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Monoclonal antibodies (mAb) have become a mainstay in
tumor therapy. Clinical responses to mAb therapy, however,
are far from optimal, with many patients presenting native
or acquired resistance or suboptimal responses to a mAb
therapy. MAbs exert antitumor activity through different
mechanisms of action and we propose here a classification
of these mechanisms. In many cases mAbs need to interact
with immune cells to exert antitumor activity. We summarize
evidence showing that interactions between mAbs and
immune cells may be inadequate for optimal antitumor activity.
This may be due to insufficient tumor accumulation of mAbs
or immune cells, or to low-affinity interactions between these
components. The possibilities to improve tumor accumulation
of mAbs and immune cells, and to improve the affinity of the
interactions between these components are reviewed. We
also discuss future directions of research that might further
improve the therapeutic efficacy of antitumor mAbs.

Introduction: Monoclonal Antibodies, A Growing
Class of Antitumor Drugs

Monoclonal antibodies (MAbs) have become an increasingly
important class of antitumor drugs since the first regulatory
approval of the anti-CD20 antibody rituximab in 1997." Since
then, seven other antitumor mAbs (only full-length mAbs are
herein considered; antibody fragments or immunoconjugates are
excluded) have been registered worldwide, and some have become
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blockbuster drugs with yearly sales exceeding 1 billion USD.?
It does therefore not come as a surprise that a substantial number
of antitumor mAbs are at now in active clinical development.?
Clinical results obtained so far suggest, however, that there is still
much room for improvement in the therapeutic efficacy of anti-
tumor mAbs. In fact, many patients do not respond or respond
suboptimally to the mAD that they are administered, while most
responding patients become resistant over time.>* In this review
we propose a classification of antitumor mAbs on the basis of their
mechanism(s) of action, and discuss opportunities to improve
tumor accumulation and interactions between antitumor mAbs
and cells of the innate or adaptive immune system (hereafter
referred to as immune cells) which, in some instances, are cru-
cially involved in the antitumor activity of mAbs.> Approaches
of this kind hold promise to improve the therapeutic efficacy of
antitumor mAbs.

Mechanisms of Action of Antitumor mAbs

Antitumor mAbs can act through different mechanisms of action
(Table 1). In the following we propose a classification of these
mechanisms of action that expands and integrates similar clas-
sifications that have been proposed in the past.®” Beforehand,
however, it is worth noting that while individual antitumor
mAbs may have more than one mechanism of action as deter-
mined in different in vitro or in vivo models, it appears more
difficult to identify the mechanism(s) mainly responsible for the
antitumor activity in the clinical setting. Additional complexity
derives from the possibility that different mechanisms of action
may predominate in different malignancies.

Direct induction of cell death. MAbs that induce direct cell
death can be divided into two subclasses. We refer to this mode
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Table 1. Mechanisms of action of antitumor mAbs

Class
Direct induction of cell death
Subclass

mAbs inducing non-apoptotic cell death

Anti-TRAIL/DR mAbs

Class

Inhibition of tumor-promoting growth
or survival signals.

Subclass

Neutralization of tumor-promoting
ligands.

Binding to cell surface receptors or co-
receptors.

Class

Recruitment of FcyR-positive immune
cells.

Complement activation.

Comments

Activation of a death program as direct consequence of antibody binding.

Induction of death mediated by lysosome membrane permeabilization and
production of reactive oxygen species.

Induction of apoptotic cell death with FcyR-positive immune cells promoting
mAb-mediated clustering of the TRAIL-R to drive apoptotic signaling.

Quiescence, autophagy or indirect cell death due to deprivation of growth or survival
signals as possible consequences.

Several mAbs against angiogenic growth factors in development, few against tumor
cell growth factors.

Lack of activity of anti-EGFR mAbs in the presence of activating KRAS mutations is

current best evidence for this mechanism of action.

Immune cells expressing activatory FcyRs can mediate ADCC or phagocytosis.

Complement activation may have negative effects: infusion toxicity, inhibition of
ADCC, tumor growth-promoting effects.

REVIEW

Examples

Tositumomab'®
Obinutuzumab
Mapatumumab'™
Lexatumumab'®"”

Drozitumab'
Conatumumab'

TAS266%°

Bevacizumab®

Trastuzumab®
Cetuximab?®'

Panitumumab?

Rituximab®
Trastuzumab3*

Ofatumumab?

Promotion of an adaptive antitumor
immune response.

Subclass
Inhibition of immune suppressive path-
ways.

Direct promotion of active antitumor
immunization.

of action as direct induction, because cell death is the result of
activation of a death program that is the direct consequence
of antibody binding. This distinguishes these antibodies from
those that induce cell death indirectly, due to deprivation of
growth or survival signals (e.g., intracellular signals induced by
growth factors), or recruitment of immune cells.

The first subclass of these antibodies induces a form of non-
apoptotic programmed cell death that is based on the permea-
bilization of lysosome membranes, and does not imply any
involvement of immune cells.® The mechanism of action of
these antibodies has been most accurately investigated for anti-
CD20 antibodies, but appears to apply also to antibodies against
other antigens, such as HLA-DR, CD47, CD74 and CD99.>"
Anti-CD20 antibodies of this subclass do not redistribute CD20
into lipid rafts upon binding, are weak activators of complement,
efficient activators of Fcry receptor (FcyR)-positive immune cells,
and potent inducers of direct cell death. The form of cell death
that these antibodies induce is non-apoptotic, dependent on
mAb-induced actin cytoskeletal reorganization, lysosome mem-
brane permeabilization and, eventually, production of reactive
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Limited number of patients (typically 10-15%) respond. Many responders have
immune-related (“autoimmune-like”) adverse events.

Induction of active antitumor immunity plays a still ill-defined role in the overall
antitumor efficacy of these mAbs.

mAbs

Ipilimumab®*4

Rituximalb*6-#°

Trastuzumab?®*->3

oxygen species mediated by nicotinamide adenine dinucleotide
phosphate oxidase.!*!?

