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Chapter 6

General Discussion

The application of antibodies directed towards antigens on tumor cells to treat cancer, the 

so-called tumor-targeting antibodies, is increasing in the clinic. Currently, there are 18 tumor-

targeting antibodies approved by the FDA for tumor therapy. Eight of those antibodies

recognize four targets on solid tumors (including neu) while ten are specific for seven targets 

on leukemias/lymphomas (including CD20) (1). Most of FDA approved tumor-targeting

antibodies used in cancer therapies are of the human IgG1 subclass. Human IgG1 is the IgG 

subclass with the highest affinity for FcγR and is the most effective inducer of FcγR-

mediated antibody effector functions (2-4). Engineering antibodies to alter their binding to 

FcγR has shown to be one of the ways to improve their therapeutic efficacy. Bispecific 

antibody formats that target a tumor antigen and with the other arm the CD3 on T cells are 

other approved antibody modalities used already in the clinic to treat certain cancers (5). In

this thesis the mode of action of different tumor-targeting antibody types (bispecific,

polyclonal or monoclonal) and how their therapeutic efficacy can be improved has been 

studied, focusing on the role of FcγR in mouse models.

Mice deficient for all FcγR have strongly impaired downstream antibody effector 
functions while maintaining normal adaptive immunity

The role of FcγR receptors has been widely studied over the last 3 decades mainly by using 

mouse models, particularly genetically engineered models. However, there were some flaws 

in these studies, since most applied mice deficient for the common FcR γ chain (FcRγ-/-

mice). Although for a long time these mice were considered to exclusively lack activating 

FcγRs, in recent years an increasing number of receptor molecules was found to be also

associated with the common FcR γ chain, including the c-type lectin receptors MINCLE and

Dectin II (7). MINCLE and Dectin II were shown to be important for initiating and suppressing 

cancer development. In addition, Dectin II also appeared to mediate phagocytosis of tumor 

cells by Kupffer cells (6-8). By using MINCLE-/- mice it has been shown that pancreatic 

tumors grow slower in the absence of MINCLE (9). Others showed that pancreatic tumors 

grow slower in FcRγ-/- mice and attributed that to the absence of FcγR suggesting a role for 

spontaneously developing tumor-specific antibodies in this tumor model (10). This 

demonstrates the need for KO mouse models lacking the functional genes encoding the 
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alpha chains of the different FcγR while maintaining the expression of the common FcR γ 

chain. 

In addition, it was shown that FcγRII and -III deficient mice that were generated by gene 

targeting in the 129 mouse strain-derived ES cells and backcrossed more than seven 

generations into C57BL/6 background, become more sensitive to the spontaneous 

development of autoimmunity (11) due to the presence of remaining 129 derived sequences 

(SLE16) flanking the FcγR KO alleles (12). Therefore, we developed a new mouse model 

deficient for the IgG-Fc binding alpha chains of all four FcγR on a pure C57BL/6 background 

(FcγRI/II/III/IV-/- mice) and studied the immune system of these mice in vivo. In chapter 2 we 

demonstrate that, although downstream antibody effector mechanisms are strongly 

impaired, FcγRI/II/III/IV-/- mice develop normal B and T cell responses and do not develop 

anti-nuclear autoantibodies (ANA) with age, indicating that previously used mouse models 

contained flaws. It might be very interesting to also study the growth of pancreatic tumors in 

our FcγRI/II/III/IV-/- mice in order to determine whether FcγRs are anyhow involved in this 

process. All this data suggests that that mouse FcγRs could be redundant. 

Furthermore, we used the new FcγRI/II/III/IV-/- and cell type-specific FcγR KO mice to define 

the role of innate immune cells and their three activating FcγR in the therapeutic effect of 

tumor-targeting antibodies.

The FcγR-dependent downstream effector pathways in tumor-targeting antibody 
therapy 

In chapter 3 and 4 we demonstrate that FcγR dependent downstream antibody effector 

pathways are indispensable for the therapeutic effect of an MCMV-TRP2 vaccine or

imiquimod/IL2/TA99 combination therapy confirming the important role of FcγRs in tumor-

targeting antibody therapy as suggested by a series of preclinical studies using the same 

mouse model of transplantable B16F10 melanoma under a variety of experimental 

conditions. Interestingly, different laboratories reported contradictory results regarding the 

involvement of individual activating FcγR in the B16F10 model using different panels of 

FcγR-/- mice and FcγR-blocking antibodies. It has been shown that the population of myeloid 

cells infiltrating the B16F10 melanoma varies depending on the location of the tumor  (13).

When seeded in the lung (14, 15), a prominent role for FcγRI was found in some studies (15)

while in others only FcγRIV (16) or FcγRI in combination with FcγRIII (14) were pivotal.

