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The primary aim of this thesis was to determine which factors can influence antibody-de-
pendent killing of cancer cells by neutrophils, and how this information can potentially be 
used to enhance immunotherapy efficacy. Currently, the major focus in cancer immuno-
therapy is on promoting T-cell anti-cancer immunity, for example, by using PD1-PDL1 check-
point inhibitors, TIL or CAR-T therapy. For tumor-targeting antibody therapy the attention 
has generally been on NK cells and macrophages, and to some degree on complement. 
However, neutrophils have only recently been more seriously considered as important play-
ers in the antibody-dependent destruction of cancer (1-3). The latter is perhaps surprising 
considering, amongst other things, the fact that they represent 50-70% of leukocytes in the 
human blood, and that there is, and has been for a while now, solid direct evidence for their 
involvement in antibody therapy in experimental animal models in vivo (4). In any case, it 
is clear now that neutrophils can also act as major effector cells in antibody therapy and it 
is therefore clearly important to understand which factors can affect antibody dependent 
cellular cytotoxicity (ADCC) by neutrophils, both positive and negative, and this has been the 
central theme of the studies described in this thesis.

The different that roles neutrophils can play in cancer in general are extensively reviewed 
in chapter 2, where both tumorigenic and anti-tumor functions of neutrophils in cancer 
are addressed. Both these roles were discussed, which depended on both cancer type and 
disease stage. Neutrophil numbers, or most often actually their numbers relative to lympho-
cytes (neutrophil-lymphocyte ratio, NLR), in either the blood or in tumor tissue, were found 
to be a good prognostic value when looking at cancer progression, for therapy monitoring 
and for tracking their active role in cancer progression. Most often, neutrophils were found 
to mainly act as myeloid-derived suppressor cells (MDCS) when there is no therapeutic in-
tervention. There they suppress anti-tumor functions, such as cytotoxic T-cell function, us-
ing various mechanisms (5-9). However, when therapeutic antibodies are applied, neutro-
phils can be triggered to actively kill cancer cells, which therefore comprises a way to switch 
their general detrimental function into a beneficial one.

The effect of FcR and SIRPα genetics 

It is clear, in general, that human genetics can play a role in antibody treatment effectivity. 
For instance, there was already evidence that polymorphisms in the FcR that trigger ADCC 
could affect immune cell mediated killing and, in some cases, even clinical efficacy of cancer 
therapeutic antibodies (2, 10-12). As immune checkpoint inhibition has been emerging as 
a new form of enhancement for cancer immunotherapy (discussed in greater detail later 
in this chapter), it is important to know if genetic variation in these receptors can also in-
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fluence therapy efficacy (13). It is known that SIRPα has various genetic variants, both in 
humans and in mice (14, 15), but its actual extend within the Caucasian population and its 
role during ADCC had not been investigated (14, 16). In chapter 3 extensive research is done 
on the genetic variance that is present in the Caucasian population for both Fcγ-receptors 
and SIRPα. 

A cohort of 101 healthy donors was genotyped for various SNP’s and other genetic vari-
ants which occur for these receptors. ADCC experiments were performed using activated 
neutrophils of these donors and trastuzumab-opsonized breast cancer cells as targets. The 
percentage of destroyed cells was linked to the genetic information of the donors to exam-
ine which genetic factors can influence ADCC by neutrophils. First, the contribution of the 
various individual neutrophil Fcγ-receptors in ADCC was determined by using blocking an-
tibodies, which specifically target the various Fcγ-receptors. This demonstrated that, in this 
particular context, FcγRIIa was shown to be the principal Fcγ-receptor essential for initiating 
neutrophil ADCC towards trastuzumab-opsonized breast cancer cells (17, 18). 

