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Monoclonal antibodies of the immunoglobulin G (IgG) isotype have 
become a well-established therapeutic tool for the targeting of 
malignant cells in tumor patients. Despite tremendous success in the 
treatment of lymphoma and breast cancer, it has also become clear 
that we may not be able to further improve antibody therapy of 
cancer by simply generating more tumor-specific antibodies with a 
higher affinity. Instead, the work of many groups in the past years 
suggests that optimizing the recruitment of effector functions 
provided by the adaptive and innate immune systems via engineering 
of the IgG constant domain may hold great promise to achieve 
enhanced therapeutic activities. A major goal in cancer therapy 
would be to initiate adaptive immune responses to the patient’s 
tumor that would result in long-term protection against recurrence. 
The use of immunostimulatory antibodies shows great promise in 
stimulating adaptive immune responses. Surprisingly, recent studies 
also implicate an important role for the antibody constant domain in 
the activity of these molecules in vivo, opening up new possibilities to 
further improve the activity of immunomodulatory antibodies by Fc 
engineering.
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Introduction
The occasion for this review is motivated by our desire to 

recognize and celebrate the enormous contributions of Lloyd 
Old to the advancement of immunotherapeutic approaches for 
the treatment of cancer. It is fair to say that Lloyd was more than 
a champion of this field; he was, in reality, its father, advocating 
an immunological approach to cancer treatment in an era when 
chemotherapeutic and surgical approaches were the dominant, 
and in many cases the sole, avenue for treatment. Lloyd 
recognized the immense capacity of the immune system to act as 
the ultimate effector mechanism for the elimination of 
unwanted cells, be they microbial or neoplastic, based on his 
pioneering early studies on transplantation. Lloyd was an 
advocate for the concept of “targeting inflammation,” harnessing 
the capacity of the immune system to elicit potent pro-
inflammatory and cytotoxic mediators, including the central 
mediator tumor necrosis factor (TNF), a molecule that he 
discovered based on its capacity to induce tumor necrosis. The 
challenge, as Lloyd saw it, was how to focus those pathways to a 
site of tumor implantation, thereby avoiding the systemic 
toxicity of uncontrolled inflammatory responses. Specificity was 
the key, and Lloyd appreciated the capacity of the adaptive 
immune response, through antibodies and T cells, to provide 
that function. His ideas were prescient, and the development of 
antibody- and T cell-mediated anti-tumor agents owes its 

existence to Lloyd’s ambitious goal. Lloyd’s fierce intellect and 
unrelenting commitment to the idea of immunotherapy of 
cancer inspired, cajoled, challenged, and engaged the many 
scientists who have contributed to make this field the new 
frontier of cancer biology. We dedicate this review to Lloyd’s 
memory, keenly aware of and profoundly saddened by the gap 
he has left in the field he created.

Looking back from our current perspective on the first 
successful use of mouse monoclonal antibodies in the therapy of 
lymphoma in humans 30 years ago, it is clear that we have 
gained significant insights into how tumor-specific antibodies 
can kill malignant cells in vivo and which molecular and cellular 
mechanisms are responsible for this potent cytotoxic activity (1, 
2). From the outset, the goal of passive tumor immunotherapy 
by antibodies was to develop approaches to further improve 
their therapeutic activity (1, 3, 4). One of the first obstacles that 
had to be overcome was the immunogenicity of the mouse 
antibodies in humans which led to the first wave of antibody 
engineering aimed at eliminating mouse sequences and creating 
versions that would be compatible with the human immune 
system. By exchanging the mouse IgG constant domain with 
human Fc sequences, a generation of chimerized antibodies was 
introduced into the clinic, which resulted in a lower level of 
immunogenicity and paved the way for the broad application of 
this class of molecules in human cancer therapy (5-7). 
Subsequent efforts humanized the variable regions, as well, 
resulting in antibodies that retained minimal mouse sequences. 
Today, the introduction of transgenic mice expressing human 
antibody genes, the use of phage display techniques, and the 
direct cloning of antibodies from human B cells have overcome 
many of the initial issues with immunogenicity (8-10).