When seeded in the liver, a combination of FcγRI and FcγRIV was found to be important

(16) and in subcutaneous tumors, only a role for FcγRIV was evident (17). Glycosylation of
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antibodies, which strongly influences their binding affinity to FcγR (17), varies between 

antibodies produced by hybridomas (18) and human cells (HEK293) transfected with a 

recombinant IgG gene (19, 20). Although we used a therapeutic setting, treated a

subcutaneous established tumor with TA99 antibody from hybridoma cultures and combined 

this with the innate and adaptive immunity stimulating TLR7/8 agonist imiquimod, the 

outcome with respect to FcγR involvement was fairly similar to what has been published with 

single TA99 treatment in the prophylactic setting. Macrophages and FcγRI were absolutely 

required with a minor role for FcγRIV and perhaps FcγRIII. This holds true also for polyclonal

IgG anti-B16F10 antibodies generated by vaccination with a Tpr2 expressing MCMV vector. 

In summary, nine experimental setups of TA99 treated B16F10 models (as depicted in Table 

1) can be divided into the following groups, based on the involvement of FcγR and effector 

cell types: Five with a prominent role for FcγRI, five with a role for FcγRIV and six with a 

prominent role for Macrophages. There were three exceptions: (1) an exclusive role of 

FcγRIV when antibodies were used produced by HEK293 cells, (2) no role for FcγRIV when 

another detection method for tumor outgrowth was used and (3) an exclusive role of 

neutrophils when a neutrophil-specific syk KO and intravenous injection of TA99 was used.

These conflicting results suggest that some experimental conditions have a strong impact on 

the outcome of tumor therapy experiments with respect to the role of FcγR.

It was surprising that vaccination with MCMV-TRP2 results in an antibody response that 

protects against outgrowth of the B16F10 tumor because, in contrast to Trp-1 which is 

recognized by the TA99 monoclonal antibody, Trp-2 is not expressed at the cell surface.

However, a previous study showed that a DNA vaccine of a TRP2-encoding sequence 

induced a cross-reactive antibody response against TRP1 because these proteins are quite 

homologous (21). Therefore, it is highly likely that the MCMV-TRP2 vaccine also induces 

antibodies against TRP1 which makes a direct comparison of the efficacy of MCMV-TRP2 

vaccination and TA99 treatment possible. While TA99 is of one subclass of IgG (IgG2c)

targeting one epitope of the TRP1 protein, the MCMV-TRP2 vaccine induces polyclonal 

antibody responses consisting of a variety of subclasses of Ig with a variety of avidity and 

binding to multiple epitopes. Previous studies have shown that polyclonal antibodies and a

combination of antibodies specific for a larger variety of epitopes of the same target induce 

better complement-mediated killing of tumor cells compared to monoclonal antibodies (22-

26), making vaccination an attractive alternative for injection of monoclonal antibodies. In the 

absence of all four FcγR, the protection against B16F10 outgrowth was completely 

abolished, suggesting that complement is redundant or plays a negligible role in this model.
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Whereas macrophages seem to be crucial, NK cells were not involved in the in vivo

antibody-dependent killing mechanism of B16F10 tumors (13, 16, 27). In most in vitro

studies using tumor-targeting humanized therapeutic antibodies it has been demonstrated

that human NK cells, expressing FcγRIIA, are effective in antibody-dependent killing of 

tumor cells (28). The discrepancy between mouse and human can be explained by species 

differences as it has been reported that mouse NK cells, expressing very low levels of 

FcγRIII are poor elicitors of ADCC/ADCP compared to rat and human NK cells. In contrast,

human and mouse macrophages show the similar antibody-dependent killing of tumor cells

in vitro (29). This might explain why in mice FcγRI, exclusively expressed on mononuclear 

cells, including macrophages, plays a dominant role in IgG tumor-targeting antibody therapy. 

Induction of tumor-specific T cells in tumor-targeting antibody therapy

The induction of ADCC and ADCP is most likely not sufficient to completely clear the body 

from cancer cells. It is generally assumed that the induction of a long-lasting tumor-specific 

cytotoxic T cell immunity is required. TA99 antibody monotherapy has no effect on an 

established B16F10 tumor and the therapeutic effect in a prophylactic setting is T cell 

independent (30). Previous studies have shown that the therapeutic efficacy of TA99 tumor 

targeting antibodies can be substantially increased by combination with checkpoint blocking 

antibodies (anti-PD-L1), TLR-4 ligands and peptide vaccination, and IL2 with a long half-life

(Fc-IL2). The therapeutic effect was absent in CD8+ T cell-depleted mice (31-33). In chapter 

4 it is shown that the therapeutic efficacy of the combination of TA99, IL2, and imiquimod is 

also dependent on CD8+ T cells. The mentioned combination therapies have in common that 

T cells are activated alongside the direct targeting of the tumor with TA99 antibody. The 

underlying mechanism of T cell priming in these improved antibody therapies is currently 

unknown (31-33). Though one study showed that the therapy was abrogated in a mouse 

with impaired cross-presentation capability (31). Moreover, It is known that imiquimod 

treatment results in increased IFNα secretion (34) that activates cross-presentation (35).

