). This mechanism could explain the delayed and pro-
longed responses sometimes observed in patients with lymphop-
roliferative disorders, which are projected well beyond the time
that effective circulating mAb concentrations are still detected.
This mechanism, however, still needs to be confirmed in other
models, and a direct demonstration that a vaccine effect occurs
in patients is not yet available.

The studies on the mechanisms of action of RTX have been
amply summarized in other reviews and will not be described
here in detail.®” It suffices to say that the extent to which
each of these mechanisms of action is involved in tumor con-
trol probably depends on a number of factors, including tumor
localization and load, CD20 expression levels, and the extent of
tumor infiltration by immune effector cells such as NK cells and
macrophages.

A new generation of anti-CD20 antibodies that have
enhanced immune-mediated activities has now been developed.
Obinutuzumab (GA101), a humanized and glycoengineered
mADb, shows increased binding to FcyRIIIA and enhanced
NK-mediated ADCC, increased direct cell death induction; it is
in late-stage clinical trials.'®"”?° Ofatumumab (HuMax-CD20),
a fully human mAb, has increased complement activation poten-
tial, particularly in the presence of low CD20 expression levels.?!
Ofatumumab has been tested in clinical trials in CLL patients
who are refractory to both fludarabine and alemtuzumab.?

Anti-CD20 antibodies can be divided into type I or type II
according to whether they translocate CD20 into membrane
microdomains, known as lipid rafts, and activate complement or
not."? RTX is a prototype type I antibody, with high capacity
to translocate to rafts and high CDC, whereas obinutuzumab is a
type II anti-CD20, with low CDC but higher capacity to induce
homotypic adhesion and direct cell death with respect to RTX.
Caution in the interpretation of cell death data are, however,
warranted in the presence of homotypic adhesion, which can
produce significant artifacts.”® Of note is that the type I or II
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properties are not simply dependent upon the CD20 epitopes
recognized by the antibodies.”

RTX, like other unconjugated IgGl1 antibodies, presents two
types of binding: (1) Specific, through binding of Fab region of
antibody to the CD20 target antigen (Fig. 2A) and (2) Non-
specific, through binding of the antibody Fc region to Fcy
receptors (FcyR) on the immune effector cells, to the neonatal
Fc receptor (FcRn) on different cell types and to Clq, the first
complement component (Fig. 2B). Whereas the specific binding
to target antigen and non-specific binding to Fcy receptors can
affect both PD and PK, binding to Clq is thought to mostly
play a role in determining the mechanism of action of the mAb
(Fig. 2). These different types of binding are described in more
details in the following paragraphs.

Specific binding. The anti-CD20 antibodies bind to CD20
with a good affinity (about 5 nM for RTX). The affinity of
obinutuzumab seems slightly higher (about 0.4 nM). The rate
of separation of the antibody from its target is lower in the case
of ofatumumab (lower “off-rate”).?! For all anti-CD20 antibod-
ies, a long residence of the molecule on the cellular membrane
is observed, due to the fact that the antigen does not internalize
significantly, at least in vitro, after its binding by the different
antibodies.

Non-specific binding. Anti-CD20 antibodies can inter-
act with different Fc receptors expressed on effector cells of
the human immune system: FcyRI (CD64) with high affinity
(10-8-10° M), FcyRIIA, B or C (CD32A, B, or C) with low
affinity (< 107 M), and FcyRIIIA and B (CD16A and B), with
intermediate affinity (1-3x107M). All are activating receptors
except FcyRIIB (CD32B), which is inhibitory. Binding affinity
determines to what extent the receptors may be occupied by free
serum IgG or free (not target bound) RTX. Thus, CD64 quite
efficiently binds free IgG, whereas lower affinity receptors usu-
ally bind mostly target bound RTX. This is because the bind-
ing site for FcyR on IgG is a domain on CH2 near the hinge
region. Upon binding of mAb to its target, a small conforma-
tional change occurs with a slight “opening” of the hinge region,
favoring binding of antibody to the FcyRs.?**

The binding of Fc to activating Fcy receptors cross-links these
molecules, leading generally to the activation of the immune cells
expressing them. The activation is more effective the higher the
affinity of the Fc for the receptor and the lower the expression of
inhibiting FcyRIIB on the same cells.?*?” Nonetheless, the pres-
ence of excess IgGs in plasma can dramatically inhibit effector
mechanisms that rely on low-intermediate affinity FcyRs, such
as ADCC by NK cells or phagocytosis by macrophages.'®* This
is because of competition between free plasma IgGs and RTX.
Thus, immune cell activation may not be very strong in the cir-
culation where high IgG levels are present.'>?