A second focus of antibody engineering was to increase the 
affinity for the target antigen, which was essential for the 
generation of high-affinity antibodies for target antigens that 
induced only low-affinity antibody responses during 
immunization. It became clear early on, however, that not every 
high-affinity antibody would be suitable for tumor 
immunotherapy. In lymphoma therapy, for example, despite the 
availability of many antibodies specific for CD19 and CD20, so 
far only CD20-specific antibodies of various specificities have 
turned out to have a high capacity to kill tumor cells efficiently 
in vivo. To increase the intrinsic cytotoxic activity of antibodies, 
coupling to toxins or radionuclides was employed to directly 
introduce the effector molecules to tumor tissue and thereby 
minimize systemic toxicity that resulted from the use of these 
toxic molecules alone. The most recent attempts to enhance the 
in vivo function of cytotoxic antibodies build on the 
understanding of how antibodies such as anti-CD20 mediate 
their clinical efficacy in patients, through the capacity of the 
antibody constant domain to recruit the potent effector 
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functions of the innate immune system (2, 11). 
The role of Fc effector function in the therapeutic efficacy of 

anti-tumor antibodies will be the focus of this review. In 
addition, we will comment on several recent studies suggesting 
that the antibody constant region may also be of major 
importance for the activity of immunomodulatory antibodies 
crucial for the initiation of adaptive anti-tumor immune 
responses. 

Fc is key for IgG activity in vivo
As a general consideration, a tumor-specific antibody may kill 

a tumor cell by any or all of a variety of different pathways, 
involving both the variable domains and the constant region of 
the antibody. While previous in vitro data supported roles only 
for the variable region recognition function of the antibody in 
triggered tumor cell death, either by apoptosis or by depriving 
the cell of an essential growth factor, studies over the past decade 
have established the essential role of the constant region in the in 
vivo activity of an anti-tumor antibody (1, 2, 12, 13). These Fc-
dependent functions, in principle, could include the initiation of 
the lytic complement pathway by the classical pathway or the 
recruitment and activation of innate immune effector cells via 
crosslinking of Fc receptors (FcR) ubiquitously expressed on 
the surface of NK cells, monocytes, and macrophages. Although 
in vitro studies suggested that all of these pathways could be 
operative, the use of F(ab’) fragments of tumor-specific 
antibodies, antibodies modified in their Fc domain to abrogate 
either complement or FcR binding, and mouse strains deficient 
either in components of the complement pathway or individual 
FcRs clearly established a dominant role for FcR engagement 
in the in vivo activity of anti-tumor antibodies (14-20). In 
humans, there is evidence that complement activation may even 
reduce the NK cell-dependent cytotoxic activity of therapeutic 
antibodies such as rituximab (21-23). Consistent with this 
notion, response rates were increased and time to relapse was 
prolonged in rituximab-treated follicular lymphoma patients 
carrying a C1q allelic variant resulting in reduced levels of this 
complement component (24). In contrast, patients carrying 
allelic variants of the activating FcRIIA and IIIA, conferring a 
higher affinity binding to the therapeutic antibody, responded 
better to therapy with CD20-, EGFR-, or HER2/neu-specific 
anti-tumor antibodies (25-30). 

FcRs are a family of molecules consisting of three activating 
(FcRI, FcRIII, and FcRIV in mice; FcRIA, FcRIIA, and 
FcRIIIA in humans) and one inhibitory (FcRIIB) receptor 
(11,13, 31). On the majority of cell types one or more activating 
FcR is coexpressed with the inhibitory FcRIIB. By 
determining the affinity of the individual FcRs for the different 
IgG subclasses and by using mouse strains deficient in 
individual FcRs, it became clear that the varying in vivo
activities of the different IgG subclasses (with IgG2a being the 
most active followed by IgG2b and IgG1 in mice) correlated with 
the ratio of the affinities with which the individual IgG subclass 
bound to certain activating and inhibitory FcR (termed A/I 
ratio) (18, 31). Consistent with this notion, deletion of the 
inhibitory FcRIIB enhanced therapeutic IgG activity in a 
subclass-specific manner in mice in vivo (16, 18). Thus mouse 
IgG1 anti-tumor antibodies, which had a very low anti-tumor 
activity due to a high affinity for FcRIIB, gained a high cytolytic 
activity in mice deficient in the inhibitory FcR (18). The 
effector cells involved in the anti-tumor activity based on these 
results suggested that besides NK cells, which selectively express 
one activating (FcRIII in mice and FcRIIIA in humans) but 

not the inhibitory FcRIIB in mice and man, other innate 
immune effector cell populations, such as monocytes/
macrophages, are likely to contribute to IgG-mediated tumor 
cell killing in vivo.

Figure 1

Antibody engineering approaches to enhance cytotoxic and immunomodula-
tory therapeutic antibodies. Shown is the differential dependence of cytotoxic 
antibodies, such as rituximab (left panel) and immunomodulatory antibodies, 
such as anti-CD40 (right panel) on activating and inhibitory FcRs for their activ-
ity in vivo. Based on this model, antibody engineering approaches to enhance 
cytotoxic antibody function should focus on increased binding to activating 
FcRs, whereas the activity of immunomodulatory antibodies may be optimized 
by a selective binding to the inhibitory FcRIIB.

