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Abstract
Monoclonal antibodies (mAbs) have become an important addition to chemo- and/or 
radiotherapy for the treatment of cancer. They have multiple effector functions that 
can lead to eradication of tumor, including induction of apoptosis, growth inhibition, 
and initiation of complement-dependent lysis. Furthermore, mAbs can recruit immune 
effector cells. Traditionally, natural killer cells have been considered as the main 
effector cell population in mAb-mediated tumor killing. Myeloid cells have potent 
cytotoxic ability, as well. Monocytes and macrophages have been shown to induce 
antibody-dependent cytotoxicity and phagocytosis of tumor cells in the presence of 
IgG anti-tumor mAb. Furthermore, neutrophils are the most abundant population 
of circulating white blood cells, and as such may constitute a formidable source of 
effector cells. However, when targeting neutrophils for tumor therapy, antibodies of 
the IgA subclass may be more effective. This article focuses on enlisting myeloid 
effector cells for mAb-based immunotherapy of cancer. Additionally, methods to 
study mAb-dependent phagocytosis of tumor cells by macrophages are compared. 
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1. Introduction
Monoclonal antibodies (mAb) are increasingly used as therapeutic agents in 
autoimmune diseases, chronic inflammation and cancer. They can be used to deliver 
therapeutic drugs (including toxins or chemokines/cytokines) or as diagnostic 
tool (e.g. radioisotopes)1,2. However, mAbs additionally induce multiple cytotoxic 
effects. For instance, they can directly inhibit tumor growth by apoptosis induction, 
neutralizing growth stimulatory molecules like vascular endothelial growth factor 
(VEGF) or by blocking specific growth factor receptors (such as epithelial growth 
factor receptor; EGFR) (Figure 1A). It has been shown that direct effects can play a 
prominent role in clinical successes of mAb therapy. Anti-EGFR mAbs are for example 
used to treat patients with head and neck cancer or colorectal cancer, but are only 
effective in patients that express wild type KRAS, whereas mutations in the EGFR 
signalling pathway seriously interfere with therapeutic success3. 
Tumor-targeting mAbs can furthermore induce indirect cytotoxicity by activating 
components of the immune system. Most clinically used mAbs are of the IgG subclass, 
which have the potential to bind C1q (Figure 1B). 

FIGURE 1. Schematic and simplified model of mAb-induced effector mechanisms.
(A) Direct effects induced by mAbs include blocking of growth factor receptors, or induction of apoptosis. 
(B) mAbs can initiate complement-dependent cytotoxicity (CDC) after binding of C1q to its Fc domain, which 
will initiate the classical complement pathway. (C) Opsonization of tumor cells with mAbs results in killing by 
immune effectors cells via different mechanisms. Of note: it is not clear yet via which mechanisms neutrophils 
kill tumor cells, but they likely differ from NK cell-induced classical antibody-dependent cellular cytotoxiciy 
(ADCC).
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This will activate the complement cascade through the classical pathway, thereby 
opsonizing targets by deposition of C3b, which can lead to tumor lysis through the 
lytic pathway (complement-dependent cytotoxicity; CDC). The role of CDC in patients 
is not yet completely clear. It has however been shown that polymorphisms in the 
C1QA gene correlated with clinical responses in patients with follicular lymphoma 
after rituximab treatment, supporting the importance of CDC4. Both direct effects of 
mAbs and CDC have recently been reviewed elsewhere1,2,5.
The Fc domain of IgG mAbs interacts with IgG Fc receptors (Fcγ receptors) (Figure 
1C). As such, mAbs form a bridge between tumor cells and Fcγ receptor-expressing 
immune effector cells, which can lead to tumor cell death that is generally referred to 
as antibody dependent cellular cytotoxicity (ADCC). Four IgG subclasses have been 
defined in humans (IgG1, IgG2, IgG3, IgG4). Additionally, the human IgG receptor 
family includes several members (FcγRI, FcγRIIa, FcγRIIb, FcγRIIIa, FcγRIIIb), 
which can be activating or inhibitory and which differ in their affinities for the IgG 
subclasses (Table 1). Characteristics of human and mouse Fc receptors have recently 
been extensively reviewed elsewhere6-8. It has been demonstrated that Fcg receptor-
mediated mechanisms are involved in therapeutic efficacy in vivo for most mAbs. 
For instance, anti-gp75 mAb therapy did not prevent melanoma development in FcR 
γ-chain deficient mice that lack the activating FcγRI, FcγRIII and FcγRIV9. Moreover, 
mAb therapeutic efficacy was absent in mice lacking FcγRI, or after blocking FcγRIV 
(or both), whereas murine FcγRIII was not involved10-12. By contract, anti-tumor mAbs 
were more effective in preventing tumor development in mice that were deficient for 
the inhibitory receptor FcγRII13. Fc receptor polymorphisms that affect affinity for IgG 
(FcγRIIa-131H/R and FcγRIIIa-158V/F) have been associated with clinical success of 
rituximab (anti-CD20), cetuximab (anti-EGFR) or trastuzumab (anti-HER-2; human 
epidermal growth factor receptor 2) therapy in lymphoma, colorectal or breast cancer, 
respectively14-16, demonstrating that Fcg receptor-mediated effector functions play an 
important role in cancer patients. It is not completely understood which Fcγ receptor-
bearing cells provide cytotoxic activity in vivo. Traditionally, natural killer (NK) cells 
have been considered as main effector cells for ADCC17. NK cells are very effective 
killers of virus infected cells and tumor cells that lack MHC-I (Major Histocompatibility 
Complex-I)18. Furthermore, NK cells express FcγRIIIa, and the association between 
Fc receptor alleles (FcγRIIIa- V158allotype versus FcγRIIIa- F158 allotype), and 
clinical success of mAb therapy has been attributed to NK cells19. However, other cell 
populations can act as potential effector cells for mAb-mediated tumor regression, 
including the myeloid effector cells monocytes/macrophages and neutrophils, which 
will be the focus of this manuscript. 