While studies on the relationship between FcγR genetics and ADCC activity reported before 
had generally evaluated single genetic modifications (2, 10, 11, 19, 20), we performed an 
integrated analysis, which allows for better stratification, and, consequently, for a better 
estimation of the actual contributions of individual FcγR variantions. Of the Fcγ-receptors 
investigated, FcγRIIa, FcγRIIc, FcγRIIIa, and FcγRIIIb all have different genetic variants. These 
genetic variants have been shown to affect clinical outcome after antibody therapy, as was 
shown for H131R in FCGR2A and V158F in FCGR3A, both due to higher binding affinity to 
IgG1 and IgG2 (2, 10, 11, 21). A recent study investigating the effect of SNPs using anti-CT-
LA-4 antibodies showed that the increased binding by V158F in FcγRIIIa could result in en-
hanced anti-tumor activity and thus survival (22). In our experiments, we first investigated all 
the SNPs individually by stratifying for the most frequent variations in the other neutrophil 
FcγR. We found that the SNP H131R FcγRIIa directly affected neutrophil efficacy. Individuals 
who are homozygous for H131 had significantly higher ADCC compared with those homozy-
gous for H131, which was apparent only after stratification by excluding individuals who did 
not have two copies of FcγRIIIb and had an ORF for FcγRIIc. These specific variations have 
previously been shown to affect efficacy by neutrophils and NK cells (23)(Chapter 4). The 
increase in ADCC could be explained by the higher affinity for therapeutic antibodies of the 
IgG1 class. This is despite the fact that the difference between the reported affinities (Fcγ-
RIIa-H131 (KA~5,2x10-6) versus FcγRIIa-R131 (KA~3,5x10-6)) is only marginal for IgG1, there 
were still detectable differences in ADCC. Whatever the reason is for the increased ADCC, 
there is also in vivo evidence that the enhancement is relevant for therapeutic antibodies of 
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the IgG1 class (2, 11, 21). No difference in neutrophil ADCC was found between the variants 
of FcγRIIIb, nor for those individuals who have an ORF for FcγRIIc. For FcγRIIIb this was not 
surprising, as only activated neutrophils were used in these assays, which has resulted in the 
expression of FcγRIIIb being much lower than that of freshly isolated neutrophils (Chapter 
4). In our study no evidence for higher ADCC was obtained in individuals with expression of 
FcγRIIc, which has previously been reported for NK cells from such individuals (23).

Apart from studying the genetics of the Fcγ-receptors, genetic variation in the inhibitory 
receptor SIRPα, which binds to CD47 present on cancer cells, could potentially also influ-
ence neutrophil ADCC. Many SIRPα polymorphic variants have previously been reported 
in a variety of ethnic groups (14), but we only found two of those in our largely Caucasian 
cohort: termed SIRPα1 and SIRPαBIT. There was no significant difference between the two 
SIRPα polymorphic variants in our population when looking at ADCC by neutrophils. Block-
ing CD47-SIRPα interactions resulted in a comparable increase in ADCC for both polymor-
phic variants of SIRPα. This finding was supported by the fact that previously no difference 
in binding affinity for CD47 was found between the two polymorphic variants (24), which 
in turn corresponds to the observation that the polymorphic changes are primarily found 
outside of the CD47 binding site (24). This is consistent with a generic applicability of CD47-
SIRPα targeting among individuals with different SIRPα genotypes (Chapter 3).