Antibodies also interact with the non-specific neonatal FcRn
receptor, also known as the Brambell receptor. The binding
between IgG and FcRn occurs at the interface between the CH2
and CH3 domains of IgG. FcRn is essential for the stability (half-
life) of the antibody in vivo and for the regulation of IgG levels
in serum.?®? Indeed, the FcRn receptor is present on epithelial
cells, endothelial cells, monocytes and/or macrophages, and
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dendritic cells and protects the antibodies from degradation by
the lysosomes. Following uptake from the fluid phase by pinocy-
tosis, the IgG binds to FcRn in the acidic environment of endo-
somes (pH 6-6.5), where the FcRn-IgG complex is protected
from proteolytic degradation. IgG can then be recycled to the
cell plasma membrane, where it is released into the environment
at pH 7.0-7.5 (Fig. 3). If release takes place on the other side of
the cell, transcytosis (i.e., transport across a cell layer) takes place.
In contrast if endosomes fuse with lysosomes, IgG degradation
will occur. The mechanisms that regulate recycling, transcytosis
and degradation of IgGs are not well understood. Recirculation
of mAbs and transcytosis through FcRn are important mecha-
nisms of mAb stabilization in vivo and distribution across tis-
sues, respectively.?®*° Thus, Fc modifications aimed at improving
bioavailability and/or stability of therapeutic mAbs in vivo are
being actively sought by several groups, even though a consider-
able amount of work is still required to define the best strate-
gies and translate the laboratory findings into the clinic. Indeed,
improved binding at acid pH does not necessarily translate into
longer half-life and better bioavailability.?°

Finally, RTX can bind to Clq and activate the classical
complement cascade. Clq is a protein complex composed of 18
peptides that form 6 identical globular heads on a single stem
structure (often compared with a bunch of tulips). Binding of
multiple heads of Clq is required to activate complement. This
can take place when several antibody molecules bind to the target
cell surface and undergo a conformational change that exposes
Clq binding sites in the CH2 domain. If the geometry of target-
bound mAbs is adequate, Clq may bind through its multiple
globular heads, undergo a conformational change and activate
the complement cascade. Dissociation constants (K)) between
anti-CD20 antibodies and Clq have been reported to be in the
10-100 nM range.”-*4

The role of glycosylation. IgG has an important glycosyl-
ation site on asparagine (Asn) 297 within the CH2 domain; it
is composed of a central heptasaccaride “core,” with the vari-
able addition of residues of galactose, N-acetylglucosamine,
sialic acid and fucose. mAbs are always a mixture of different
glycosylated forms.* This is important when considering bio-
similar products because different cell lines or culture condi-
tions can modify the glycosylation of the antibodies produced,
and, therefore, also their Fc-mediated functionality.’® Indeed,
removal of fucose, as is the case with obinutuzumab, results
in an increase in its affinity for the FcyRIIIA receptor and
increased ADCC."?*37 Conversely, glycosylation is not impor-
tant for binding to FcRn. Therefore, the Asn297 glycosylation
does not affect significantly the half-life of the antibody in
vivo.”> Finally, Clq binding and CDC may be affected by the
glycosylation pattern of IgG1 antibodies, but is not significantly
modified by defucosylation®*-4

Rituximab PK
Doses and routes of administration. RTX is usually adminis-

tered by intravenous (i.v.) injection. The first approved schedule
for induction therapy of B-NHL was 375 mg/m? i.v. given for 4
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Figure 2. Major types of binding of RTX that affect PK and PD. (A)
Specific binding to CD20 target takes place via Fab, leads to intracellular
signaling and mAb metabolism. CD20 binding is saturable. (B) Non-
specific binding of RTX includes binding to (1) FcyRs which leads to
activation of immune cells (ADCC, phagocytosis) and mAb metabolism,
(2) FcRn, which is non saturable and plays a major role antibody PK, and
(3) C1q which activates CDC.
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Figure 3. Interaction between IgG and FcRn. The mechanism by which
1gG is taken up by cells (pinocytosis), binds inside the cell to FcRn in the
acidic endosomes and is either recycled to the cell surface, trans-
cytosed across the cell or degraded in lysosomes is shown.

cycles, and this was based on the pivotal trial of the antibody."!
Treatment cycles are generally given once a week for RTX as a
single agent, and every 21-28 d when combined with chemo-
therapy. Modifications were later introduced to the initial sched-
ules in B-NHL and CLL, most prominently additional induction
cycles (6-12), increased frequency of administration, and main-
tenance therapy with the same dose given every 2 or 3 mo.
Limited to the treatment of central nervous system (CNS)
lymphomas, an intrathecal or intraventricular route has also been
attempted since maximal RTX levels in cerebrospinal fluid are
generally not more than 1% of serum levels after i.v. administra-
tion.*>* Doses administered by the intrathecal or intraventricu-

lar route are generally 10 or 25 mg antibody every few days. "%
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Figure 4. Biphasic PKs of RTX. The model shows high clearance by
specific binding to CD20) which, after saturation, leads to low clearance
through non-specific binding via FcyR (RES)

A more convenient administration would be the oral route,
but this is limited by pre-systemic degradation in the gastroin-
testinal tract, and by inefficient diffusion or convection through
the intestinal epithelium. To bypass the low oral bioavailability,
and as an alternative to i.v. administration, a number of mAbs
are delivered subcutaneously (s.c.). The subcutaneous route has
been employed for antibodies used in the treatment of allergy or