2. Macrophages as effector cells in mAb therapy of 
cancer.
Macrophages are derived from circulating monocytes, and are potent regulators of 
the immune system in tissues during infections and wound healing20,21. Furthermore, 
it has been demonstrated that many tumors contain a considerable macrophage 
population, which are referred to as tumor-associated macrophages (TAMs). 
Macrophage presence has been correlated with tumor development. For instance, 
when invasive breast carcinomas were stained for CD68 (macrophage marker), an 
association between macrophage infiltration and poor prognosis of patients was 
observed22. By contrast, patients with colorectal cancer had a better prognosis when 
colon carcinomas were densely infiltrated with macrophages23,24. Thus, depending on 
the type of malignancy high macrophage numbers in the tumor is associated with 
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either good or bad prognosis of patients22,25. It was furthermore recently demonstrated 
that TAMs, which were isolated from mouse breast carcinomas promoted tumor 
cell invasion in in vitro 3D assays, and as such have a tumor promoting function26. 
Nonetheless, these TAMs expressed Fcγ receptors and were capable of phagocytosing 
breast carcinoma cells in the presence of anti-CD142 mAbs. Furthermore, when 
macrophages were depleted with clodronate liposomes in mice, efficacy of anti-
CD142 mAb therapy to prevent breast carcinoma outgrowth and metastases was 
reduced, indicating an important contribution of macrophages in mAb-dependent 
killing of tumor cells. TAMs may therefore represent promising candidates to target 
in anti-tumor mAb immunotherapy. 
Several studies supported the role of macrophages as effector cells in mAb therapy of 
cancer12,27-32. Human macrophages express the activating receptors FcγRI, FcγRIIa and 
FcγRIIIa as well as the inhibitory FcγRIIb5-7. Similarly, the activating receptors FcγRI, 
III and IV, and the inhibitory receptor FcγRII are expressed on mouse macrophages. It 
was previously demonstrated that efficacy of anti-tumor mAb therapy was increased 
in mice that were deficient in FcγRII13, which can not be attributed to NK cell-mediated 
ADCC, as these cells do not express FcγRII. Instead, monocytes and macrophages, 
which express activating Fc receptors as well as FcγRII, were likely involved as most 
prominent effector cell populations in mAb-mediated tumor elimination in vivo. We 
furthermore previously showed that liver metastases outgrowth after challenge with 
the gp75-expressing mouse melanoma cell line B16F10 was prevented by anti-gp75 
(TA99) mAb treatment via a complement-independent manner12. However, mAb 
therapy was ineffective in FcR γ-chain knock out mice that lack all activating Fc 
receptors. By contrast, TA99 mAb treatment was successful in FcγRI-/-, FcγRIII-/-, 
double FcγRI-/-/III-/-, and triple FcγRI-/-/II-/-/III-/- mice, or after blocking of FcγRIV. 
Only when FcγRI and FcγRIV were simultaneously inhibited, TA99 mAb treatment 
did not inhibit development of liver metastases, suggesting an overlap in function for 
these receptors. As such, a prominent role for the mononuclear phagocyte network 
(monocytes and macrophages) in tumor elimination is indicated, as monocytes and 
macrophages are the only cells in mice expressing both FcγRI and FcγRIV5-7.  
Additionally, macrophage depletion decreased survival of SCID mice that had been 
engrafted with a Hodgkin-derived cell line, and which were treated with anti-CD30 
mAbs. Removal of NK cells did not significantly influence therapeutic efficacy32. In a 
xenograft model of non-Hodgkin lymphoma, anti-CD40 mAb therapy was ineffective 
when macrophages were depleted31. Elimination of either NK cells or neutrophils 

TABLE 1. Interactions of Fcγ receptors with different IgG isotypes (reviewed in6,7).
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did not affect therapeutic efficacy. Moreover, mutant anti-CD40 mAbs that lacked 
the ability to bind to Fc receptors were ineffective in protecting against tumor 
development. 
The importance of monocytes and/or macrophages in anti-CD20 mAb–mediated 
tumor elimination in mice was demonstrated, as well. Depletion of B cells by anti-
murine CD20 mAbs was strictly dependent on the mononuclear phagocyte network, 
and required expression of activating Fcγ receptors33. Depletion of macrophages 
by clodronate furthermore abrogated the ability of rituximab to eradicate B cells 
in a human CD20 transgenic mouse model34. When mice were challenged with 
syngeneic B cell lymphoma cells, treatment with anti-murine CD20 mAbs did not 
prevent tumor development in mice lacking activating Fcγ receptors30. Moreover, 
when mice were injected with lymphoma cells after depletion of macrophages by 
clodronate liposomes, comparable poor survival rates were observed after either 
anti-CD20 mAb or control isotype mAb treatment. By contrast, mice receiving anti-
CD20 mAb without clodronate liposomes (thus macrophages were present) survived 
a challenge with tumor cells. Mutant anti-CD20 mAbs that did not interact with C1q 
were still effective, indicating that survival of lymphoma-bearing mice after mAb 
therapy was not dependent on complement activation, but on tumor cell elimination 
by macrophages via Fcγ receptor-mediated processes. It was recently demonstrated 
that an IL-10–producing B cell subset (B10 cells) reduced efficacy of anti-CD20 mAb 
therapy of lymphoma-bearing mice through inhibition of monocyte/macrophage 
activation, which was overcome by treatment with a toll like receptor (TLR)3 agonist29. 
Since clinical responses to rituximab therapy correlate with polymorphisms in human 
FcγRIIa, which is expressed on myeloid effector cells, but not on NK cells, a role 
for macrophages in B cell lymphoma depletion after anti-CD20 mAb treatment of 
patients is supported14. 

