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this results in antigen-mediated antibody clearance when the a membrane-bound antigen is targeted, or in
antibody-mediated antigen accumulation when a soluble antigen is targeted. Recently, a pH-dependent
antigen-binding antibody that binds to an antigen in plasma at neutral pH and dissociates from the antigen in en-
dosome at acidic pH has been reported to overcome this limitation and to reduce antigen-mediated antibody
clearance and antibody-mediated antigen accumulation. A pH-dependent binding antibody against a soluble
antigen can be further improved by Fc engineering to enhance the Fc receptor binding. Various approaches,
including histidine-based engineering, direct cloning from immunized animals, and synthetic and combinatorial
libraries, have been successfully applied to generate pH-dependent binding antibodies against various antigens.
This review discusses the features, approaches, advantages, and challenges of developing a pH-dependent
binding antibody as a novel therapeutic modality. This article is part of a Special Issue entitled: Recent advances

in molecular engineering of antibody.

© 2014 Published by Elsevier B.V.

1. Introduction

With more than 30 monoclonal antibodies already approved for
therapeutic use [1] and more than 300 under clinical development [2],
monoclonal antibodies are clearly expected to play an important role
in future therapeutics. Therefore, antibody engineering technologies
that improve the therapeutic potency of monoclonal antibodies have
been extensively studied in this decade. Such technologies include im-
proving the binding affinity to a target, the specificity, the pharmacoki-
netics, and the effector function mediated by the Fc region of an
antibody. Binding affinity can be improved by several methods, such
as in vitro affinity maturation by library display [3] and computer-
based in silico design [4]. For pharmacokinetics, lowering the isoelectric
point of the variable region of an antibody is reported to prolong the an-
tibody half-life by reducing the non-specific clearance of the antibody
[5]. Fc engineering to enhance the binding affinity to FcRn at acidic pH
also improves pharmacokinetics by increasing the recycling efficiency
from the endosomes after non-specific uptake into cells [6]. Modulation
of the antibody effector function by optimizing the interaction between
the Fc region and an Fc gamma receptor is reported to improve the ther-
apeutic efficacy of a monoclonal antibody [7]. Another noteworthy
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ing of antibody.
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technology that has recently been reported provides bispecific antibod-
ies with a unique function that conventional monoclonal antibodies
cannot achieve; they can simply neutralize two different disease-
related cytokines [8]. In addition, bispecific antibodies can also redirect
cytotoxic T cells to cancer cells by binding to CD3 and a tumor antigen
[9], and they can mimic the function of coagulation factor VIII by binding
to coagulation factor [Xa and X [10].

Although these technologies have bestowed improved potency on
therapeutic antibodies, it is now becoming more important to generate
monoclonal antibodies that have further improved properties and are
differentiated from conventional high-affinity monoclonal antibodies.
In terms of modulating the interaction between an antigen and an anti-
body, achieving a high affinity binding to the antigen by affinity matura-
tion has been the only approach for improvement. However, even with
an infinite binding affinity to the antigen, a conventional antibody can
bind to the antigen only once during its lifetime in plasma, and it is
fundamentally limited by its consequent inability to neutralize further
antigens, if the in vivo molar amount of antigen is larger than the
amount of antibody injected.

If an antibody is targeting a membrane-bound antigen with a high
rate of synthesis, such as IL-6 receptor (IL-6R), EGFR, CD4, or CD40
[11-14], the antibody is rapidly eliminated from plasma through
antigen-mediated clearance. As a result, targeting these types of
membrane antigen cannot be improved by affinity maturation and re-
quires a high dose. Similarly, a high antibody dose is also required to
neutralize soluble antigen at a high plasma concentration. The plasma
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concentration of soluble antigen after antibody administration is deter-
mined by two factors: the baseline concentration and the antibody-
mediated antigen accumulation. Some soluble antigens, such as IgE
and C5, have a plasma baseline concentration that is already very high
[15,16]; other soluble antigens without a high baseline concentration
in plasma accumulate more than 1000-fold because the recycling func-
tion of an antibody inhibits degradation of the antigen and results in a
very high concentration [17]. This accumulation after antibody adminis-
tration occurs because an antigen in complex with an antibody has a
longer half-life than the antigen alone [18,19]. The resulting high plasma
antigen concentration requires a high antibody dose to neutralize the
antigen. For both membrane-bound and soluble antigens, the limitation
of conventional antibodies in only binding to the antigen once, even
when the binding affinity is infinite, requires a high antibody dose.