-4 but more recently has been extended

autoimmune diseases,
to trastuzumab, an anti-human epidermal growth factor recep-
tor (HER)-2 antibody approved for treatment of breast cancer.
The s.c. formulation of a mAb generally brings substantial ben-
efits for patients and for healthcare workers compared with iv.
administration, in particular shorter infusion times (-5 min vs.
150 min or more for i.v. administration). The proposed s.c. dose
for RTX is a fixed dose of 1400 mg.”*' The recent knowledge
gained about RTX PK and PD provide a useful basis to define
optimal RTX schedules in different disease contexts, for dif-
ferent recipients and for the different administration routes, as
described in the following paragraphs.

General aspects of RTX PK. PK of RTX has been mostly
studied after i.v. administration. In this case, RTX disposition is
characterized by a 2-exponential decay, with a long elimination
half-life of about 3 weeks (Fig. 4). The 2-compartment open PK
model with first-order elimination represents the best structural
model and seems to provide the best fit of RTX disposition, both
during and after treatment, even with different schedules of drug
administration.®**>> RTX has shown target (CD20)-mediated
disposition where antibody-antigen binding influences the rate
and extent of antibody distribution and elimination (Fig. 4), as
will be further detailed below.

The new generation of antibodies, such as obinutuzumab,
ofatumumab, and other therapeutic mAbs, have also shown evi-
dence of nonlinear behavior in humans.>**® The nonlinear PK
of these types of antibodies may in part be explained by binding
of the antibodies to their respective targets, with a large compo-
nent of target-mediated elimination after the first dose that is
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decreased after subsequent infusions because of a reduction in the
available target antigen.”**’

Absorption. After iv. administration of RTX, all the drug
administered reaches the systemic circulation (by definition the
bioavailability (F) by this route is 100%), while after s.c. admin-
istration only a fraction of RTX dose (F = 60%) is absorbed,
because, during the absorption phase, a portion of the drug
undergoes proteolytic degradation or phagocytosis.***** Primary
pathways for systemic absorption include convective transport of
antibody through lymphatic vessels and into the blood, and dif-
fusion of antibody across blood vessels distributed near the site
of injection; however, on the basis of its molecular size, it is con-
sidered more likely that the RTX administered via s.c. injection
is absorbed mainly via convection through lymphatic vessels.”*-¢!
Indeed the lymphatic capillaries are densely distributed in the
subcutaneous tissue and their relatively “open” structure facili-
tates the absorption of the antibody (a macromolecule) from the
interstitial space into the lymph. Generally, after s.c. injection,
absorption occurs slowly and the time to reach maximum plasma
concentration varies from 2 to 8 d. The bioavailability is deter-
mined by the extent to which the drug after s.c. administration
undergoes pre-systemic catabolism and systemic absorption. In
general, the absolute bioavailability reported varies from 50 to
100% . Clearly, RTX will also bind to CD20 on B cells after s.c.
administration.

The scheme reported in Figure 5 shows the PK model that
seems to better describe RTX absorption after either iv. or s.c.
administration.

Distribution. Antibody distribution kinetics is influenced by
rates of convective transport, binding to tissue sites, and rate of
catabolism within tissue. After i.v. administration, RTX binds
to the CD20 antigen present on the surface of normal or neo-
plastic B cells in the peripheral blood, bone marrow and lymph
nodes.® After distribution at the level of tissue blood vessels,
there are different mechanisms of transport of the antibody from
the systemic circulation through the capillary endothelial cells
and into tissues. RTX diffusion across vascular endothelial cells
is very slow and the movement of RTX through or between the
cell membranes mainly occurs via transcellular (endocytosis)
(Fig. 3) or paracellular mechanisms, i.e., convective transport of
the antibody within the movement of the fluid flow (Fig. 5).¢>%¢
For both iv. and s.c. administration of antibodies, FcRn plays an
important role by reducing mAb catabolism and mediating mAb
transport across endothelial cells, thus promoting the distribu-
tion of the antibodies across tissues.’>*

The volume of distribution of RTX at steady-state is approxi-
mately 9.6 L. Since the plasma volume is only 3-3.5 L, this sug-
gests that the mAb distributes into the extracellular spaces of
tissues, except the CNS.®“¢ Indeed, the blood-brain barrier phys-
ically impedes entry of macromolecules into the CNS, severely
limiting distribution of RTX after i.v. administration. Brain ves-
sels express the FcRn at high levels. Some authors suggest that
FcRn promotes antibody egress from the cerebrospinal fluid
rather than entry into the CNS, although whether it also plays
a role in bidirectional transport has not yet been fully clarified.*
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Elimination. The total clearance is the sum of specific target-
mediated internalization, which is not linear and saturable, and
non-specific clearance, which is linear and mediated by both
FcyR-dependent and independent mechanisms (Fig. 4). Binding
to FcRn generally reduces clearance because the antibody is recy-
cled through FcRn to the surface and released into the cell envi-
ronment (Fig. 3). Therefore, FcRn binding protects mAbs from
intracellular degradation.