Tositumomab is the only anti-CD20 mAb of this subclass
that is US Food and Drug Administration (FDA)-approved; it
is administered as part of the BEXXAR radioimmunotherapy
regimen.”” In this case, however, the main effector mechanism
appears to be radiation-induced cell death, and it is difficult to
estimate whether antibody-induced cell death contributes to the
overall therapeutic efficacy. Another mAb of this subclass that
has reached phase II/I1I clinical trials is obinutuzumab (GA101).
However, also in this case the mechanism of action is not lim-
ited to direct cell killing, as this antibody has a glycoengineered
Fc region that endows the antibody with improved capacity to
engage immune cells and trigger antibody-dependent cellular
cytotoxicity (ADCC)." Results with this antibody in rituximab-
resistant lymphoma patients appear very promising.”

The second subclass of antibodies induces apoptotic cell death
and includes antibodies against tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL)-receptors/death receptors
(TRAIL-R/DR).'® The ligand, TRAIL, induces apoptosis of
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tumor cells and has antitumor activity in vivo. Five TRAIL-Rs
have been identified, two of which, DR4 (TRAIL-R1) and DR5
(TRAIL-R2), are capable of transducing the apoptosis signal,
whereas the others serve as decoy receptors. Expression of DR4
or DR5 is frequently detected in human cancers with low or no
expression in normal tissues.'

Administration of recombinant TRAIL in animals induces
tumor regression without systemic toxicity. Agonistic anti-DR
mADbs induce apoptotic cell death similarly to TRAIL and may
be preferable because they can be selected against individual DRs
and have a much longer half-life than TRAIL. Several agonistic
anti-DR mAbs have demonstrated efficacy in preclinical tumor
models, and improved efficacy was observed in combination
with chemotherapy. Several forms of resistance to DR-mediated
apoptosis have been described.'®

Until recently, anti-DR mAbs were thought to induce apop-
tosis independently of any involvement of effector cells. A recent
article, however, has shown that cell death induced by anti-DR4
and anti-DR5 mAbs rests on the expression of FcyRs on tumor-
associated immune cells.”” While other antibodies require activa-
tory FcyRs for their antitumor activity (e.g., rituximab), either
activatory or inhibitory FcyRs can support induction of tumor
cell death by anti-DR4 or -DR5 antibodies.”” This observation
implies that FcyR-positive immune cells do not actively contrib-
ute to mAb-induced cell death, but merely serve as a platform
for multivalent antibody display and mAb-mediated clustering
of the TRAIL-R to drive apoptotic signaling. For this reason, we
consider cell death induced by anti-DR mAbs as a form of direct
cell death that justifies their inclusion in this antibody class.

Several anti-DR4 and -DR5 mAbs are or have been in clinical
development: two anti-DR4 antibodies, mapatumumab®® and
lexatumumab,”?® two anti-DR5 antibodies, drozitumab* and
conatumumab,? and the tetrameric anti-DR5 nanobody (sin-
gle-chain, camelid antibody) TAS266.% Some minor responses
and several disease stabilizations have been observed in early-
stage clinical studies with these antibodies.

Inhibition of tumor-promoting growth or survival signals.
Antitumor mAbs can inhibit tumor growth or survival signals
in two ways: first, through neutralization of ligands that induce
such signals upon binding to cell surface receptors; second,
through binding to cell surface receptors or co-receptors.

Neutralization of tumor-promoting ligands. The only mAb
of this class that has gained regulatory approval so far (beva-
cizumab) is directed against vascular endothelial growth factor
(VEGF), which supports growth and differentiation of endo-
thelial cells involved in the formation of the tumor vasculature.
The first indication that has received approval for bevacizumab
therapy is metastatic colorectal cancer (CRC) in combination
with chemotherapeutics.** Bevacizumab is thought to tempo-
rarily “normalize” tumor blood vessels, with an overall decrease
of tumor perfusion, vascular volume, microvascular density,
interstitial fluid pressure (IFP) and an increase of the fraction
of vessels with pericyte coverage.” This normalization of the
tumor vasculature is thought to promote uptake of co-admin-
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istered antitumor drugs.”® In a few instances, bevacizumab has

been shown to have antitumor activity on its own, but only at
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relatively high doses and on highly vascularized tumors, like
renal cell cancer.”

There are several other antibodies or antibody-related prod-
ucts against angiogenic growth factors in development®?° but,
surprisingly, very few antibodies against other tumor growth-pro-
moting ligands. Antibodies against hepatocyte growth factor,?
and insulin-like growth factor® are two exceptions. There are
different possible reasons for this neglect: (1) factors that promote
tumor cell growth and dissemination are probably highly redun-
dant and inhibition of one single factor may lead to the induction
of largely overlapping effects by other factors; (2) deprivation of
these factors may lead to states of quiescence or autophagy that
are particularly conducive to drug resistance;* (3) neutralization
of these factors may require deep tumor penetration to be effec-
tive, and this is difficult to achieve, as discussed below.

Binding to cell surface receptors or co-receptors. Engagement of
cell surface receptors or co-receptors by antibodies may inhibit
signal transmission through multiple modes: inhibition of bind-
ing of the native ligand, inhibition of receptor homo- or het-
ero-dimerization, or increased endocytotic destruction of the
receptor.’ The clearest, albeit indirect evidence of the contribu-
tion of this mechanism to the clinical efficacy of a mAb comes
from the use of anti-EGFR mAbs cetuximab and panitumumab
in patients with CRC.>% Activating mutations of KRAS, a
downstream mediator of EGFR signaling, have been shown to
render anti-EGFR antibodies ineffective in the treatment of CRC
because of ligand-independent, downstream activation of the
EGER. This has led regulatory authorities to mandate testing for
these mutations before using anti-EGFR antibodies in CRC. It
should be noted however, that while the tumor-promoting effect
of KRAS mutations have been firmly established for CRC, this
does not appear to apply to all solid tumors. Thus, KRAS muta-
tions do not seem to identify anti-EGFR nonresponding patients
in non-small cell lung cancer.’”’

Recruitment of FcyR-positive immune cells. As a mecha-
nism of action, recruitment of FcyR-positive immune cells is of
particular relevance because a large body of evidence suggests
that this is the main, if not exclusive, mechanism of action of
rituximab in the treatment of B-cell non-Hodgkin lymphoma
(B-NHL).”? FcyRs are expressed on several immune cells that
mediate diverse functions like ADCC or phagocytosis. While
engagement of FcyR-positive cells appears mandatory for the
antitumor activity of rituximab, this does not indicate which
FcyR-positive cells exert tumoricidal activity. Thus, natural
killer (NK) cells express FcyRIIIA and mediate ADCC upon
binding of the antibody Fc portion. Macrophages, on the other
hand, express FcyRIIA and mediate phagocytosis upon anti-
body binding.