Indeed, a recent study identified the subset of resident or 
nonclassical monocytes as major mediators for antibody-
mediated killing of B cells in vivo (15). In mice and humans, this 
monocyte population expresses the broadest set of FcRs, 
including all members of the canonical mouse FcR family and 
human FcRIA, FcRIIA, FcRIIB, and FcRIIIA, respectively. 
Nonetheless, a recent study by Veeramani and colleagues 
demonstrated that NK cells become activated in lymphoma 
patients following rituximab infusion (32). Moreover, a study of 
Weng and Levy in follicular lymphoma patients carrying either 
the functionally intact FcRIIB-232I allele or the defect 
FcRIIB-232T allele did not show enhanced therapeutic activity 
of rituximab in the latter patient subgroup (30). However, in this 
study only two patients had the FcRIIB-232T allele, making it 
hard to draw definitive conclusions. This study, however, 
together with many other studies in human lymphoma, 
colorectal cancer, and breast cancer patient cohorts, suggest that 
FcRIIIA (and FcRIIA) may be crucial for human IgG activity 
in vivo. These findings provide the basis for the concept that 
enhancing the interaction of the IgG constant domain, 
especially with low-affinity cellular FcRIIA and FcRIIIA, may 
translate into enhanced therapeutic activity (Figure 1). Indeed 
many pharmaceutical companies have generated Fc-engineered 
antibodies with enhanced binding to activating FcRs, which are 
currently in various phases of clinical trials (1, 12). 
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Optimizing anti-tumor activity via engineering 
the Fc protein backbone

As indicated, most of the efforts [with the notable exception of 
ofatumumab, a CD20-specific antibody optimized for 
complement activation (33, 34)] to improve therapeutic IgG 
activity focus on enhancement of binding to activating FcRs (1, 
3). Several strategies have been employed to identify IgG 
variants with enhanced FcR binding. Initially, Shields and 
colleagues have used an alanine scanning approach to identify 
an IgG1 triple mutant (S298A/E333A/L334A) with enhanced 
FcRIIIA binding and antibody-dependent cell-mediated 
cytotoxicity (ADCC) activity (35). By using an in silico
approach, Lazar and colleagues identified several additional 
IgG1 variants with strongly enhanced binding to FcRIIIA (12). 
Among those, the S239D/I332E and S239D/I332E/A330L 
mutations showed the greatest increase in affinity for FcRIIIA 
and a decrease in FcRIIB binding. In contrast to the double 
mutation, the triple variant lost the capacity to activate the 
complement pathway, creating a useful tool to study the 
contribution of the complement pathway for IgG activity in vivo. 
Introduction of these mutations into antibodies such as 
alemtuzumab (CD52-specific), trastuzumab (HER2/neu-
specific), rituximab (CD20-specific), and cetuximab (EGFR-
specific) translated into greatly enhanced ADCC activity in 
vitro. Importantly, the S239D/I332E variant showed an 
enhanced capacity to deplete B cells in monkeys, providing 
convincing evidence that this approach might translate into 
enhanced therapeutic activity in humans (12).

By introducing an even greater set of mutations (L235V, 
F243L, R292P, Y300L, and P396L), Stavenhagen, and later 
Nordstrom and colleagues, were also able to generate IgG1 
mutants with enhanced binding to FcRIIIA that also translated 
into enhanced ADCC activity in transgenic mice expressing 
human FcRIIIA in models of B cell malignancies and breast 
cancer (36, 37). Interestingly, even CD19-specific antibodies 
usually having a much lower cytolytic activity than CD20-
specific antibodies in vivo could be turned into therapeutically 
active antibodies if they were Fc engineered to have increased 
affinity for activating FcRs, suggesting that Fc engineering 
might enable the repertoire of therapeutic targets on tumor cells 
to be broadened (38, 39).