In particular, the mechanisms of antibody eliminations are
three: (1) target-mediated elimination; (2) proteolysis by the liver
Kupffer cells and by monocytes/macrophages of the reticuloen-
dothelial system (RES); and (3) non-specific, FcyR-independent,
endocytosis. In discussing of target-mediated elimination, it is
worth recalling that CD20 usually is not rapidly or efficiently
internalized by B cells after antibody binding, unlike other anti-
gens like CD19, CD30, HER2 or epidermal growth factor recep-
tor.>*” Therefore, CD20-mediated elimination may not lead to
a high rate of RTX catabolism, but mostly to its clearance from
the circulation through absorption by the tumor mass. Proteolysis
by Kupffer cells and by monocytes and/or macrophages of the
RES is mediated mostly by binding of the Fc part of the anti-
body to Fcy-receptors expressed on phagocytes, followed by
receptor-mediated endocytosis and degradation in lysosomes. In
this context, it is also worth mentioning that this FcyR mediated
endocytosis by phagocytes may lead either to the engulfment of
the whole RTX-opsonized target by phagocytes (phagocytosis),'?
or, in some cases, to the removal of RTX and bound CD20 from
the target membrane, leaving the rest of the target cell intact. This
latter mechanism has been called trogocytosis (or shaving) and
may lead, in addition to RTX catabolism, to decreased CD20
expression on the target cell. Trogocytosis has been described
for mAbs directed against different antigens.” In non-specific,
FeyR-independent, endocytosis, MAbs may enter cells, especially
endothelial and dendritic cells, via fluid-phase endocytosis (pino-
cytosis). Also in this case mAb internalization may be followed
by transfer to lysosomes and degradation into peptides or amino
acids, unless protection by FcRn binding in endosomes takes
place (Fig. 3).

With increasing concentrations of RTX, total clearance (CL)
decreases markedly (and the elimination half-life increases),
as soon as the target-mediated elimination pathway begins to
become saturated, and approaches that of the linear process
(CL)). The clearance and half-life reach a constant value (pla-
teau) when contribution from the nonlinear way (CL,) becomes
negligible (Fig. 4).%®

Accumulation. RTX accumulation and its extent are the result
of the administration frequency (drug half-life relative to the dos-
ing interval). Because RTX distribution and elimination are very
long and clearance rate can vary, the extent to which the drug
could accumulate after multiple doses is difficult to estimate. A
steady-state condition (i.e., the condition in which, during each
dosing interval, the intake of a drug is equal to the amount elimi-
nated from the body) is achieved after approximately 3—5 half-
lives (Fig. 6). Indeed, immunoglobulins in general take a longer
time to reach steady-state compared with small molecules and
have a longer elimination half-life;* in fact, small molecules (e.g.,
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Figure 5. Model of mAb absorption and clearance after i.v. or s.c. ad-
ministration. Absorption and clearance pathways are shown. Adapted
from reference 56.

chemotherapy) have an elimination half-life in the magnitude of
hours and rapidly achieve steady-state following administration
(hours-days), while large molecules (e.g., mAbs) have a very long
elimination half-life (in the magnitude of weeks) and may take

up to 12 weeks to achieve steady-state.*>0¢¢%70

Factors Affecting RTX PK

The association between tumor burden and RTX levels.
Circulating RTX levels have been shown to be affected by the
“tumor burden” (tumor volume) in an inversely proportional way.
Clinical studies have demonstrated that a high “tumor burden”
is associated with low RTX serum levels.”'”*> This is because the
tumor cells act a sink for the antibody, adsorbing RTX through
CD20 binding and inducing target-mediated elimination. A
similar phenomenon is associated with the observation that a
decrease in serum antibody levels during maintenance treatment
can be predictive of relapse.”* Indeed, tumor growth adsorbs anti-
body, whose levels consequently fall in the circulation, in some
cases anticipating clinical relapse.

Association between RTX levels and clinical response.
Exposure to RTX (assessed by the area under the serum con-
centration-time curve [AUC]) and trough/pre-dose concentra-
tion (Cmugh) of the drug are the PK parameters most frequently
related to the patient’s response (Fig. 6). C_  represents a mea-
sure of drug concentration in the blood immediately following
iv. administration, but it should be noted that during the first
hours after drug injection, the changes in serum concentration
do not always reflect a proportional change in the concentration
of RTX in all other tissues, and hence in the amount of drug in
the body. The balance between plasma/serum and tissue con-
centrations is obtained only a few days after drug administra-
tion. This is probably the reason why AUC and C_ , are more
directly related to clinical response compared with C__ .