2.1. Mechanisms of tumor cell killing by the mononuclear phagocyte network. 
Thus, monocytes and macrophages likely play an important role in mAb-mediated 
tumor clearance in an Fcγ receptor dependent way, but the mechanism(s) of killing 
has not yet been completely elucidated. The mechanism most often described as 
effector mechanism induced by mAbs is ADCC18,35-38, which involves degranulation 
of the effector cell thereby lysing target cells. ADCC is primarily attributed to NK 
cells, but it has been suggested that monocytes and macrophages can also mediate 
ADCC37,39. Additionally, macrophages can phagocytose tumor cells in the presence 
of mAbs, which is referred to as antibody-dependent phagocytosis (ADCP). Of note, 
ADCC and ADCP have been used interchangeable to describe antibody-mediated 
killing of tumor cells by macrophages in some manuscripts in the past. Because ADCC 
is addressed by Matthias Peipp et al. in this issue of Methods, we will focus on ADCP 
in the next paragraphs.  

2.1.1. Antibody-dependent phagocytosis.
The name macrophage is derived from the Greek words makros (large) and phagein 
(eat). As such, one of their main functions is to phagocytose and digest cellular debris 
and pathogens. Although macrophages can engulf these particles in a nonspecific 
fashion via pattern recognition receptors (PRRs), such as TLR and C-type lectins, 
uptake is much more efficient after opsonization with antibodies (and/or complement 
factors), as macrophages express complement and Fc receptors. Most mAbs that 
have been used to study enhanced phagocytosis of tumor cells were of the IgG 
subclass. Enhanced in vitro ADCP with human effector cells has been described for 
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the tumor-associated antigens carcinoembryonic antigen (CEA), HER-2, epithelial 
cell adhesion molecule (Ep-CAM), human epithelial mucin (MUC)-1, CD20, CD30 
and CD4031,32,36,40-45. Because IgG can also bind to the inhibitory FcgRIIb receptor 
on macrophages, it was furthermore investigated whether targeting of specific Fc 
receptors with bispecific antibodies (BsAb) improved ADCP. A BsAb recognizing the 
high affinity FcγRI on human macrophages and CD30 on lymphoma cells was able 
to effectively induce ADCP46. A BsAb targeting the IgA Fc receptor FcαRI instead 
of FcγRI was equally effective. BsAb targeting FcγRI and HER-2 or BsAb targeting 
FcαRI and HER-2 were furthermore able to induce phagocytosis of human HER-2-
overexpressing breast carcinoma cells by macrophages45,47. Similarly, IgA anti-Ep-
CAM was able to induce ADCP, but proved far less effective compared to an IgG anti-
Ep-CAM counterpart42. 
We previously demonstrated that ADCP by liver macrophages (Kupffer cells) 
contributed to the in vivo elimination of circulating tumor cells in a rat model48. 
However, when rats were treated with high doses mAbs, monocytes were recruited 
as effector cells as well, in which case ADCC likely contributed to therapeutic efficacy. 
When macrophages were depleted with clodronate liposomes, mAb therapy was 
unsuccessful in preventing liver metastases development, strongly supporting the 
involvement of the mononuclear phagocytic network of the liver. Phagocytosis of T 
lymphoma cells by Kupffer cells after treatment with an anti-fibronectin receptor mAb 
was reported as well, which was in part responsible for prolonged survival of mice49. 