As to solid tumors, several potential mechanisms of action
have been attributed to anti-human epidermal growth fac-
tor receptor (HER)2 trastuzumab.** Clinical studies, however,
found a correlation between the level of ADCC activity and clin-
ical response to trastuzumab therapy,®® suggesting that ADCC
plays an important role also in the tumoricidal activity of trastu-
zumab. Evidence for the contribution of FcyR-positive immune
cells to the mechanism of action has been brought also for
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cetuximab. Thus, similar to trastuzumab, combined FcyRIIA/
FcyRIIIA polymorphisms have been found to be prognostic fac-
tors for disease progression in metastatic CRC patients treated
with cetuximab plus irinotecan.’® Favorable genotypes were
associated with longer progression-free survival (PFS). These
polymorphisms were also clinically relevant in KRAS-mutated,
metastatic CRC. In fact, KRAS mutations and FcyR combined
status were independent prognostic factors for PES.

Complement activation. Complement activation plays an
important role in the antitumor activity of anti-CD52 alem-
tuzumab. This antibody has activity as a monotherapy and in
combination with fludarabine in patients with relapsed/refrac-
tory chronic lymphocytic leukemia (CLL).* Alemtuzumab
lysed cells from CLL samples through complement-dependent
cytotoxicity (CDC) much more efficiently than rituximab, pre-
sumably because of the higher expression of CD52 than CD20."
Lack of direct cytotoxiciy, but significant CDC on fresh CLL
cells, was confirmed in another study, although a subpopulation
of CLL cells were intrinsically resistant.®

Complement activation is crucial also for the antitumor
activity of anti-CD20 ofatumumab, which targets a membrane-
proximal epitope that is different from the more membrane-
distal epitope targeted by rituximab.®’ This is the likely reason
why, in spite of rituximab and ofatumumab having comparable
binding affinities for CD20, ofatumumab induces stronger
CDC at lower CD20 densities than rituximab.” This mecha-
nism forms the basis for the therapeutic activity of ofatumumab
in CLL, where the cell surface density of CD20 is lower than
in B-NHL. There is evidence, however, that CDC is not the
only mechanism of action of ofatumumab. In fact, it induces
also ADCC in vivo,” and this effect may integrate CDC in the
overall antitumor activity, with one or the other activity pre-
dominating depending on the disease that is treated (e.g., CDC
in CLL and ADCC in B-NHL). So far, ofatumumab has gained
FDA approval for the treatment of patients with CLL refractory
to fludarabine and alemtuzumab.**

On the other hand, considerable evidence suggests that com-
plement activation by antitumor mAbs may have detrimental
consequences. Thus, complement activation plays a key role

46 More recently,

in the toxicity related to infusion of mAbs.
Wang et al. showed that complement activation inhibits ritux-
imab-induced ADCC and NK-cell activation.” Components of
the complement cascade have also been shown to possess direct
or indirect tumor growth-promoting activities.*

Promotion of an adaptive antitumor immune response.
Antibodies of this class can be divided into two subclasses:
(1) antibodies that upregulate an ongoing antitumor immune
response through inhibition of immune suppressive pathways;
and (2) antibodies that, through engagement of accessory cells,
induce an effect that resembles active antitumor immunization.
While several antibodies of the first subclass are in active devel-
opment, and one (ipilimumab) was recently approved, several
antibodies of the second subclass (rituximab, trastuzumab) have
been marketed for over a decade. Induction of active antitumor
immunity plays a still ill-defined, but possibly important role in
their overall antitumor effect.

www.landesbioscience.com
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Antibodies of the first subclass inhibit cell-cell interactions
that downregulate immune responses, including antitumor
immune responses. The anti-cytotoxic T-lymphocyte antigen
(CTLA)-4 mAb ipilimumab received FDA approval for the
treatment of metastatic melanoma.®** The main characteris-
tics of the antitumor effects of ipilimumab are the following:
(1) ipilimumab significantly prolongs overall survival in meta-
static melanoma patients both as monotherapy and in combina-
tion with a chemotherapeutic; (2) treatment is accompanied in
10-15% of the patients by immune-related (“autoimmune-like”)
adverse events, which can be severe, long-lasting, but reversible
in most cases; (3) patients that are affected by these adverse
events are often those that respond best to ipilimumab. Several
other antibodies against the same target or other targets are at
different stages of clinical development.>">

An example of antibodies of the second subclass is ritux-
imab, which has been shown to induce an idiotype-specific
T-cell response in follicular lymphoma patients.” This effect has
been suggested to underlie the durable remissions experienced
by some patients in response to rituximab.”* Moreover, it has
been shown that an anti-CD20 mAb induces protection against
a CD20-positive murine lymphoma in a mouse model through
a T cell-mediated immune response.”® Induction of an adaptive
immune response may be the consequence of rituximab-coated
lymphoma cells facilitating the cross-priming of tumor anti-
gens by human dendritic cells and subsequent elicitation of an
immune response mediated by CD8-positive T cells.’

Trastuzumab is another antibody that has been shown to
promote an adaptive immune response. Indeed, in a murine
model the mechanism of tumor regression induced by this anti-
body required an adaptive immune response.”’” The addition of
chemotherapeutic drugs enhanced the reduction of tumor bur-
den, but abrogated the antibody-initiated immunity leading to
decreased resistance to rechallenge or earlier relapse.”” Evidence
for trastuzumab-induced antitumor immunity comes also from
human studies. Thus, trastuzumab enhanced lysis of HER2-
positive tumor cells by cytotoxic T-lymphocytes recognizing a
HER?2 peptide, but not cytotoxic T-lymphocytes specific for an
unrelated peptide.’® Moreover, trastuzumab increased immune
cell infiltration into breast tumors,”” and patients treated with
trastuzumab develop anti-HER2 IgG\ antibody responses.®
In this study, antibody responses were observed more fre-
quently in patients with objective responses to trastuzumab, and
HER2-specific CD4-positive T-cell responses were generated in
response to trastuzumab and chemotherapy.