The therapeutic response to RTX has been correlated with
serum drug concentration (C__ ) in several studies. In the
pivotal trial, patients with indolent B-NHL who responded to
therapy had higher RTX serum concentrations (median levels of
254 pg/ml) compared with patients who did not respond
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(median 5.9 pg/ml).”? This has suggested that maintaining RTX
above 25 pg/ml would be beneficial and has led some groups to
attempt to maintain RTX levels > 25 wg/ml with individualized
maintenance schedules.”

A further analysis of PK data from the pivotal trial showed
how the CD20-mediated pathway of RTX clearance was
highly dependent on tumor load pre-infusion, and diminished
upon repeated infusions and following target saturation.”? In
contrast, the target independent clearance did not change during
treatment. This lacter study suggested that, in FL patients, C_
correlated with clinical response only in patients with RTX
serum concentrations in the low range (< 35 pg/ml), i.e., in the
presence of a significant tumor burden. This study suggests that
sufficient RTX needs to be given to overcome the “sink effect” of
high tumor burden.

During maintenance therapy, the NHL9 study by Jager et al.
(induction phase with 6 cycles of 375 mg/m? RTX administered
i.v. with fludarabine and mitoxantrone, followed by a maintenance
phase with RTX 375 mg/m? i.v. every 2 mo for 2 y, in patients
with follicular lymphoma, FL) demonstrated a correlation of
RTX levels (C_, ) with quality of remission. Patients achieving
a complete response at the end of the induction phase had higher
median RTX concentrations than those achieving a partial
response.”* Furthermore, a correlation between RTX levels and
progression-free survival (PFS) was shown with a trend toward
a longer PES in patients with higher Crrough’ This correlation
reached statistical significance at maintenance cycle six.”

In patients with CLL, an association between drug exposure
and clinical response was found: higher values of AUCand C_
were observed in responders than non-responders after 3-6
cycles of drug.®® In CLL, the higher dose of 500 mg/m? allows
an AUC at steady-state similar to that achieved with doses of
375 mg/m? in patients with B-NHL. Higher doses are required
in the initial phase to maintain higher concentrations, which
determine a greater clinical benefit for the patients.®® The RTX
clearance in CLL patients has been reported to be much higher
than in NHL patients. This increased clearance is potentially
due to the higher number of malignant cells in circulation for
CLL and thus the predominance of the faster receptor (CD20)-
mediated clearance component, which overcomes the lower
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CD20 density in CLL. The kinetics at the end of therapy become
equal because the amount of available receptors is reduced.

Gender effects. An interesting aspect that has recently
emerged is the effect of gender on RTX PK. Assessment of RTX
levels in 17 of 29 previously untreated FL patients in the NHL9
study has shown gender-dependent differences in RTX levels.”
C ougn 2nd AUC were generally higher in females than males both
in the induction phase and in the maintenance phase, resulting in
a better quality of response.

Similarly, a PK study of 20 diffuse large B-cell lymphoma
(DLBCL) patients from the RICOVER-60 and R-CHOP-14-
peghilgrastim trials, treated with 8 doses of RTX + 6 cycles of
CHOP-14 (cyclophosphamide, doxorubicin, vincristine, predni-
sone given every 14 d), revealed gender-dependent differences in
RTX PK.% In the latter study, RTX concentrations were mea-
sured 10 min before each infusion, 1 week and 1, 2, 3, 6 and
9 mo after the last infusion. Females were shown to have a longer
elimination half-life than males (30.7 vs. 24.7 d, p = 0.003), which
resulted in a higher overall exposure to the drug. This gender dif-
ference correlated with a better PES observed in the total female
population (n = 287) of the RICOVER-60 trial compared with
males (n = 325). It was suggested that the higher weight of males
contributed to their faster RTX clearance, but sex and weight inde-
pendently affected RTX clearance and elimination half-life.

These data were also confirmed by the CORAL study per-
formed in relapsed or refractory DLBCL, in which females tak-
ing RTX had a better event-free survival (EFS) than males (63%
vs. 46%).7¢ This was evident only in premenopausal and not post-
menopausal women, suggesting hormonal factors are involved.
A recent retrospective study of 1793 DLBCL patients confirmed
the adverse prognostic factor of male gender in response to RTX-
containing therapeutic regimen.””

Finally, it is worth mentioning that preliminary evidence
shows that gender may affect PK also of other unconjugated
therapeutic mAbs, such as antibodies targeting tumor necrosis
factor.”® Clearly, further studies are required to define whether
the gender effect on PK is applicable to all unconjugated mAbs.

Improving RTX Therapeutic Regimen during
Induction and Maintenance

After more than 15 y of RTX use, the dose of the molecule and
the best therapeutic schemes in different disease contexts are
only starting to be clarified. As described above, we know that
C rougn correlates with response and that a trough concentration
of > 25 ng/ml is a reasonable threshold to maintain for effi-
cacy. We also know that the exposure to antibodies depends on
a variety of factors, including dose and frequency of administra-
tion, distribution, specific and non-specific clearance, amount
of tumor.” An exact quantification of the effect of each factor,
which obviously varies from subject to subject, is, however, dif-
ficult to define.