2.1.2. Enhancement of ADCP by macrophages.
Several different strategies have been employed to increase the ability of macrophages 
to mediate ADCP. It was demonstrated that cytokines regulate Fcγ receptor expression, 
which correlated with mAb-mediated uptake50. For instance, human monocyte-derived 
macrophages that were grown in the presence of interferon-γ were more efficient in 
inducing ADCP in the presence of FcγRI BsAb, whereas granulocyte macrophage-
colony stimulating factor (GM-CSF)-stimulated macrophages had increased uptake 
of tumor cells in the presence of FcαRI BsAb51. Recently, it was shown that human 
macrophages, which were differentiated in the presence of macrophage-colony 
stimulating factor (M-CSF), phagocytosed more lymphoma cells in the presence of 
rituximab, compared to macrophages that had been induced with GM-CSF52. 
Alternatively, engineered mAbs with mutations in their Fc tails have been 
described, which influence binding to Fcγ receptors. For instance, anti-Ep-CAM 
mAbs were described with engineered Fc that increased the affinity for FcγRIIa up 
to seventy-fold, which augmented ADCP of LS180 adenocarcinoma cells by human 
macrophages53. Similarly, engineered anti-CD19, anti-CD40 or anti-HM1.24 mAbs 
have been documented that increased phagocytosis of B-lymphoma, leukemia, and 
multiple myeloma cell lines54-56. A mutated variant of trastuzumab, in which the Fc 
was aglycosylated resulted in a seventy-five percent enhancement of ADCP of tumor 
cells with low- to medium expression levels of HER-257. 
It was demonstrated that tumor cells, which express CD47 are more resistant to 
antibody-induced killing in mice58. CD47 interacts with the inhibitory receptor signal 
regulatory protein-α (SIRPα; CD172a) that is expressed on myeloid cells, such as 
macrophages, dendritic cells (DCs) and granulocytes59. Blocking CD47 with mAbs 
enabled phagocytosis of tumor cells by both human and mouse macrophages60,61. 
Furthermore, addition of blocking anti-CD47 mAbs in combination with rituximab 
increased ADCP of non-Hodgkin lymphoma cells by macrophages when compared to 
addition of rituximab alone62. Co-treatment with anti-CD47 antibody and rituximab of 
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mice that had been engrafted with human non-Hodgkin lymphoma cells eliminated 
lymphoma cells and led to cure, which was dependent on macrophages63. Similarly, 
TA99 mAb therapy was more effective in preventing melanoma lung metastases in 
mice with a mutant SIRPα, which lack the intracellular tail (and thus the inhibitory 
signal)58. Thus, anti-tumor mAb therapy is more effective when additionally, the 
CD47-SIRPα pathway is blocked. 

3. Methods to detect phagocytosis. 
Techniques that are frequently used to analyze (mAb-mediated) tumor cell killing 
in vitro are radioactive chromium or fluorescence release assays13,41,58,61,64,65. To this 
end, target cells are labeled with either radioactive chromium (51Cr) or a fluorescent 
probe. Subsequently, labeled target cells are incubated for a period of time with 
effector cells (e.g. NK cells, cytotoxic T cells, monocytes or neutrophils) with or 
without mAbs, after which supernatants are collected and analyzed for the presence 
of 51Cr or fluorescence, which is a measure of the amount of cell death. These assays 
are however not suitable to study ADCP, as phagocytosis of complete tumor cells 
by macrophages will not result in release of 51Cr or fluorescence probes into the 
supernatant. Several other techniques can be employed to analyze this process, 
including flow cytometry and different types of microscopy5. In the next paragraphs 
we describe the advantages and disadvantages of current techniques to study ADCP. 

3.1 Experimental setup
Overall protocols to perform phagocytosis experiments are similar, with slight 
variations26,29,31,36,41,61,64,65. First, macrophages need to be obtained. Although primary 
macrophages can be isolated from peritoneal cavities or though lung lavages29, most 
protocols include the culture of macrophages from either peripheral blood monocytes 
(human) or bone marrow (mouse and rats). Culture schemes usually include the 
addition of recombinant M-CSF or conditioned medium from M-CSF secreting 
cells for 6-8 days. Alternatively, GM-CSF or IFN-γ has been added to macrophage 
cultures36,41,52,64.
Second, both macrophages and tumor cells are labeled with fluorescent probes. This 
can vary from transient or stable expression with green or red fluorescent proteins 
(GFP or RFP), staining with membrane dyes, such as DiI (red), DiO (green), DiB 
(blue) or PKH26 (red) and PKH67 (green), or intracellular staining with CFSE or CFDA 
SE (green). Alternatively, cell specific markers have been used for detection (e.g. 
conjugated anti-CD14 mAbs to detect human macrophages, F4/80 mAbs to stain 
mouse macrophages, or mAbs specific for tumor-associated antigens to detect tumor 
cells). 
Third, macrophages and target cells are co-cultured for different time periods, which 
can range from 30 minutes to several days. Additionally, different effector to target 
(E:T) ratios have been described that typically vary from 1 effector cell to 1 target 
cell (E:T=1:1) up to an E:T of 15:1. Different concentrations of anti-tumor mAbs are 
added during the incubation period, although pre-opsonization of tumor cells for 30 
minutes-1 hour has been described as well.

3.2 Flow cytometry
One of the methods that is mostly used to determine ADCP is flow cytometry. 
Fluorescence based cell sorting (FACS) allows the measurement of individual cells in 
a flow system that delivers single cells past a point of detection, after which scattered 
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light and fluorescence of different wavelengths are quantified. The great strength of 
this technique is the ability to record characteristics of large numbers of single cells in 
a short time period. The possibilities of this technique have recently been extensively 
addressed in a special edition of Methods66. 
After labeling of macrophages with one fluorescent dye, and tumor cells with another, 
three different populations can be distinguished with flow cytometry, which represent 
1) macrophages, 2) tumor cells and 3) double positive cells that are assumed to be 
macrophages that have bound or taken up (parts of) tumor cells (Figure 2). One 
advantage of flow cytometry is that this method has a fast quantitative readout. 
Directly after harvesting, cells can be analyzed, allowing rapid screening of different 
culture conditions, such as incubation times, different mAb concentrations, or 
addition of supplementary factors that can promote or inhibit ADCP. However, it is not 
possible to make a distinction between tumor cells that are bound to macrophages, 
versus tumor cells that have been phagocytosed, as both will be detected as double-
positive cells. Additionally, it is difficult to distinguish between macrophages that 
have phagocytosed one or multiple tumor cells or only part of a tumor cell. (Confocal) 
microscopy can be used to investigate the latter, but quantification with this technique 
is labor intensive. 
A relatively recent development is the use of imaging flow cytometers, which combine 
capabilities of microscopy and flow cytometry in a single platform. 
The ImageStream® system can acquire multiple images of single cells in flow that 
comprise of a side-scatter (darkfield) and transmitted light (bright field) images 
and multiple fluorescence images (https://www.amnis.com/imagestream.html). 
This allows generation of scatter plots and histograms comparable to standard flow 
cytometry, but images also provide additional information like cell size and shape, 
heterogeneity of probe distribution, intracellular or membrane-bound location of 
fluorescent dyes, and co-localization of different fluorescent probes. One of the 