Obstacles to the Accumulation and Interaction
of mAbs and Immune Cells in Tumors

Obstacles to the accumulation of mAbs in tumors. In addition to
the mechanism(s) of action, other factors can influence the anti-
tumor efficacy of mAbs. One of these factors is related to the loca-
tion of the targeted antigen. In solid tumors these antigens can be
located on tumor endothelial cells (e.g., VEGF receptors) or on
cells of the extravascular compartment (mainly tumor cells, but

also immune cells or other cells of the tumor stroma).®"¢?
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Regarding antigens expressed in the extravascular compart-
ment, mAbs encounter, similarly to other antitumor drugs, con-
siderable difficulties in accumulating and penetrating solid tumor
6 A mechanistic model has been proposed to predict the
interplay between molecular size, in vivo half-life, affinity and

tissues.

tumor uptake of tumor-targeting agents.”> In the typical size
range for proteins, the model uncovers a complex trend in which
intermediate-sized targeting agents (-25,000 Da) have the lowest
tumor uptake, whereas higher tumor uptake levels are achieved
by smaller or larger agents. Small peptides accumulate rapidly in
the tumor but are cleared faster and require high affinity to be
retained. In contrast, large proteins have slower diffusion rates in
tissues, but have longer circulating half-lives, owing to the size,
and after penetration can achieve similar retention even with
>100-fold weaker binding.”* The poor tumor accumulation of
intermediate-sized molecules can be obviated by taking advan-
tage of constant perfusion rather than bolus adminstration.*
Similar approaches are being pursued also for the administration
of chemotherapeutics.®

MAbs against antigens expressed on tumor endothelial
cells, on the other hand, do not require tumor penetration.
Nevertheless, increased resistance to blood flow and impairment
of blood supply to the tumor can represent obstacles for the deliv-
ery of these antibodies.?®

Another case to consider is that of antibodies that target anti-
gens expressed on both tumor endothelial cells and tumor cells.*
While dedicated studies on the tumor penetration of these anti-
bodies are lacking, intuitively one is led to say that they have
considerable therapeutic potential. In fact, an antibody with
cytotoxic effects against tumor endothelial cells is expected to
lead to the breakdown of the tumor endothelial cell barrier which
represents the most challenging obstacle for antibody uptake in
tumors.” This would facilitate tumor accumulation and penetra-
tion of the antibody, which could then target antigen-positive
tumor cells.

Obstacles to the accumulation of immune cells in tumors.
As discussed previously, the antitumor activity of mAbs often
requires the accessory function of immune cells. To exert their
functions, these cells need to extravasate and infilcrate tumors in
a manner similar to antibodies. While the impact of these cells on
tumor growth and dissemination is being intensively studied,*
the consequences of tumor uptake and infiltration of these cells
on the antitumor efficacy of mAbs is a neglected area of research.
This is surprising because any investigation on the tumor accu-
mulation of mAbs may be meaningless if the therapeutic effect
of an antibody depends on the presence of a threshold number of
immune cells, and such a threshold number is not attained in a
given tumor.

The obstacles that affect tumor accumulation of mAbs and
other antitumor drugs are also likely to affect immune cells.
Immune cells, however, may suffer from additional impediments
related to the physiological pathways of immune cell extravasa-
tion which depends on a multistep cascade of events involving
tethering, rolling, firm adhesion and migration. These steps are
mediated by distinct adhesion molecules and activation path-
ways,” but adhesion molecules are often downregulated on
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tumor endothelial cells, a phenomenon defined as endothelial
cell anergy.” This impairs the extravasation of immune cells into
tumor sites.”"”? Impaired accumulation of immune cells in tumor
tissues, on the other hand, has been found in several studies to
represent an independent, negative prognostic marker in clinical
studies.”

These considerations support the possibility that a sizeable
fraction of tumors may not have a sufficient number of immune
cells to support the tumoricidal activity of those mAbs that
depend on their contribution. This possibility has found strong
support in studies with trastuzumab. Indeed, Gennari et al.”
found that patients showing complete or partial remission after
treatment with trastuzumab alone were found to have higher
ADCC and higher in situ infileration of cytotoxic lymphocytes,
including NK cells.

Obstacles to the interaction between mAbs and immune
cells in tumors. A low concentration of mAbs or a low number
of immune cells in tumor tissues represent, per se, an obstacle to
their interaction and to the generation of tumoricidal activities
(ADCC or phagocytosis). In addition, low-affinity interactions
between antitumor mAbs and immune cells may adversely affect
efficient antitumor activity. This was first documented with
rituximab. Thus, clinical studies in B-NHL patients showed
that rituximab-treated patients who carry genetic polymor-
phisms of FcyRIITIA with a high affinity for IgG (158 valine/
valine) have much better clinical and molecular responses than
patients with low-affinity polymorphisms (158 phenylalanine/
phenylalanine or 158 valine/phenylalanine).”® Similar results
have been reported by others.””’® Weng and Levy’” reported that
polymorphisms of FcyRIIA can predict outcome after ricuximab
treatment. Similar results were reported later for trastuzumab
in breast cancer patients.”” These authors showed a positive cor-
relation between high affinity allelic variants of FcyRIIIA and
FcyRITIA and clinical response to trastuzumab therapy. The
combination of the two favorable genotypes was independently
associated with better prognosis compared with the other com-
binations, and FcyRIITA seemed to play the predominant role in
the outcome.

Overall, these results imply that clinical responses depend
on the affinity of the interaction between an antitumor mAb
(e.g., rituximab, trastuzumab) and FcyR-positive immune cells,
with higher affinity interactions allowing for better antitu-
mor responses. There are, however, some observations that run
against this knowledge. Thus, it was found that M2 macrophages
expressing the high-affinity variant of FcyRIIIA release immu-
nosuppressive and tumor-promoting cytokines upon coculture
with EGFR-positive tumor cells loaded with low concentra-
tions of cetuximab.®® This observation can explain the results of
a previous clinical trial in metastatic CRC patients, where the
addition of cetuximab to bevacizumab plus chemotherapy was
tested.® In this study, patients expressing the high-affinity allele
for FcyRIIIA had a shorter PFS, but only when cetuximab was
added.