In addition to enhancing the binding to activating FcRs, 
prolonging the in vivo half-life of antibodies was shown to 
translate into greater anti-tumor activity. IgG half-life is 
dependent on the neonatal Fc receptor FcRn, a member of the 
MHC class I superfamily, which is expressed on many cell types 
including endothelial cells and macrophages (40, 41). In 
contrast to the interaction of IgG with classical FcRs, FcRn 
binds to the CH2/CH3 domain of IgG at an acidic pH ensuring 
that endocytosed IgG will not be destroyed in lysosomal 
compartments but shuttled back to the cell surface where it is 
released into the blood. Thus, increasing the affinity of IgG for 
FcRn should result in a longer half-life and therefore a greater 
likelihood to initiate anti-tumor responses. Indeed, Fc-
engineered variants (M428L/N434S) of the VEGF-specific 
antibody bevacizumab and the EGFR-specific antibody 
cetuximab demonstrated enhanced half-life in monkeys and 
translated into better anti-tumor responses in mice (42). 

Finally, the essential role of the IgG Fc-linked glycan in the 
binding interaction between the Fc and cellular FcRs has 
limited production of therapeutic antibodies to mammalian cell 
lines to obtain proper glycosylation. Bacterial cell expression, by 
virtue of their lack of glycosylation, and yeast or insect cell 
production systems, which differ substantially in the complex 

sugar structures added to recombinantly expressed proteins, 
such as antibodies, are limited in their usefulness. Attempts to 
address these concerns have focused either on generating IgG Fc 
variants that retain FcR binding in the absence of Fc 
glycosylation or developing modified bacterial or yeast strains 
that are engineered to mimic human glycosylation patterns (43, 
44).

Optimizing anti-tumor antibody activity via Fc 
glycoengineering

In addition to generating ADCC-enhanced therapeutic 
antibodies via introduction of amino acid modifications in the 
IgG backbone, engineering of the glycan moiety attached to each 
Fc fragment at the asparagine 297 (N297) residue provides the 
opportunity to modify the interaction of antibodies with FcRs. 
While the essential role of this glycan domain for an intact IgG 
structure and its binding to FcRs has been known for some 
time, it became evident only recently that certain sugars in this 
glycan moiety can dramatically alter IgG activity (45, 46). If 
terminal sialic acid residues are present at high levels, for 
example, IgG molecules have a reduced affinity for classical 
FcRs and gain affinity for non-canonical glycosylation-
dependent Fc receptors such as DC-SIGN (47-53). As these IgG 
variants additionally have an active anti-inflammatory activity, 
this may result in a reduction of therapeutic activity of tumor-
specific antibodies and must be avoided. Other sugar moieties 
have also been shown to modify FcR binding interactions. The 
absence of branching fucose residues strongly enhances the 
interaction of IgG with activating FcRIIIA, and consequently, 
ADCC. Recent evidence suggests that sugar moieties of both 
FcRIIIA and the IgG Fc are involved in this high-affinity 
interaction (54, 55). There is convincing evidence that 
afucosylated tumor-specific antibodies translate into enhanced 
therapeutic activity in mouse models in vivo (18, 56). At present, 
several afucosylated next generation anti-tumor antibodies 
targeting antigens such as CD20 and CD19 in chronic 
lymphocytic leukemia, non-Hodgkin lymphoma, and other B 
cell malignancies, CD30 in Hodgkin lymphoma, EGFR in 
colorectal cancer, CCR4 in T cell leukemia, and the ganglioside 
GM2 in multiple myeloma are in different stages of clinical 
testing (1, 3, 57).

Bispecific antibodies to recruit effector cell 
populations

An alternative approach to use the specificity of antibodies to 
direct effector cell populations to tumor cells and specifically 
trigger effector molecules of choice is to generate bispecific 
antibodies (58). In these constructs, one arm of the molecule 
recognizes an antigen on the tumor cell (CD19, CD30, HER2/
neu), and the other arm a target structure on the effector cell. To 
achieve a higher avidity, bi-, tri-, or multivalent formats of these 
molecules have been generated. Using this strategy, it is possible 
to replace the low-affinity innate immune cell-recruiting 
function of the Fc fragment with an antibody variable region 
recognizing FcRIIIA, for example (59-62). Whereas bispecific 
antibodies including FcRIIIA-specific arms are only in early 
phases of preclinical and clinical testing, antibody formats using 
CD3-specific arms to recruit T cells have shown great success in 
clinical phase I and phase II trials (63). This so-called BiTE 
(bispecific T cell engager) format was used in non-Hodgkin 
lymphoma as a CD19 x CD3 fusion (blinatumomab) and a 
similar format used to treat ascites due to cancer growth in the 
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peritoneal cavity as an EpCAM x CD3 fusion (catumaxomab) 
(64, 65). Given the success of this strategy, we will surely see 
more variants of the BiTE molecules in the near future.