FIGURE 2. ADCP measured with standard flow cytometry.
(A) Gating of different cell populations. DiI-labeled macrophages are depicted on the X-axis, whereas DiO-
labeled Daudi lymphoma cells are shown on the Y-axis. Macrophages and tumor cells have been incubated 
with anti-CD20 mAb ofatumumab (left panels) or isotype control mAbs (right panels) with an E:T ratio of 
15:1 (upper panels) or 5:1 (lower panels). (B) Quantification of remaining Daudi cells, macrophages and 
double positive macrophages that have bound or phagocytosed tumor cells as well as macrophages that were 
involved in trogocytosis. Data represents triplicates.

A B
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major advantages of this technique is that quantification of ADCP, including means, 
medians, standard deviation and statistics can be performed. In addition, cell images 
can be visually analyzed by generating masks with defined visual criteria, resulting 
in identification and quantification of tumor cell uptake, starting with cell-to-cell 
contact, and progressing into complete phagocytosis and degradation (Figure 3). 
Furthermore, it is possible to quantify the number of tumor cells that have been 
taken up. Analyses of data obtained by imaging flow cytometry is however quite 
laborious when compared to standard flow cytometry. Furthermore, as with standard 
flow cytometry, data will always represent snapshots of the process of phagocytosis 
and degradation, even when time courses are executed.  
3.3 Imaging

FIGURE 3. ADCP measured with imaging flow cytometry (ImageStream).
The experiment was performed as described in the supplementary Materials and Methods. Macrophages were 
incubated with Daudi lymphoma cells in the presence of ofatumumab for 1 hour, after which samples were 
analyzed on the ImageStream (AMNIS) and supplied software (IDEAS). (A) Highly double positive cells (DiO-
labeled tumor cells on Y axis and F4/80+ macrophages on X-axis) were gated (upper graph). This population 
was subsequently analyzed in depth by generating masks on the cells, as shown in the lower bi-variate plot. 
On the X-axis the area of the tumor cell minus the area of the macrophage is depicted, which indicates 
that the score is negative (-) when a tumor cell is smaller than a macrophage. On the Y-axis phagocytosis 
is shown. When the fluorescence signal of a tumor cell is inside the mask of the fluorescence signal of a 
macrophage a positive (+) score is obtained. When no tumor cell uptake is observed, cells are assigned a 
negative score. Different gates are shown to illustrate the different populations that can be distinguished 
in the highly double positive cells. Gate 1 has a high phagocytosis score and a negative score for tumor to 
macrophage area comparison. Examples of images are shown in the 2 upper panels in (B). Panel 1 depicts 
a tumor cell that has been completely taken up by a macrophage, whereas panel 2 shows the beginning of 
degradation of a tumor cell within a macrophage or possibly trogocytosis. Panel 3 illustrates an example from 
gate 2. There is strong co-localization between a DiO-labeled tumor cell and a macrophage, and a highly 
negative score for area comparison. Furthermore, the image demonstrates that in addition to uptake of a DiO-
labeled tumor cell, also a DiB- labeled tumor cell has been phagocytosed. An example from gate 3 is shown 
in panel 4, which demonstrates complete engulfment of a tumor cell by a macrophage of similar size. Finally 
the lower 2 panels are examples of events in gate 4. Panel 5 depicts complete lack of internalization, which 
indicates that the tumor cell is bound, and not phagocytosed. Moreover, the bright field image shows that the 
macrophage is presumably in apoptosis as indicated by membrane blebbing. In panel 6 partial phagocytosis 
is detected, which is reflected by one tumor cell that has been taken up, and one tumor cell that is in the 
process of being phagocytosed. 
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Microscopy is a good technique to investigate tissue morphology and processes 
in the context of the environment, which is lost during preparation of single cells 
for flow cytometry67. Traditional microscopy mostly provides snapshots from a 
process in time, but development of live cell imaging allows the visualization of 
phagocytosis over time without disrupting the morphology of the cells or tissues67. 
With this technique the whole process of phagocytosis can be observed, which can 
sometimes yield unexpected results. For instance, as can be observed in Figure 4 and 
supplementary video 1 and 2 the macrophage depicted with (1) is interacting with a 
tumor cell (indicated with an asterisk). After 20 minutes, a second macrophage starts 
interacting with the same tumor cell, which led to phagocytosis of the complete tumor 
cell after 30 minutes. Nonetheless, macrophage 1 has accumulated the membrane 
dye of the tumor cell, which suggests sampling of the tumor cells during probing. This 
may represent a process referred to as trogocytosis68-70. Trogocytosis can occur when 
effector cells bind to antigens on target cells, after which ligands and the surrounding 
membrane are transferred from target to effector cells. In vitro experiments with 
human cells suggested that trogocytosis may occur in cancer patients treated with 
rituximab, cetuximab, or trastumumab, as uptake of the target-antibody complex 
without phagocytosis of the target cell was observed68,69. Loss of rituximab-CD20 
complexes without elimination of malignant B cells was also observed in patients 
with chronic lymphocytic leukemia that were treated with rituximab, suggesting that 
trogocytosis or shaving can occur in patients71. When translating live cell imaging 
results with data analysis with standard flow cytometry, both macrophage 1 and 2 
would end up in the double positive population, even though only macrophage 2 has 
in fact taken up a tumor cell, whereas macrophage 1 was engaged in trogocytosis. 
Analysis with the ImageStream would suggest that macrophage 1 has phagocytosed 
a tumor cell, which is already degraded. Thus, a great advantage of live cell imaging 
is the accurate illustration of processes in time. Analysis is however, quite laborious, 
and not the most suitable for quantification of phagocytosis. 