These observations introduce another condition that needs
to be satisfied to achieve productive interactions between anti-
tumor mAbs and immune cells: the mAb needs to interact with
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Figure 1. Improving accumulation and interactions between mAbs and immune cells in tumors. (A) In tumor tissues levels of mAbs or immune cells
may be too low to interact and kill tumor cells by ADCC or phagocytosis. (B) In the presence of promoter drug(s) tumor accumulation of mAbs or
immune cells may achieve levels sufficient to interact and kill some tumor cells (tumor cell with dotted contour). (C) In the presence of mAbs binding
with higher affinity to FcyR-positive immune cells, interactions may take place and kill some tumor cells. (D) In the presence of promoter drug(s) and
mAbs binding with higher affinity to FcyR-positive immune cells, a higher number of interactions may take place than with either approach alone, and

a large number of tumor cells may be killed.

the right immune cell subpopulation to give rise to tumoricidal
activity. Indeed, a high affinity interaction between a mAb and
M2 macrophages in tumor tissues may downregulate effector
functions.®® Regarding adaptive antitumor immune responses,
it has been recognized that a high frequency of immunosup-
pressive regulatory T cells (Treg) in tumor tissues is of negative
prognostic significance.’?% Intuitively, but not yet demonstrated,
the same phenomenon might also inhibit mAb-induced adaptive
antitumor immune responses.

Approaches to Improve Tumor Accumulation and
Interactions Between mAbs and Immune Cells

Inadequate antitumor activity that may be the consequence of
insufficient tumor accumulation of mAbs or immune cells, an
inadequate qualitative profile of infiltrating immune cells, or
low-affinity interactions between these components, has been
discussed; in this section we will discuss approaches to bypass

www.landesbioscience.com
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these obstacles, thereby improving the antitumor activity of
mAbs. In accordance with the nomenclature that we proposed
in a previous article,?® we will refer to those drugs that improve
accumulation of mAbs or immune cells as promoter drugs.
Approaches to improve tumor accumulation of mAbs. As

2667 promoter drugs that

already discussed in previous articles,
enhance tumor uptake and penetration of antitumor drugs are
likely to be effective also for mAbs. In several instances this has
been directly demonstrated and we discuss some of these cases
here (Fig. 1A and B).

Modulation of tumor blood flow is one approach that has been
investigated. Thus, Netti et al.* studied the effect of periodic
and continuous angiotensin II administration on tumor uptake
of the anti-TAG-72 mAb CC49 in LS174T CRC xenografts.
Both periodic and chronic infusion of angiotensin II resulted in
40% enhancement of specific antibody (CC49) uptake at 4 h
after injection, whereas the tumor uptake of a nonspecific anti-
body was unaffected.

39

Do not distribute.

I0Science.

©2012 Landes B



Several other classes of promoter drugs modify the barrier
function of tumor vessels. AG-01376 is a VEGF receptor tyro-
sine kinase inhibitor that acts as promoter drug by normalizing
tumor vessels, similarly to other VEGF inhibitors and anti-VEGF
mAbs. AG-01376 improves transport of antibodies from the sur-
viving “normalized” blood vessels.®> Antibodies were found to
accumulate in the sleeves of the basement membrane left behind
by the regressing vessels, which were proposed to serve as the
preferential routes of distribution in tumors.

Promoter drugs can act also by enhancing the permeability
of tumor vessels. NHS76/PEP2, for example, is a fusion protein
between mAb NHS76, which targets necrosis and cellular degen-
eration commonly found in solid tumors, and a 37-amino-acid
linear sequence of interleukin (IL)-2, designated vasopermeabil-
ity-enhancing peptide (PEP), which contains the vasoperme-
ability activity of IL-2. Using a 2-h pretreatment, an optimal
dose of NHS76/PEP2 (30 pg) induced greatly increased and
specific tumor accumulation of the mAb B72.3.% This approach
increased also tumor accumulation and therapeutic efficacy of
the chemotherapeutic drugs etoposide, doxorubicin, paclitaxel
(Taxol®), docetaxel (Taxotere®), 5-fluorouracil, or vinblastine.
The same group had previously shown that conjugation of tumor
necrosis factor (TNF)-a to the tumor necrosis-targeting mAb
TNT-1 caused a three-fold increase of the tumor uptake of the
F(ab’), fragment of the same antibody. In this regard, the TNFa-
antibody conjugate was more effective in improving the uptake
compared with other vasoactive agents used in the study, includ-
ing IL-1, leukotriene B4, histamine, bradykinin and physalae-
min. Only an IL-2-TNT-1 conjugate induced a greater increase
in the tumor uptake of the antibody fragment.®”

Another molecule that acts through a related mechanism of
action is the tumor-penetrating peptide “internalizing arginine-
glycine-aspartic acid” (iIRGD), which increases vascular and tis-
sue permeability in a tumor-specific and neuropilin-1-dependent
manner.® Systemic injection of this peptide improved the thera-
peutic index of drugs of various compositions including a small
molecule (doxorubicin), nanoparticles (nab-paclitaxel and doxo-
rubicin liposomes) and a mAb (trastuzumab). Co-injection of
iRGD and trastuzumab resulted in a 40-fold enhanced accumu-
lation of trastuzumab in the tumor. At a clinical dose (9 mg/kg)
of trastuzumab, the combination eradicated all tumors in mice,
whereas the equivalent dose of trastuzumab alone only slowed
tumor growth.*

A recent new class of promoter drugs acts by loosening intercel-
lular junctions between tumor cells. Thus, Beyer et al.”® reported
on the protein, junction opener 1 (JO-1), which binds to the epi-
thelial junction protein desmoglein 2. JO-1 mediates cleavage of
desmoglein 2 dimers and activates intracellular signaling pathways
that reduce E-cadherin expression in tight junctions. These effects
allowed for increased intratumoral penetration of trastuzumab.
This effect translated directly into increased therapeutic efficacy
of trastuzumab in mouse xenograft tumor models. JO-1 improved
also the antitumor efficacy of cetuximab. This article also showed
that the combination of relaxin expression and JO-1 treat
ment stopped tumor growth. Tumors did not recur when treat-
ment was terminated, in contrast to groups that received either
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relaxin+trastuzmab or JO-l+trastuzumab therapy. This is an
important result because it demonstrates that the combined use of
promoter drugs with different mechanisms of action may achieve,
as it has been suggested,* additive or synergistic promoter effects.