Nonetheless, important general rules have started to emerge.
In the above mentioned study of 20 DLBCL patients,*® the PK

simulation compared both the RTX peak (C_ ) and trough

831



concentrations (C[mugh) following 8 RTX cycles according to the
R-CHOP-14 vs. R-CHOP-21 schedules (i.e., cycles CHOP che-
motherapy combined with RTX given on day 1, given every 14
vs. 21 d). The model showed that the highest trough serum RTX
levels were lower for R-CHOP-21 compared with R-CHOP-14
(Fig. 7); however, the time of drug exposure > 25 pg/ml was lon-
ger for R-CHOP-21 due to the longer cycles (3 weeks instead of
2 weeks). Thus, it is possible to understand why female patients
in the RICOVER-60 trial benefited more from R-CHOP-14
compared with males (4-y PES 72% vs. 64%): different RTX
dosing schedules affect duration of drug exposure and there-
fore the R-CHOP-21 schedule provided a longer exposure to
the drug than the R-CHOP-14 schedule and maximized expo-
sure to clinically relevant concentrations of RTX (> 25 pg/ml)
(Fig. 7).° Females may be less affected by the shorter schedule
because, as was previously noted, the elimination half-life is lon-
ger in females.

These observations might also explain why the German NHL-
B2 study results, which showed higher efficacy of dose-dense che-
motherapy CHOP-14 vs. CHOP-21 (without RTX) in DLBCL
in firse-line therapy,” were not confirmed in two reports com-
paring the same schedules combined with RTX (R-CHOP-14
vs. R-CHODP-21).88! Indeed, a number of factors should be
considered (1) there is no linear dose-effect relation for RTX (in
contrast to responses to CHOP chemotherapy), (2) the shorter
exposure of RTX in the schedule R-CHOP-14 vs. R-CHOP-21
could not fully exploit the potential provided by the 8 doses of
RTX, and (3) on the contrary, the longer exposure to RTX in the
R-CHOP-21 regimen could be important from the therapeutic
point of view, balancing in the R-CHOP-21 schedule the con-
tribution made by dose-dense chemotherapy in CHOP-14.%¢ In
other words, the optimal schedule for RTX appears to be every
3 weeks, whereas chemotherapy (CHOP) treatment may benefit
from the shorter 2 weeks cycles.

To investigate this problem, the SEXIE-R-CHOP-14 study*®
was undertaken. This ongoing Phase 2 study in patients with
DLBCL in first-line therapy is designed to assess whether (1) by
increasing RTX dose in males to 500 mg/m?*/cycle, RTX serum
levels are achieved similar to those observed in female patients at
the standard dose of 375 mg/m?/cycle, and (2) increased RTX
dose translates into better results in elderly male patients with
DLBCL. This study may also further investigate the interesting
possible difference between pre- and post-menopausal women
suggested in the study of Gisselbrecht.”®

The results of these studies could induce the scientific com-
munity to switch from 6 to 8 cycles of RTX in the treatment
of DLBCL. The SMARTE-R-CHOP14 study®* will show us,
instead, if it is convenient also to change the schedule of RTX
administration. The schedule of RTX use in the study is so char-
acterized: (1) RTX administration times are not simultaneous to
the administration of chemotherapy, (2) the first 3 RTX doses
are used with an intensive approach (days -4, -1, 10 of the whole
treatment period) with the aim of achieving in the shortest time
the maximum RTX serum level in terms of trough concentra-
tion, (3) subsequent RTX doses (doses 4-8) are administered
at longer and longer intervals (days 29, 57, 99, 155 and 239 of
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Figure 7. Model of RTX PK with 21 d vs. 14 d cycles. The model shows
that RTX levels >25 p.g/ml are maintained for a longer period of time
when RTX is administered every 21 d (red) rather than every 14 d (blue).
Adapted from reference 55.

the entire treatment period), and (4) the last 3 administrations
(doses 6-8) are performed after the end of the six cycles of che-
motherapy (days 99, 155, and 239 of the whole treatment period),
to have a useful RTX serum level for a prolonged period of time
(longer period of time compared with the RTX administration
simultaneous to the sixth chemotherapy cycle).

PK data supporting drug administration every 2 mo for
maintenance. RTX maintenance has shown clear clinical
benefit in several clinical trials, but questions remain about what
constitutes the best maintenance schedule. Again, PK studies can
help define these schedules. As mentioned above, a guiding rule has
been obtained from analysis of RTX concentrations in responding
and non-responding patients with indolent relapsed/refractory
B-NHL 3 mo after induction monotherapy, establishing the > 25
pg/ml level as a target to maintain over time.”>”> Further recent
data’ obtained in the RTX maintenance therapy confirmed that,
at maintenance cycle 6, patients with relapse had a RTX serum
concentration < 25 wg/ml, while patients in continuous remission
still had a RTX concentration > 25 pg/ml. These data suggest
consideration of RTX serum C_ , levels as a predictive factor of
maintenance of the therapeutic response.