FIGURE 4. ADCP visualized with live cell microscopy. 
DiI-labeled macrophages (red) and DiB-labeled Daudi lymphoma cells (blue) were incubated with ofatumumab 
and followed in time. At the beginning of the recording macrophage 1 interacts (white arrow heads) with 
a tumor cell (indicated by asterisk). After 20 minutes of recording macrophage 2 starts to interact (yellow 
arrow heads) with the tumor cell, which results in phagocytosis at 30 minutes. 
Nonetheless, macrophage 1 has obtained blue dye, suggesting sampling of the 
tumor cells without actual phagocytosis (trogocytosis). The upper panels show 
overlays of bright field and fluorescence, whereas the other panels only show 
fluorescence (magnification of indicated area is shown in lower panels). For 
movies, scan QR-code for video 1 and 2.

Video 2Video 1
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4. Recruitment of neutrophils in mAb therapy of cancer
4.1 mAb-mediated killing of tumor cells by neutrophils
Neutrophils are the most abundant circulating white blood cell population, and their 
numbers are easily amplified in vivo without the need for ex vivo expansion, by simply 
treating patients with granulocyte-colony stimulating factor (G-CSF) or GM-CSF72,73. 
Thus, an advantage of recruiting neutrophils for tumor therapy is the relative ease 
of obtaining a formidable source of cytotoxic effector cells (Figure 5). Neutrophils 
produce a plethora of cytotoxic molecules including proteases, oxidative metabolites, 
and defensins74. They have potent bactericidal and fungicidal activity, and it has 
been demonstrated that they can exert direct tumoricidal activity, as neutrophils 
were important for inducing tumor elimination in animal models75-78. Nonetheless, 
their overall ability to recognize and kill tumor cells is limited, which is however 
increased in the presence of anti-tumor mAbs79. The role of neutrophils as effector 
cells in current mAb therapies has not yet been established, but is was shown that 
neutrophil depletion decreased therapeutic activity of the clinically used anti-CD52 
mAb alemtuzumab (Campath-1H) in a CD52+ xenograft tumor model80. Additionally, 
rituximab was less effective in reducing lymphoma development after depletion of 
neutrophils in a B-cell lymphoma model81. As such, the involvement of neutrophils 
as cytotoxic effector cells was suggested. Combination therapies including G-CSF 
and rituximab with or without additional chemotherapy (CHOP) were well tolerated 
in patients with B cell malignancies in Phase I or II studies, but no clinical benefit 
of G-CSF addition was yet observed82,83. Higher response rates were observed when 
patients with Follicular Lymphoma received GM-CSF and rituximab, which may have 
been a result of enhanced neutrophil numbers, although an effect on monocytes, 
macrophages and/or DCs cannot be excluded84.
Neutrophils constitutively express FcγRIIa, FcγRIIIb, and FcαRI. Furthermore, 
FcγRI is upregulated after exposure to IFN-γ or G-CSF85,86. FcγRIIIb, which is a 
glycosyl-phosphatidylinositol-anchored receptor, is the most abundant Fcγ receptor 
on neutrophils, but probably not involved in efficient tumor cell cytotoxicity87. 
Antibody-dependent killing of tumor cells in the absence of G-CSF is likely mediated 
through FcγRIIa that bears an immunoreceptor tyrosine-based activation motif in 
its cytoplasmic tail88. The FcγRIIa polymorphism plays a role in cytotoxic ability in 
the presence of an IgG2 anti-EGFR mAb (panitumumab), but not when an IgG1 
anti-EGFR mAb (zalutumumab) was added89. Furthermore, blocking CD47-SIRPα 
interactions with F(ab’)2 anti-CD47 resulted in enhanced killing of breast carcinoma 
cells by neutrophils in the presence of the anti-HER-2 mAb Herceptin58. 
When patients are treated with G-CSF, neutrophils express FcγRI. Therefore, specific 
targeting of FcγRI has been proposed, as this may overcome potential inhibitory 
signals through FcγRIIb when IgG mAb are employed13,90. FcγRI BsAb were efficient in 
recruiting neutrophils as effector cells88. Furthermore, FcγRI-expressing neutrophils 
of G-CSF treated patients were more effective in mediating mAb-mediated tumor 
cell killing than neutrophils from healthy donors that lack FcγRI90. A multitude of 
FcγRI BsAb have now been described that are directed against different tumor 
antigens (including HLA class II, and the HLA class II variants Lym-1 and Lym-2 for 
targeting lymphoma; EGFR, Ep-CAM or HER-2 for treating epithelial malignancies; 
and bombesin which binds to small cell carcinoma of the lung)91. Efficacy of FcγRI 
BsAb in vivo was shown in FcγRI transgenic mice, but overall outcome in phase I/
II clinical trials was disappointing, which may have been due to the short half life of 
BsAb92-96. 