Several promoter drugs have been shown to improve the accu-
mulation of antitumor mAbs by acting on the tumor stroma.
Relaxin, for example, is a peptide hormone that degrades the
tumor extracellular matrix. It does so by decreasing the syn-
thesis and secretion of interstitial collagens and upregulating
matrix metalloproteinase and collagenase expression. Beyer et
al.’! showed that hematopoietic stem cell-mediated intracumoral
relaxin expression in breast cancer-bearing mice resulted in a
decrease of extracellular matrix proteins and enabled control of
tumor growth.

Several other approaches that improve the penetration of anti-
tumor agents through remodeling of the tumor stroma have been
described. Although not yet demonstrated, these approaches are
expected to also improve tumor accumulation of mAbs. The pro-
teoglycan decorin has been used to enhance spreading and tumor
tissue penetration of an oncolytic virus.”? The tumoricidal effects
of the viruses were lessened, as the binding affinity to collagen
was decreased. Also stromal cells are potential targets. Tumor-
associated fibroblasts are the primary source of collagen type I,
which contributes to decreased drug penetration in tumors. Mice
were treated with an oral DNA vaccine targeting fibroblast acti-
vation protein, which is specifically overexpressed by fibroblasts
in the tumor stroma.®> This vaccine decreased collagen type I
expression and led to an up to 70% greater uptake of chemo-
therapeutic drugs. Vaccinated mice treated with chemotherapy
showed a three-fold prolongation in lifespan and marked sup-
pression of tumor growth, with 50% of the animals completely
rejecting a tumor cell challenge.

In accordance with the hypothesis that these approaches may
improve tumor accumulation of mAbs, is the observation that col-
lagenase overcomes stromal barriers and enhances tumor uptake
and penetration of antibodies. In a study using osteosarcoma
xenografts, collagenase treatment decreased both IFP and micro-
vascular pressure with differing kinetics such that it transiently
increased the transcapillary pressure gradient. This was associ-
ated with a ~2-fold increase in the uptake of TP-3, a mAb specific
for osteosarcoma.” In comparison with a nonspecific mAb, TP-3
also exhibited increased penetration and diffused farther away
from blood vessels in response to collagenase treatment.

Hyaluronic acid is another important component of the extra-
cellular matrix. Periodic intratumoral injection of hyaluronidase
has been shown to greatly increase the tumor-specific uptake of
a mADb (TP-3) that targets an osteosarcoma-associated antigen.”®

Specific and nonspecific inhibitors of platelet-derived growth
factor receptors reduce tumor IFP and enhance uptake of a
marker molecule® Inhibitory platelet-derived growth factor
aptamers and STI571 were shown to enhance the accumulation
and antitumor efficacy of the effector drugs paclitaxel (Taxol®),
5-fluoruracil and epothilone B.***> Co-administration of the
radiolabeled antitumor antibody B72.3 and STI571 yielded
long-lasting growth arrest of the human colorectal adenocarci-

noma LS174T grown as xenografts in mice.”® Increased antibody
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accumulation was accompanied by reduction of tumor IFP (by
> 50%). The attenuation of IFP increased also the homogeneity
of antibody distribution. The increased uptake of radioimmuno-
therapy into the tumor resulted in > 400% increase in the tumor-
absorbed radiation doses and led to growth arrest in mice treated
with STI571 and the radiolabeled antibody.

In conclusion, tumor uptake and accumulation of mAbs can
be enhanced at different levels of the tumor architecture.

Approaches to improve tumor accumulation of immune
cells. As already mentioned, Gennari et al.””> demonstrated that
patients undergoing complete or partial remission in response to
trastuzumab had higher ADCC and higher in situ infiltration
of cytotoxic lymphocytes, including NK cells. This result sug-
gested that, in non-responding patients, the number of tumor-
infilerating leukocytes may not have been sufficient to support
effective tumoricidal activity, and that mAb-induced antitumor
activity might be potentiated by improving tumor accumulation
of immune cells (Fig. 1A and B).

It is important to note that mAbs are endowed with the
capacity to induce recruitment of immune cells to support effec-
tor functions. Thus, patients treated with trastuzumab have sig-
nificantly increased numbers of tumor-associated NK cells and
increased lymphocyte expression of cytolytic markers compared
with controls.”® It is likely that this recruitment is the result of
the release of chemokines from FcyR-positive immune cells upon
binding of the mAb.” Thus, the very fact that an antibody binds
to an immune cell induces a positive feedback loop that recruits
further immune cells able to support antibody-induced effector
175 suggest
that this mechanism may not be sufficient to support effective

functions. Nevertheless, the results of Gennari et a

antitumor activity, and it may be useful to improve immune cell
accumulation in tumor tissues.

One strategy to improve immune cell accumulation in tumors
involves co-administration of an antitumor mAb with cytokines
or immunomodulatory drugs. A clinical trial was performed to
test whether IL-2, by increasing FcyRIII-positive NK cell num-
bers and cytolytic function in vivo, when added to a trastuzumab
treatment regimen, could increase antitumor efficacy.!” In vitro
assays showed NK cell expansion and trastuzumab-mediated
increase of ADCC against breast cancer targets in a HER2-
specific manner, but these effects did not correlate with clini-
cal responses. Similar results were reported in a previous clinical
trial with trastuzumab and IL-2.""! The combination of IL-2 with
rituximab has also been investigated. Two parallel Phase 1 stud-
ies evaluated the combined use of rituximab and IL-2 in relapsed
or refractory B cell non-Hodgkin lymphoma (NHL).!? A thrice-
weekly IL-2 dosing regimen resulted in NK cell expansion that
correlated with clinical response.

Granulocyte-macrophage colony-stimulating factor
(GM-CSF) is another cytokine that has been used to improve
accumulation and activation of immune cells in tumors. In
a recent clinical trial, patients with high-risk neuroblastoma
received multiple treatment cycles of anti-disialoganglioside
GD2 antibody 3F8 plus subcutanecous GM-CSE. GM-CSF-
induced granulocyte activation in these patients was associated
with improved clinical outcome.'”® It was inferred that these
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activated granulocytes supported 3F8-mediated ADCC of neu-
roblastoma cells.