Recently, we and others have reported that a pH-dependent
antigen-binding property could overcome this limitation of convention-
al antibodies [20-22]. An antibody with a pH-dependent antigen-
binding property dissociates the bound antigen in acidic endosomes
after internalization into cells. Consequently, the dissociated antigen is
trafficked to the lysosome and degraded, whereas the dissociated anti-
body, free of antigen, is recycled back to plasma by FcRn. The recycled
free antibody can bind to another target antigen. By repeating this
cycle, a pH-dependent antigen-binding antibody can bind to the target
molecule more than once. Moreover, we have shown that the therapeu-
tic potency of a pH-dependent antigen-binding antibody can be further
enhanced by increasing its binding affinity to FcRn at neutral pH [23].
These studies demonstrate that pH-dependent antigen-binding anti-
bodies can overcome the limitation of conventional antibodies and
allow novel antibody therapeutics with differentiating properties to be
generated. In this review, the features, advantages, and challenges of
pH-dependent antigen-binding antibodies, and how they can be gener-
ated and optimized are discussed.
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2. Effect of a pH-dependent antigen-binding antibody
2.1. Against a membrane-bound antigen

Fig. 1A describes the fate of a conventional antibody bound to a
membrane-bound antigen. A conventional antibody bound to the cell
surface antigen is internalized into cells, after which the antibody-anti-
gen complex passes through the sorting endosome and is transferred to
a lysosome, where eventually both the antibody and antigen are de-
graded by proteolysis. This means that, even with infinite binding affin-
ity to the antigen, a conventional antibody is limited to binding to an
antigen only once. Conventional antibodies against membrane-bound
antigens, such as IL-6R, EGFR, CD4, and CD40, exhibit non-linear clear-
ance in vivo through antigen-mediated antibody clearance [11-14].
When a membrane-bound antigen is highly expressed in the body,
the antibody is rapidly cleared from plasma, thereby requiring a high
dose to neutralize this type of antigen over a long period.

Fig. 1B describes the fate of a pH-dependent antigen-binding anti-
body, which we also refer to as a recycling antibody, bound to a
membrane-bound antigen. The recycling antibody bound to the cell sur-
face antigen is internalized into the cells in the same way as a conven-
tional antibody. However, in the sorting endosome, where the pH of
the vesicle is acidic, the pH-dependent binding antibody is dissociated
from the antigen. The antigen is transferred to the lysosome and de-
graded by proteolysis, while the dissociated antibody binds to FcRn in
the endosome and is recycled back to the cell surface. Since FcRn does
not bind to the antibody at neutral pH, the antibody dissociates from
FcRn at the cell surface and returns back to plasma. A recycling antibody
exhibits less non-linear antigen-mediated antibody clearance in vivo
than conventional antibody and shows prolonged pharmacokinetics
by avoiding antigen-mediated clearance. By repeating this cycle of bind-
ing at the cell surface and dissociating within the endosomes, a recycling

lysosome

*033 *
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)
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Fig. 1. Models showing the fate of (A) a conventional antibody and (B) a recycling antibody bound to a membrane-bound antigen. (A) A conventional antibody bound to a membrane-
bound antigen is internalized into the cell, after which the antibody-antigen complex is trafficked to the sorting endosome and finally to lysosome, where eventually both the antibody
and antigen are degraded by lysosomal protease. (B) A recycling antibody bound to a membrane-bound antigen is internalized into the cell in the same way as a conventional antibody.
However, in the sorting endosome, where the pH of the vesicle is acidic, the recycling antibody is dissociated from the antigen by means of its pH-dependent antigen-binding property. The
antigen is transferred to the lysosome and degraded by proteolysis, while the dissociated antibody is recycled back to the cell surface and plasma by utilizing FcRn.
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