The effect of genetics: CNV 

One of the more surprising findings from chapter 3 was that inhibition of FcγRIIIb mod-
erately enhanced neutrophil ADCC. This was even more intriguing since inhibition of this 
receptor had previously been found to decrease bacterial phagocytosis, suggesting that in 
the latter context the non-signaling FcγRIIIb participated in the recognition of antibody-op-
sonized bacteria (25, 26). We therefore investigated this in greater detail in chapter 4. First 
neutrophils were isolated, which were either used directly (unstimulated), after 4 hours 
of stimulation, or after overnight stimulation with G-CSF and IFN-γ. This showed that in 
non-stimulated neutrophils the inhibitory effect of FcγRIIIb was even more pronounced. In 
fact, as in previously reported studies (27, 28), we found that activation of neutrophils leads 
to shedding of FcγRIIIb, thereby at least in part explaining the activation-promoting effect 
on neutrophil ADCC. Furthermore, this also explained the relatively strong effect of FcγRIIIb 
inhibition in unstimulated neutrophils relative to that in stimulated neutrophils. To confirm 
that the ADCC capacity of neutrophils is indeed related to the amount of FcγRIIIb present on 
the neutrophil cell membrane, neutrophils from donors with various CNV of FCGR3B were 
isolated. Donors with 1, 2, 3, and 4 copies of this gene were selected and their neutrophils 
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were used in an ADCC assay. High CNV (3 or more copies) resulted in a significant decrease 
of ADCC. Similarly, low CNV of FCGR3B and inhibition of FcγRIIIb resulted in increased ADCC 
by neutrophils. This shows that FcγRIIIb directly competes with FcγRIIa for binding of ther-
apeutic antibody, and that the amount of FcγRIIIb directly has an effect on the effectivity 
of neutrophils to destroy antibody-opsonized cancer cells. What is interesting to note is 
that there are healthy individuals who have no copies of FCGR3B and thus no expression of 
FcγRIIIb (29). We were unable to obtain samples from an individual lacking FcγRIIIb, but it 
would have been interesting to find out how well neutrophils of such a donor could perform 
ADCC. We believe that CNV of FCGR3B could be used as a biomarker for cancer immuno-
therapy, where low CNV could indicate an increased chance of therapy effectivity. However, 
many other genetic factors could play a role, like the H131R polymorphism of FcγRIIa (chap-
ter 3). It will therefore remain a challenge to predict if a therapy will have the desired effect 
for each individual patient.

The effect of antibody glycosylation 

In order to understand the contribution of therapeutic antibody glycosylation, a feature 
that can potentially be manipulated during manufacture, we investigated the use of gly-
co-engineered antibodies to enhance binding of the antibody to FcγRIIIa/b, which is done 
by removal of the fucose group at position 297 in the Fc-region of the antibody. For natural 
killer cells this results in increased ADCC, which has led to an increase in research to use 
these kinds of glyco-engineered antibodies for the use in clinical trials (30-32), as they could 
potentially increase the efficacy of immune therapy. For neutrophils however, we found 
that enhanced binding to FcγRIIIb greatly reduced its effector cell function (chapter 4). This 
has also been observed by other groups (33, 34). We hypothesize that this is due to the fact 
that more antibody can bind to FcγRIIIb when its binding infinity is increased (chapter 5, 
(35)), which in turn causes less antibody to bind to FcγRIIa, which is the receptor found to 
be the most important receptor required for neutrophil ADCC in chapter 3. Using glyco-en-
gineered antibodies could therefore have a negative effect on immunotherapy when looking 
at neutrophils as effector cells. This is of vital importance, as we mentioned earlier that 
glyco-engineered antibodies are now often being used in clinical trials. With the emerging 
importance for the role of neutrophils in the battle against cancer, using these glyco-engi-
neered antibodies could drastically impede neutrophil ADCC and thus limit the enhanced 
effect expected by using glyco-engineered antibodies.

In chapter 5 we performed a much more extensive examination of 20 different IgG1 gly-
coforms. Of these we determined their binding affinity to all human FcγRs using surface 
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plasmon resonance (SPR). We noticed that removing the fucose greatly increased binding to 
FcγRIIIa/b. Removal of this fucose is also what is currently often used in labs and in clinical 
trials to improve cancer immunotherapy efficacy by NK cells (36, 37). The effect of afuco-
sylation on effector cell function however depends greatly on the effector cell FcγR profile 
(38). In vitro great effects can be seen for NK cells through FcγRIIIa, and even though it might 
be expected that an enhanced therapeutic effect would be obtained for macrophages, the 
macrophage FcγR profile is so complex that overall no changes could be determined (38).