One clinical trial investigated the combined use of IL-2 and
GM-CSF with the antitumor ch14.18, a chimeric anti-GD2
mAb. Chl4.18 was administered to high-risk neuroblastoma
patients in combination with IL-2, GM-CSF and isotretinoin
in a randomized Phase 3 study.'® Control patients were given
standard therapy alone (isotretinoin). The results showed that
immunotherapy with ch14.18, GM-CSF, and IL-2 was associated
with a significantly improved outcome compared with standard
therapy in this patient population.

Another class of drugs that has been reported to improve the
antitumor activity of mAbs by inducing expansion and tumor
accumulation of immune cells are the immunomodulatory
drugs. Two thalidomide derivatives were tested in combina-
tion with rituximab in lymphoma models in mice.'” Synergistic
antitumor activity was observed with these drugs and rituximab
compared with rituximab monotherapy. The enhancement of
rituximab activity by these drugs was abrogated by in vivo deple-
tion of NK cells.

An adenovirus expressing the LIGHT gene was used in a pre-
clinical tumor model.”” Intratumoral expression of LIGHT can
attract various immune cells, including substantial numbers of
FcyR-positive cells, dendritic cells and T cells.'® Park et al.”
treated mice bearing established tumors with a suboptimal dose
of anti-HER2/neu antibody in close combination with intratu-
moral injection of Ad-LIGHT. Neither suboptimal anti-HER2/
neu antibody, nor Ad-LIGHT alone was sufficient to control
tumors. In contrast, combination treatment of anti-HER2/neu
antibody and Ad-LIGHT resulted in rejection of all transplanted
tumors, and no relapse was detected up to 8 weeks after comple-
tion of treatment. Notably, this combination treatment generated
a specific immune response that was sufficient to specifically pro-
tect mice from a lethal tumor rechallenge. These results strongly
suggest that improving tumor accumulation of immune cells sig-
nificantly improves short-term tumoricidal activity of antitumor
mAbs, and longer-term adaptive immune responses.

Moschetta et al. have reported on F8-IL2, an immunocy-
tokine that encompasses an antibody derivative specific for the
extra domain A of fibronectin and I1L-2.!” Curative effects were
obtained with paclitaxel administered before the immunocyto-
kine. Administration of paclitaxel increased the uptake of F8 in
xenografted melanomas, enhancing tumor perfusion and per-
meability."”” Paclitaxel also boosted the recruitment of F8-IL2-
induced NK cells to the tumor, suggesting a host response as part
of the observed therapeutic benefit. In support of this, NK cell
depletion impaired the antitumor effect of paclitaxel plus F8-IL2.
These results suggest that paclitaxel can promote the uptake of
both the antibody moiety (here, an immunocytokine), as well as
immune cells. It remains to be established whether similar results
can be obtained with other promoter drugs.

Several other approaches have reported on the favorable con-
sequences of promoting constitutive or vaccine-induced antitu-
mor immune responses and on the adoptive transfer of immune
cells. In some cases it has also been possible to induce the pref-
erential accumulation of immune cell subpopulations that have
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antitumor activities, at the expense of subpopulations that have
immunosuppressive and tumor-promoting activities. In the fol-
lowing, we will briefly summarize some recent approaches in
view of the possibility of testing them in combination with anti-
tumor mAbs.

NGR-TNF is a fusion protein encompassing the inflamma-
tory cytokine TNF and a tumor-vasculature homing peptide
that contains the NGR sequence, a ligand of a CD13 isoform
expressed by neo-angiogenic vessels.!®®!” Systemic administra-
tion of picogram doses of NGR-TNF caused rapid and transient
modification of the tumor microenvironment, which in turn,
enhanced tumor accumulation of either fully-activated endog-
enous or adoptively transferred T cells."® As a consequence,
NGR-TNF increased the therapeutic efficacy of tumor vaccines,
adoptive immunotherapy, and the combination between immu-
notherapy and chemotherapy.!® A transient reduction of the
tumor endothelial barrier function and the selective activation of
endothelial cells enhanced T-cell extravasation and infiltration
of the tumor tissues."! A similar compound, RGR-TNEF, has
been shown to enhance active immunotherapy in experimen-
tal pancreatic neuroendocrine tumors."? RGR-TNF enhanced
CD8-positive T-cell infiltration by stabilizing the vascular net-
work and improving vessel perfusion. Vascular remodeling in
tumors was mediated, at least in part, by resident macrophages
reprogrammed to secrete immune and angiogenic modulators.
These recent observations make vessel-targeted TNF a very
attractive tool for enhancing tumor infiltration by T-cells after
treatment with antibodies, particularly with antibodies whose
mechanism of action involves activation of an adaptive immune
response.

Both angiogenesis-promoting, and angiogenesis-inhibit-
ing molecules have been shown to enhance accumulation of
immune cells. Thus, high levels of angiopoietin-2 were shown
to induce leaky vasculatures that facilitate the extravasation of
lymphocytes and promote the adhesion of rolling leukocytes to
blood vessels.''> Moreover, tumors with overexpressed angiopoi-
etin-2 are more vascularized and have higher numbers of mono-
cytes expressing the angiopoietin receptor Tie-2.""* On the other
hand, lymphocyte infiltration in tumors can also be promoted
by antiangiogenic compounds, such as anti-VEGF mAbs'® that
inhibit formation of new blood vessels and promote vascular
normalization.'®

Treatment with a combination of drugs that improve tumor
accumulation of immune cells yielding a synergistic antitumor
effect has been described recently. Thus, combined treatment
of mice with anti-CTLA-4 (a T-cell co-inhibitory receptor) and
anti-4-1BB (a co-stimulatory receptor) mAbs in the context of
a melanoma vaccine promoted synergistic levels of tumor rejec-
tion.'” 4-1BB activation elicited strong accumulation of CD8-
positive T-cells in the tumor and drove the proliferation of these
cells, while CTLA-4 blockade did the same for CD4-positive
effector T-cells. Anti-4-1BB also depressed tumor accumulation
of immunosuppressive Tregs. 4-1BB activation strongly stimu-
lated inflammatory cytokine production in the vaccine and
tumor draining lymph nodes and in the tumor itself.
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Hyperthermia is an interesting, non-pharmacological
approach that has been shown to enhance tumor accumula-
tion of immune cells. Thus, systemic thermal therapy (core
temperature elevated to 39.5°C £ 0.5°C for 6 h) activated an
IL-6 trans-signaling program in tumor blood that promoted
E/P-selectin- and intercellular adhesion molecule-1-dependent
extravasation of cytotoxic CD8-positive T cells in tumors."®
A concomitant decrease in tumor accumulation of Tregs was

observed.