29

Chapter 1

1
FcαRI has previously been identified as alternative target molecule for antibody-
based tumor therapy. It has now been shown that FcαRI in fact represents the most 
potent Fc receptor to induce antibody-mediated tumor cell killing by neutrophils, 
which has been described for a plethora of tumor antigens, including Ep-CAM (colon 
carcinoma), HER-2 (breast carcinoma), EGFR (epithelial and renal cell carcinoma), HLA 
class II and CD20 (B cell lymphoma), CD30 (B and T cell lymphoma), and CEA42,97-100. 
Additionally, it was demonstrated that immature bone marrow neutrophils, which are 
mobilized during G-CSF therapy, effectively mediated antibody-mediated cytotoxicity 
via FcαRI, but not through FcγRI101,102. A combination therapy that includes G-CSF and 
targeting of FcαRI on neutrophils may therefore improve clinical responses compared 
to earlier disappointing trials in which FcγRI BsAb were used. 
Furthermore, FcαRI is the only Fc receptor that mediated neutrophil recruitment, 
as leukotriene B4 (LTB4) - a potent neutrophil chemoattractant – was released 
after FcαRI cross-linking103. Targeting of FcαRI, but not of Fcγ receptors resulted 
in neutrophil accumulation in 3-dimensional tumor colonies, which has been 
demonstrated for HER-2 (breast carcinoma), EGFR (epithelial carcinoma) and Ep-
Cam (colon carcinoma)97,102,104. Moreover, targeting FcαRI led to cross-talk between 
neutrophils and endothelial cells, as the latter released CXCL8, which is a prototypic 
neutrophil chemokine104. Subsequently, increased neutrophil migration into and 
destruction of tumor colonies was observed.
Thus, FcαRI represents a promising candidate target molecule. In vivo studies in 
which FcαRI was targeted have however been hampered due to unavailability of 
suitable models, as mice lack FcαRI105. Moreover, production of sufficient amounts 
of human IgA anti-tumor associated antigens was difficult in the past. With the 
establishment of human FcαRI transgenic mice106,107, and improvement of human 
IgA antibody production and purification techniques108,109, progress of therapeutic IgA 
mAb development should be greatly facilitated in the near future. The first paper, 
demonstrating the in vivo efficacy of IgA anti-tumor mAbs was recently published, in 
which it was reported that injection of naked plasmid DNA encoding anti-CD20 IgA2 
mAbs effectively prevented development of B cell lymphoma110. 

4.2 Mechanisms of neutrophil-induced mAb-dependent tumor killing. 
The mechanisms underlying neutrophil mediated antibody-dependent tumor cell are 
not yet fully established. Neutrophils possess a diverse arsenal of toxic components, 
required for their prominent antimicrobial functions (Figure 5A)111. Neutrophils 
additionally induce a respiratory burst, resulting in generation of reactive oxygen 
species (ROS). It was shown that release of defensins - that are present in neutrophil 
azurophilic granules -, rapidly damaged tumor cells, which was enhanced in the 
presence of H2O2

112. However, neutrophils from patients with chronic granulomatous 
disease, which cannot produce ROS, effectively induced antibody-mediated tumor 
cell killing113,114. ROS scavengers or inhibitors did not inhibit neutrophil-mediated 
tumor cell killing in the presence of mAbs either, supporting that ROS is not crucial 
for tumor cell killing. 
It was recently described that neutrophils can release neutrophil extracellular traps 
(NETs) after stimulation, which constitutes another antimicrobial mechanism of 
neutrophils115. NETs are composed of nuclear components like DNA and histones 
and contain distinct granular and cytoplasmic proteins, such as elastase and MPO115. 
They form a mesh that traps micro-organisms, but it has been described that NETs 
have toxic effects on host cells as well. For instance, exposure to MPO and histones 
in NETs induced epithelial and endothelial cell death116. We observed that anti-tumor 
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IgA mAbs resulted in NETs release, although it remains to be established whether this 
will result in killing of tumor cells (own unpublished data).
Close contact between tumor cells and neutrophils - referred to as ‘immunological 
synapses’ or ‘cytotoxic synapses’ - is essential for the induction of tumor cell killing117. 
Complement receptor 3 (CR3) is essential for intimate spreading of neutrophils on 
tumor cells. Cytotoxic synapses could not be formed by CR3-deficient neutrophils, 
with concomitant absence of tumor cell killing107,117. In vivo presence of cytotoxic 
synapses between neutrophils and tumor cells in the presence of mAbs was recently 
shown37. It was furthermore demonstrated that CR3 cooperates with FcγRIIIb in 
initiating respiratory burst in human neutrophils in vitro118. 
The capacity of neutrophils to initiate apoptosis in tumor cells is debatable. NK cells and 
cytotoxic T lymphocytes (CTL) use amongst others granzymes and perforin to induce 
apoptosis in targets cells. The presence of these molecules in neutrophils, as reported 
by some groups, is controversial, because other groups were unable to confirm these 
findings119-122. Nonetheless, apoptosis of HER-2-positive tumor cells was shown after 
a 20 hour incubation period in the presence of neutrophils and anti-HER-2 mAbs113,123. 
We recently identified two non-apoptotic pathways that are induced in tumor cells 
by neutrophils. Induction of necrosis was observed in a small population of tumor 
cells, whereas the majority displayed autophagic characteristics124. Autophagy is a 
process of self-digestion, which will result in generation of energy. As such, it is 
mostly regarded as a cell survival mechanism, but may become an alternative cellular 
suicide pathway under excessive stress conditions125. Whether autophagic cell death 