During maintenance therapy, the optimal RTX serum level
of 25 pg/ml is achieved when RTX infusions are administered
every 2 mo, as indicated by data of Jager,* Salles (PRIMA
study),® Kahl (RESORT study),* Berinstein”® and Gordan.”
It is therefore reasonable to assume that a maintenance therapy
administered every 2 mo ensures to all patients an optimal level
of active drug.

Use of body surface area-dependent dosages vs. fixed dose.
The current indication of RTX in the treatment of B-NHL
specifies the use of a body surface area (BSA)-dependent dosing
(375 mg/m?). The BSA-dependent dosing is associated with
possible dosing errors, with a higher PK variability, and is
a poor indicator of optimal drug exposure. Generally, the
administration of a fixed dose of mAb is always advisable when
the drug has a wide therapeutic window; if, instead, the molecule
is characterized by a narrow therapeutic window, it is appropriate
to assess the effect of body weight on drug distribution (Vd) and
elimination (CL) parameters.®
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The study by Wang et al.® relating to a group of mAbs shows
that the fixed dose and the BSA-dependent dosing approaches
perform similarly, when considering the variability (CV =
30%) observed in the prediction of the RTX PK parameters,
in particular the systemic exposure to the drug (AUC).*¢ These
considerations have led some studies to use fixed doses of
anti-CD20 antibodies, in particular those using new mAbs like
ofatumumab and obinutuzumab.

PK of subcutaneous RTX vs. intravenous RTX. On
the basis of the above observations on RTX PK after i.v.
administration, it is hypothesized that attaining C _  levels of
RTX after s.c. administration that are at least as higi as those
achieved after i.v. administration provides a comparable clinical
efficacy. Compared with iv. administration, the use of a s.c.
route requires that RTX dose is increased to compensate for the
portion lost during the absorption phase (-40%). The rounding
in excess to a s.c. dose of 1400 mg of RTX (fixed dose) would
ensure (also on the basis of the inter-individual PK variability)
a systemic exposure to the drug “non-inferior” to that obtained
after i.v. administration of a dose of 375 mg/m?.

The available data show that the PK parameters that
are usually indicative of the systemic exposure to RTX are
comparable to those obtained after iv. administration:>">
In particular, the values of AUC and Crough obtained after
s.c. administration of RTX are non-inferior to those obtained
after i.v. administration of RTX; this should ensure a similar
level of saturation of the target CD20 receptors and therefore
a comparable efficacy. Also, there is no difference between s.c.
and iv. administration regarding the time required to reach
steady-state; the steady-state after multiple dosing is reached
in a time of approximately 4-5 times the elimination half-life,
and, therefore, it is not affected by the absorption process. The
SPARKTHERA study thus identified a fixed dose of 1400
mg for s.c. RTX that, when compared with the standard i.v.
dose of 375 mg/m?, achieved a non-inferior C _  and AUC®
Considering the wide therapeutic window of RTX, the fixed
dose is recommended for the above mentioned reasons, and
because it is more practical for the dosing, resulting in less drug
waste and reduced risks of dosing errors.

RTX treatment of CNS lymphomas. PK analyzes of i.v. RTX
has shown that RTX levels in CNS reach less than 1% (or less
than 1 pg/ml) that observed in blood.** Instead, an intrathecal
or intraventricular route can significantly increase this value.
MeanC__of 194 and 580 pg/mlwere reported 1 hafter 10 mgor
25 mg intraventricular doses given twice a week for 4 weeks in
a recent Phase 1 study.® C_ , was 5.3 and 12.1 pg/ml before
the last dose. PK data after intraventricular administration
suggest that the biphasic RTX elimination profile applies here
as well. Co-administration of methotrexate seemed to slow
RTX elimination, probably by inhibiting RTX egress across
the blood brain barrier and to the bloodstream, through an
undefined mechanism.® The good response rate together
with the favorable PK results of this study suggests that RTX
intraventricular route is a promising treatment option for CNS
lymphomas.
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The Interaction between RTX PD and PK

The rationale for PK parameters. In vitro studies of the RTX
PD can provide a rationale for the use of schedules and doses
sufficient to maintain a level of antibody of at least 25 pwg/ml in
serum for prolonged times. In fact, in whole blood CDC occurs
at optimal levels at doses equal to or greater than 10 wg/ml.'%%
These values are thus consistent with the minimum optimal val-
ues defined in the in vivo PK studies (25 pg/ml).

Other mechanisms of action, such as ADCC or phagocytosis,
require much lower RTX concentrations than CDC, in purified
cellular systems. In fact, levels of about 0.1 pg/ml are already
optimal under these conditions.'**” In vivo these mechanisms of
action (ADCC, phagocytosis) probably occur in tissues, as they
are probably inhibited by complement and excess IgGs in the
blood.!>?88 A level of 25 pg/ml of RTX in the circulation may
be the necessary level to achieve lower, but active, levels in tissues
and in the tumor.