Approaches to Improve the Affinity of Interaction
between Antitumor mAbs and Immune Cells

These approaches rest on the glyco- or protein-engineering
of antibody molecules that endow their Fc region with higher
affinity for FcyR-positive immune cells. It is the most advanced
approach of those described so far, and several engineered anti-
bodies of this kind are currently being investigated in clinical
trials (Fig. 1A and C).

A first glyco-engineering approach is based on the expression
of antibody molecules lacking fucose."” This can be achieved
by expressing antibodies in fucosyltransferase-negative cell
lines.!”® Defucosylated antibodies show greatly improved affin-
ity for FcyRIIIA and, as a result, greatly enhanced ADCC.!2"122
Importantly, improved binding and enhanced ADCC is observed
for FcyRIIIA isoforms that bind IgG molecules with either low or
high affinity, with the improvement being greater for low-affinity
isoforms. A similar effect has been observed for other engineer-
ing approaches that will be discussed. Defucosylated versions of
mAbs against several molecular targets are currently in clinical
trials.’>1%

A second glyco-engineering approach foresees the
expression of antibodies in cell lines encoding B(1,4)-NV-
acetylglucosaminyltransferase III, a glycosyltransferase catalyz-
ing formation of bisected oligosaccharides that endow antibodies
with enhanced ADCC." A third approach rests on the use
of yeast cells in which the genes that are responsible for yeast-
specific glycosylation have been knocked out and reconstituted
with 14 genes that replicate the sequential steps of human
glycosylation.'*126

Glycoengineering approaches have provided anti-CD20
variants with increased affinity for FcyRIIIA and enhanced
ADCC. These variants show superior therapeutic efficacy in pre-
clinical lymphoma models. Several glycoengineered anti-CD20
antibodies with enhanced ADCC activity are now in clinical
development.'?

Protein engineering has also been used to obtain antibody
variants with enhanced effector functions. By using computa-
tional design algorithms and high-throughput screening, Fc
variants with optimized FcyR affinity and specificity were engi-
neered.’”’ The designed variants displayed > 2 orders of mag-
nitude enhancement of in vitro effector function, in particular
ADCC, enabled efficacy against cells expressing low levels of
target antigen, and resulted in increased cytotoxicity in an in
vivo preclinical model. Recent articles have extensively reviewed
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both glyco- and protein engineering approaches to improve the
affinity of IgG mAbs for FcyRs.!2%12?

Conclusions

We have proposed here a classification of mAbs according to their
mechanism of action, and we reviewed current knowledge on the
tumor accumulation of mAbs, immune cells and the interactions
that need to take place to generate efficient antitumor activity. We
also discussed possible approaches to improve tumor accumula-
tion and interactions between mAbs and immune cells. For the
future, there are several points to be considered to achieve further
progress in this area.

Permeability of the tumor endothelium is a limiting factor for
the uptake of antibodies, and the tumor antibody concentration
is always 100-1,000 fold lower than the plasma concentration.”
Thus, to reach tumor cells mAbs need to overcome an important
obstacle and it appears of obvious interest to improve extravasa-
tion of antitumor mAbs. It is less clear whether improved extra-
vascular accumulation needs to be accompanied also by increased
penetration into tumor tissues. In fact, others have proposed a

model°

whereby cytotoxic effector drugs that are administered
repeatedly at regular intervals cause ‘peeling’ of increasing num-
bers of tumor cell layers until tumor regression is observed. We
have recently suggested that a similar model can be considered for
mADbs that exert tumoricidal activity with or without the contri-
bution of effector cells.’” On the other hand, we have proposed
that deep tumor penetration is important to prevent or reverse
new or existing drug resistance.’" If this holds true also for mAbs,
which suffer from native and acquired resistance similarly to cyto-
toxic drugs, albeit through different mechanisms, remains to be
established.

Another question that needs to be addressed is which patients
should be considered for treatment with promoter drugs that
improve tumor accumulation of mAbs, immune cells or the
affinity between them. Over the short-term, the most likely strat-
egy that will be pursued is to treat patients that are resistant to an
individual mAb. In fact, any positive result in these patients will
be useful to accelerate the approval of the investigated drug(s).
Over the longer term, different options are available. If trials

in resistant patients are successful, one possibility is to treat all
patients that are candidates for an individual mAb, with a given
promoter drug. Of greater interest would be to identify those
patients that are most likely to respond successfully to a given
promoter drug treatment. Thus, certain patients may require
treatment with a promoter drug that improves selectively the
uptake and accumulation of a mAb. Other patients may need
to be treated to achieve a selective increase of the tumor accu-
mulation of immune cells. Still other patients may have thresh-
old levels of a mAb and immune cells in tumor tissue, but may
profit most from a mAb with enhanced affinity for FcyR-positive
immune cells. To achieve this goal, predictive biomarkers must
be available for each situation. While it appears unrealistic that
such a goal will be achieved in the near future, this longer-term
opportunity should foster research aimed at identifying predic-
tive biomarkers for the different situations.

Last but not least, the possibility should also be considered to
combine approaches that work through different mechanisms of
action to verify whether additive or synergistic antitumor effects
can be achieved. Thus, it would be interesting to use an antibody
with enhanced affinity for FcyRs in combination with a promoter
drug that improves its tumor accumulation (Fig. 1D). One could
also use an antibody with enhanced affinity for FcyRs in combi-
nation with a promoter drug that enhances tumor accumulation
of immune cells. Given the current state of the art, some of these
possibilities are testable in preclinical and clinical studies.

In conclusion, antibody therapy of tumors appears to be suf-
ficiently mature to enter a new stage. So far, antitumor antibodies
have achieved encouraging, and in some cases even good thera-
peutic results. Yet, there is still much room for improvement in
enhancing potency, the accumulation of antibodies and immune
cells in tumor tissues, and the interaction between these two com-
ponents. In this review, we have indicated some routes that can be
pursued to achieve this goal.
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