We therefore investigated the effect of a variation of IgG-Fc-glycoforms. Besides the fucose 
group at position 297 there are many other glycans that can have an effect on the binding 
strength of antibodies to Fc-receptors. We found that when the fucose is not present, the 
binding affinity to FcγRIIIa/b is enhanced twenty times compared with normal antibodies. 
When the amount of galactose is increased, this enhancement is even up to forty times. 

In total twenty different glycoforms were generated in our lab which were tested in various 
ways. As many effector cells have various Fc-receptors, we used only NK cells effector cells 
that only express FcγRIIIa on their cell membrane, also because we excluded individuals 
who also express FcγRIIc (23). Target cells were coated with the various glyco-engineered 
antibodies after which the killing capacity of the natural killer cells was determined. The 
increased antibody binding due to glyco-engineering corresponded, as expected, with in-
creased ADCC. Other than killing, complement activation by the various antibodies was also 
investigated, where an increased galactose and sialic acid content caused increased binding 
of C1q, which led to higher lysis of anti-TNP opsonized red blood cells after addition of 
complement. These results show that the composition of glycans at position 297 on the Fc 
part of the antibody can directly influence effector functions through Fc receptors and C1q, 
which can have direct effects on both ADCC and complement activation.

The effect of antibody isotype

A contribution for neutrophils to cancer antibody immunotherapy has been reported by 
various groups, but the actual way by which neutrophils kill cancer cells has only recently 
(i.e. during the course of the research described in this thesis) been uncovered by our own 
group. We showed that neutrophils actively tear off small pieces of cancer cell membrane, 
which ultimately results in lysis of the cancer cell (4). In chapter 6 we show that this process, 
coined trogocytosis, is used by neutrophils when cancer cells are opsonized not only by IgG 
antibodies, but also by IgA therapeutic antibodies. Antibodies of the IgA class have been 
shown to have increased ADCC compared with IgG antibodies for various IgA antibodies 
and several different types of cancer (33, 39, 40)(chapter 6). Antibodies of the IgA isotype 
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are bound by FcαRI, which has a binding affinity of 1.0x106 M-1 (35). This is similar to that 
of IgG1 antibodies to FcγRIIa, which has a binding affinity of 4.0x106 M-1 (35). It is therefore 
remarkable to see that in the case of neutrophil ADCC, IgA antibodies are more effective 
than IgG antibodies in terms of killing capacity by non-stimulated neutrophils. This could 
in part be due to the fact that for IgG antibodies there are multiple FcγRs that can regulate 
the effectivity of killing by neutrophils. For example, we showed in chapter 4 that the pres-
ence of FcγRIIIb can negatively influence neutrophil ADCC. However, there is also published 
evidence that the downstream signaling of FcαRI could be significantly more potent than 
that of the FcγRs (33), which could also explain the higher ADCC by neutrophils towards IgA 
opsonized tumor cells.

The effect of CD47-SIRPα

In chapters 3 and 4 it was shown, in line with previous data from our laboratory (3), that 
interference with the CD47-SIRPα checkpoint promoted IgG-mediated neutrophil ADCC. In 
chapter 6 we also investigated if CD47-SIRPα immune checkpoint blockade also enhances 
ADCC in the presence of IgA antibodies. Findings by our group (3) and those of others (41-
43), have already previously shown that inhibition of CD47-SIRPα, a known innate immune 
checkpoint, can enhance ADCC by effector cells expressing SIRPα (3, 4, 41, 44, 45)(chapter 
3). Blocking antibodies directed against CD47 on the cancer cells, or agents blocking SIRPα 
on macrophages, monocytes and neutrophils significantly improved the killing capacity of 
these effector cells (3, 4, 41, 44, 45)(chapter 3). In a recent phase 1b clinical trial a mono-
clonal antibody was used to inhibit CD47 combined with rituximab in a treatment against 
non-Hodgkin’s lymphoma. No major side effects could be found, with one of the most prom-
inent being a transient anemia that did not even require transfusions. Furthermore, there 
was also preliminary evidence for clinical benefit for the combination of anti-CD47 and rit-
uximab (44). Inhibition of CD47/SIRPα binding has been shown to cause anemia, due to the 
fact that red blood cells express CD47 (46), which will be targeted by effector cells when 
CD47 is removed or downregulated (47, 48). 