FIGURE 5. Schematic representation of neutrophils as effector cells in tumor therapy. 
(A) Neutrophils can release multiple toxic components and NETs, which may lead to tumor cell killing. 
Cytotoxic abilities are increased in the presence of anti-tumor mAbs (especially IgA). Furthermore, the 
number of neutrophils expands rapidly after treatment with G-CSF or GM-CSF. (B) Neutrophils play a role in 
innate and adaptive immune responses. Upper part: Through secretion of chemokines, cytokines and growth 
factors several other immune cells can be activated and recruited. Lower part: cross-talk between neutrophils 
and other immune cells has been reported (see also main text for more details). 
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is a true separate pathway or whether characteristics of autophagy are involved 
in a yet uncharacterized novel cell death pathway is still debated126. Nevertheless, 
targeting neutrophils may represent a desirable strategy to trigger non-apoptotic cell 
death in tumor cells that are resistant for apoptosis induction.

4.3 Neutrophils and regulation of adaptive immune responses. 
An additional advantage of recruiting neutrophils for mAb therapy of cancer is 
their ability to regulate and activate adaptive immune responses (Figure 5B)127. 
Neutrophils are generally considered terminally differentiated cells with limited ability 
for biosynthesis. However, it is becoming clear that they can produce a multitude of 
cytokines, chemokines, and angiogenic factors, which influence other immune and 
non-immune cells127. Neutrophils may produce fewer molecules per cell compared to 
other cells, but their sheer number can contribute significantly to the total amount of 
inflammatory mediators and angiogenic factors. 
In fact, cross-talk between neutrophils and several other immune cells was recently 
reported. For instance, release of CCL2 and CCL20 by neutrophils led to T helper 17 
(Th17) cell recruitment, which in turn secreted CXCL8128. Additionally, IL-17 release 
induces production of G-CSF by epithelial cells. Depletion of neutrophils in mouse 
tumor models led to decreased recruitment of CD4+ T cells and reduced CD8+ T cell 
activation, supporting the role of neutrophils in T cell function78,129. With respect to mAb 
cancer therapy it is also noteworthy that neutrophils promote NK cell proliferation, 
cytotoxic ability and survival130,131. NK cells subsequently release IFN-γ and GM-CSF, 
supporting neutrophil activation and survival. Interactions between neutrophils and 
DCs have been demonstrated as well, and as such it was proposed that neutrophils 
act as danger sensors by communicating presence of inflammation to DCs132,133. This 
will result in DC maturation via TNF-α release by neutrophils, which will subsequently 
lead to IL-12 production by DCs, enhanced DC-induced T cell proliferation, and 
polarization into a Th1 phenotype133,134. It was furthermore shown that neutrophils 
transfer antigens to DCs, leading to specific T cell responses135. 

5. In conclusion 
Myeloid cells represent potent effector cells for mAb therapy of cancer. The 
involvement of these cells in mAb-based therapeutic strategies is supported by 
several animal studies. Furthermore, a role for myeloid cells in rituximab treatment 
of patients is supported, since polymorphisms in human FcγRIIa – which is expressed 
on monocytes, macrophages and neutrophils, but not on NK cells – correspond with 
clinical responses. This is likely mediated by the mononuclear phagocytic network, as 
these cells can efficiently kill or phagocytose tumor cells in the presence of IgG mAbs. 
In vitro phagocytosis can be studied with flow cytometry or microscopy. Standard 
flow cytometry has been used frequently, and is an easy method to study optimal 
mAb concentrations with or without additional stimuli, E:T ratios and time courses. 
However, it will not provide details about binding versus uptake, the number of cells 
that have been phagocytosed, whether trogocytosis has occurred or the state of 
degradation. The use of imaging flow cytometry can provide more insights in these 
processes, and as such is more suitable to study phagocytosis. Nonetheless, all 
flow cytometry- based methods will only provide snapshots of a process in time. 
Furthermore, as single cells are required, relation of cells with the environment is 
lost. To investigate the latter, microscopy is more suitable. Furthermore, live cell 
microscopy will allow in-depth analyses of processes over time. It is however less 
suitable for quantification of phagocytosis. 
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Neutrophils are more effective in the presence of IgA mAbs. In fact, the contribution 
of neutrophils to current clinical responses is not clear, as IgA mAbs have not yet been 
used in clinical trials. Nonetheless, neutrophils represent attractive effector cells, as 
they possess potent cytotoxicity, are abundantly present and easily mobilized, and 
have the ability to induce adaptive immune responses. Furthermore, killing of tumor 
cells via targeting FcαRI on neutrophils is not dependent on complement, which is 
beneficial when tumors express membrane bound complement regulators protecting 
them from CDC136. An additional advantage is the induction of non-apoptotic cell 
death after targeting neutrophil FcαRI, which may represent an attractive strategy 
for killing tumor cells, which have mutations in apoptotic pathways124. 
Thus, recruiting myeloid cells in mAb therapy may augment clinical efficacy, 
especially when their cytotoxic abilities are further enhanced by modulation of mAbs,  
co-treatment with cytokines, or blocking CD47-SIRPα interactions, which needs to be 
established in further studies.
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