Factors affecting PD. Experimental evidence obtained using
purified cells or whole blood demonstrate that the levels of
expression of CD20 have a role in determining the CDC induced
by RTX.2*% Therefore, under conditions in which the neoplastic
cells express low levels of CD20 (i.e., relatively few CD20 mol-
ecules per cell), like most CLL, a low rate of cell lysis induced
by RTX and complement is observed (also in whole blood),
while neoplastic cells that express high levels of CD20 show a
high rate of lysis induced by the drug. There does seem to be a
threshold of CD20 below which complement does not become
activated by RTX. Some new mAbs such as ofatumumab appear
to reduce this threshold value and induce higher CDC with tar-
gets expressing low levels of CD20./?' The importance of the
mechanisms of complement-mediated cell cytotoxicity is further
confirmed by data indicating a possible role of the complement
inhibitors CD55 and CD59, which are expressed on the surface
of target cells and may inhibit CDC in vitro and in vivo.%?
Furthermore CD59 has been reported to be increased in RTX-
resistant cells.”

There are various factors that can affect the efficacy of RTX
in vivo. One is the polymorphisms of FcyRIIIA expressed on
NK cells and monocytes/macrophages (V/F at position 158) and
implicated in the response of FL patients to RTX as monother-
apy.”?»? RTX efficacy in this case correlates with higher binding
to the receptor bearing a Val residue at position 158. These data
have demonstrated a role for immune-mediated mechanisms,
most prominently ADCC and phagocytosis in the mechanism
of action of RTX. Furthermore, the fact that NK cells from F/F
donors require higher concentrations of RTX for ADCC in vitro
compared with V/V carriers® suggests that increasing RTX doses
in vivo may overcome the effect of FcyRIIIA polymorphisms.”
An effect of FcyRIIIA polymorphism has, however, not been
observed in CLL” or in FL patients treated with RTX and che-
motherapy, probably due to dilution of the effect by standard
drugs.”® In large studies of DLBCL treated with R-CHOP, there
are reports of a trend for better response of V/V and V/F patients
compared with F/F?” Also, FcyRIIA, which is expressed by

833



macrophages and PMN, has been implicated in fewer studies,”
but this may be due to linkage disequilibrium between FcyRIITA
and FcyRITA®

In some cases, the immune effectors can be defective (for
example in patients heavily treated with chemotherapeutics
or advanced stage disease), decreasing the efficacy of RTX.”
Furthermore effectors, in particular macrophages mediating
phagocytosis of targets, may infiltrate the tumors to a variable
extent, in turn modifying the response to RTX.121%

The immune effectors may also become partly or temporarily
depleted after RTX administration due to their consumption in
vivo.!"! For example, after i.v. administration of RTX, comple-
ment is activated very quickly and some limiting components of
the system, such as the C2 fragment, are exhausted after repeated
administrations.'”®'% In this case, the patient is not able to recon-
stitute all the elements of the complement cascade at optimal levels
before another dose of RTX is administered. This phenomenon
can lead to decreased efficacy of the antibody. Likewise, activated
NK cells, which are involved in ADCC, could be exhausted after
repeated dosing and thus no longer effective in lysing tumor tar-
gets. These mechanisms may explain in part the requirement for
long exposure to RTX to achieve maximal response, with enough
time being required to continuously replenish immune effector
mechanisms to achieve the best response.

A large tumor mass will be even more difficult to eliminate
because of the factors described above. In fact, the tumor mass
and the number of CD20 molecules per cell also affect PK because
they absorb a greater or lesser amount of circulating RTX. These
phenomena may explain why greater amounts of RTX could be
necessary in the case of large tumor masses, as are often present
in CLL, although in these cases the levels of CD20 per cell are
rather modest.

There is also evidence that the achievement of an excessive
level of antibody in a rather short time can have a negative effect
on efficacy because this can lead to a rapid depletion of immune
mechanisms, which would then be followed by removal of CD20
from the cell membrane by exhausted macrophages, a phenom-
enon called shaving.®” The decrease in the expression of CD20
after shaving would lead to a partial resistance to the drug. On
the contrary, a more gradual increase in the levels of antibody
would entail a lower exhaustion of effector mechanisms and
decreased shaving.'**1%
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have been identified, allowing better prediction of what could
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more important rather than the rapid achievement of a very high
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with respect to chemotherapy are being introduced, on the basis
of the present knowledge and of the widely different characteris-
tics of therapeutic mAbs compared with standard drugs in terms
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clinical development, and these may lead not only to improved
mechanisms of action in vivo, but also to more favorable PK and
biodistribution of these drugs, including in difficult organs such
as the CNS. Several of the lessons learned from RTX studies
should be valuable for other anti-cancer mAbs. Open questions
remain whether and which structural modifications of unconju-
gated mAbs will allow better efficacy or PK properties in vivo, as
well as improved clinical response.
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