While it was suggested by the results in chapter 3 that inhibition of CD47 or SIRPα could 
indeed be a broadly applicable therapeutic strategy to potentiate IgG1 mediated antibody 
therapy in cancer, it would be interesting to find out if this also extrapolated to IgA cancer 
therapeutic antibodies. In chapter 6 we examined the use of IgA antibodies instead of IgG1 
antibodies during ADCC of cancer cells by neutrophils and combined this with inhibition of 
CD47-SIRPα interactions. Like for IgG antibodies, in vitro inhibition of either CD47 or SIRPα 
significantly increased ADCC by neutrophils using IgA therapeutic antibodies. We next in-
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vestigated combining SIRPα inhibition with IgA anti-tumor antibodies in vivo, by using a 
syngeneic short-term and a xenogeneic long-term mouse model. By using transgenic mice 
expressing the human FcαRI we could determine that inhibition of CD47-SIRPα interactions 
could significantly increase destruction of cancer cells when using IgA therapeutic antibod-
ies. Cancer cells without any CD47 present on their cell membrane grew significantly less 
fast when treated with IgA therapeutic antibodies in mice, then when treated with IgG ther-
apeutic antibody over a time period of 17 days. In our experimental setup the killing of can-
cer cells was mainly done by neutrophils whilst in similar experiments, without inhibition of 
SIRPα, macrophages proved to be the main effector cell (39). These results could indicate 
that combination of CD47-SIRPα interactions and IgA antibodies could be an effective com-
bination to potentiate neutrophil ADCC in vivo and could create a greater positive effect of 
cancer immunotherapy than the combination with IgG therapeutic antibodies. 

General conclusion

The general conclusion of this thesis is that there are multiple factors by which neutro-
phil-mediated antibody-dependent cancer cell destruction can be modulated. Clearly, host 
genetics can play a role in this, and one important factor of this is the H131R-polymorfism 
of FcγRIIa. Individuals that have two copies of histidine have an increased ability to destroy 
cancer cells compared with those that are homozygous arginine at position 131. Another 
genetic aspect that can affect cancer immunotherapy is the CNV of FcγRIIIb. Less copies of 
the gene FCGR3B could lead to a genetic advantage during immunotherapy. Furthermore, it 
has been shown that using therapeutic IgA antibodies could increase ADCC when compared 
with IgG antibodies when neutrophils are the most important effector cell. This was shown 
both in vitro and in vivo. This could be even further enhanced when it is combined with inhi-
bition of CD47-SIRPα interactions. For antibodies of the IgG class, at least, it was shown that 
genetic variation within SIRPα does not cause a difference in ADCC effectivity, which means 
that inhibition of CD47-SIRPα interactions is expected to have a generic beneficial effect in 
all individuals, at least irrespective of SIRPα allotype. Finally, the use of glyco-engineered 
antibodies was investigated. It had previously been proposed that therapeutic antibodies 
that lack fucose would be more potent because of their enhanced binding to certain FcR 
(i.e. FcγRIIIa). Indeed, for natural killer cells and complement activation removal of a specific 
fucose on the therapeutic antibodies results in increased killing and lysis of opsonized cells. 
However, it actually appears to be a trade-off, since removal of this fucose causes a signif-
icant decrease in ADCC when neutrophils are the effector cell used. The latter may explain 
why clinical trials with de-fucosylated antibodies have not been as successful as previously 
hoped. 
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In conclusion, there are multiple factors that can directly, or indirectly influence cancer im-
munotherapy efficacy by neutrophils. Some of these could potentially play a role in the 
future as biomarker for cancer immunotherapy. A more thorough investigation into this 
may help to further understand what the perfect balance is between genetics, antibody 
variation, and immune checkpoint inhibition in order to optimize cancer immunotherapy 
efficacy. 
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