Enhancement of immunomodulatory 
antibodies via Fc engineering

Although passive antibody therapy has demonstrated 
significant efficacy in the treatment of cancer, it clearly also has 
its limitations. Patients can become refractory to antibody 
therapy due to selection of tumor variants that have lost the 
target antigen or through the loss of the effector response. 
Ideally, a therapeutic approach that resulted in the induction of 
an adaptive immune response to the tumor, with the 
development of immunological memory against the tumor, is 
the long-term goal of tumor immunotherapy.

One such approach is to deliver tumor antigens to dendritic 
cells in vivo with the resulting antigen presentation and 
stimulation of cognate effector T cells. Among the approaches to 
accomplish this, for example, the tumor antigen can be coupled 
genetically to antibodies specific for cell surface receptors on 
dendritic cells (DCs) such as DEC-205 (66-68). As DCs need to 
be matured to initiate a productive immune response through 
the induction of costimulatory molecules, it is essential to 
coadminister antibodies crosslinking molecules such as CD40 
on DCs. Interestingly, recent evidence suggests that the activity 
of these non-depleting immunomodulatory antibodies is also 
dependent on the IgG Fc fragment in vivo (69-72). In contrast to 
the essential role of activating FcRs for cytotoxic antibodies, the 
inhibitory FcRIIB seemed to be crucial for immunomodulatory 
IgG activity in vivo (69, 70). Thus, the proliferation of antigen-
specific T cells induced by injection of different CD40-specific 
antibodies was abrogated in FcRIIB-deficient mice. Of note, 
this effect may be independent of the induction of signaling 
pathways initiated by crosslinking of FcRIIB, as signaling-
deficient FcRIIB variants were sufficient for these effects in 
vitro (70). One may speculate that FcRIIB may provide a 
scaffold in vivo that is required to efficiently crosslink CD40 on 
DCs. In principle, this scaffold could be provided in cis (by 
FcRIIB expressed on DCs) or in trans (by other cells including 
B cells, monocytes, macrophages, and neutrophils). Indeed, 
some studies have suggested that FcRIIB on B cells may be 
involved in this process, but further studies will be required to 
understand this novel pathway in vivo in greater detail (70, 71). 

Similar results were suggested for other members of the TNF 
receptor superfamily, such as CD95, where agonistic antibodies 
required the presence of FcRIIB to induce liver inflammation 
and initiate apoptosis in murine lymphoma cells (71, 72). In 
general, this unexpected requirement of FcRIIB opens up new 
possibilities for the enhancement of immunomodulatory IgG 
activity (Figure 1). Thus, IgG variants (such as the S267E and 
L328F mutants) have been identified that selectively enhance 
the binding to the inhibitory FcR (73). Introduction of these 
mutations into the IgG backbone would be expected to further 
improve their activity and potentially make them safer, as 
unwanted co-crosslinking of activating FcRs may result in the 
additional release of proinflammatory cytokines, which could 
be the reason for some of the side effects of this type of antibody 
therapy.

Conclusion
Taken together, research over the last decade has resulted in 

the identification of novel ADCC-enhanced Fc fragments, 

which have been incorporated into anti-tumor antibodies such 
as rituximab. These Fc-modified antibodies are currently in 
various phases of clinical studies and will provide important 
insights into the development of the next generation of antibody 
therapeutics. Fc engineering has revealed that novel therapeutic 
targets, such as CD19 in lymphoma, may become available if the 
interaction of the IgG Fc fragment with cellular FcRs is 
enhanced (Figure 1). 

Moreover, basic studies into the underlying mechanisms 
behind the activity of anti-tumor therapeutics, be they cytotoxic 
or immunomodulatory, has revealed how Fc engineering may 
enable us to increase therapeutic IgG activity. Thus, recent 
studies suggest that FcRIIB on B cells induces internalization of 
CD20 bound by CD20-specific antibodies, resulting in reduced 
cell surface expression of the target antigen (74, 75). By 
generating IgG variants with reduced FcRIIB binding, one may 
be able to circumvent this problem and additionally increase the 
activation of innate immune effector cells involved in anti-
tumor ADCC reactions. The finding that immunomodulatory 
antibodies are dependent on the inhibitory FcRIIB will enable 
us to use this class of antibodies in a hopefully much safer way 
and bring us one step closer to the induction of adaptive anti-
tumor immune responses. Novel antibody formats including 
bispecific or multispecific molecules will similarly benefit from 
engineering approaches that result in enhanced in vivo potency 
derived from a basic understanding of the underlying pathways 
by which IgG antibodies, through their Fc domain, mediate 
their biological properties.
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BiTE, bispecific T cell engager; ADCC, antibody-dependent 
cell-mediated cytotoxicity
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