The therapeutic efficacy of TA99 is strongly improved when combined with IL2 and IFNα

(32). This is likely the scenario how an effective CD8+ T cell response is induced in the 

combination therapy of TA99, IL2 and imiquimod as schematically depicted in Figure 1,

which combines results presented in this thesis and those from literature. Other studies 

using tumor-targeting antibodies in combination with immune stimuli such as anti-GD2/IL2 

immunocytokine and anti-CD40/CpG combination therapy against GD2+ tumor cells also 

showed dependency on CD8+ T cells (36). Together, these results hint to the importance of 
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the activation of CD8+ cytotoxic T cells for the improvement of tumor-targeting antibody

therapy.

Bispecific antibodies that activate T-cells

Usage of CD3-targeting bispecific antibodies for the treatment of cancer is an upcoming 

field. Blinatumomab is a CD19-directed T cell engager and has already been approved by 

the FDA for the treatment of refractory B-cell precursor acute lymphoblastic leukemia (ALL) 

patients (5). In chapter 5, it is shown that treatment of TRP1-expressing B16F10 melanoma 

with a CD3-targeting bispecific antibody that binds to TRP1 on the tumor cells and activates 

T cells induced clear delay of tumor outgrowth. This therapeutic effect was operational in the 

absence of either CD4 T cells or CD8 T cells, but not anymore when both subsets were 

depleted. Previous reports showed that CD3-bispecific antibodies induce recruitment and 

activation of T cells and results in expression of known activation markers like CD25 and 

CD69 and secretion of cytokines like IFNγ, TNF-α, IL-2, IL-4, IL-6, and IL-10 (37-40). In 

addition, it has been demonstrated that bispecific antibodies, binding CD3 on T cells 

combined with binding to different tumor target molecules on different tumor types, can 

induce perforin/granzyme-dependent cytotoxicity against tumor cells by both CD4+ and CD8+

T cells. However, CD4+ T cells are less capable to elicit cytotoxicity (41-46). In chapter 5, our

studies clearly show a higher killing of KPC3-TRP1 tumor cells compared to B16F10 tumor 

cells. This difference is probably caused by the difference in expression level of TRP1 which 

is higher on KPC3-TRP1 cells than on B16F10 cells. Interestingly, the in vivo tumor control 

of B16F10 was more convincing than that of KPC3-TRP1, suggesting that other 

mechanisms than direct target cell killing were important in vivo or that TRP1 levels might be 

increased by tumor cells in vivo.

CD3-targeting bispecific antibodies have been in development for the treatment of cancer for 

a long time, but it is only recently that one compound has been approved by the regulatory 

bodies FDA and EMA (European Medicine Agency) for clinical use. The therapeutic effect of 

around 60 different bispecific antibodies is currently tested in preclinical models and in 

clinical trials. Blinatumomab has predominantly been used for hematological cancer and 

approved by FDA and catumaxomab by EMA against carcinoma ascites. Both of these 

tumors are easily accessible and penetrable by T cells and antibodies (reviewed in (47)).

One of the challenges in this field is how to exploit CD3-bispecifics against tumors that have 

low T cell influx and have a low penetrance of antibodies. In Chapter 5 it is shown that the 

bispecific CD3xTA99 works in both subcutaneous melanoma and pancreas carcinoma 

models. Both tumors have a relatively low influx of T cells and future investigation might 
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focus on means to enhance this, in addition to protocols that are capable to induce tumor-

specific T cell memory.

Concluding remarks

Most studies described in this thesis investigate different immune mechanisms revolving 

tumor-targeting antibodies leading to eradication of tumors. To fully understand antibody-

mediated effector functions in Chapter 2 mice are characterized that lack all FcγR, showing 

a strong role of FcγR in downstream antibody effector pathways, especially when expressed 

by macrophages. We demonstrate that control of tumor outgrowth by tumor-specific 

polyclonal antibodies induced by MCMV-TRP2 vaccination in a prophylactic setting (Chapter 

3) and by combining the TA99 monoclonal antibody with imiquimod and IL2 in a therapeutic 

setting (Chapter 4) depends on FcγRI-expressing macrophages. Combining the tumor-

targeting TA99 antibody with the immune stimulatory molecules imiquimod and IL2 resulted

in a strong, CD8+ T cell-dependent, therapeutic effect corroborating recent results from other

groups that used different combinations of immune-stimulating compounds. However, our 

studies also eluded to the superior anti-tumor effects of CD3-bispecific antibodies. Together, 

this strongly advocates for examination of extended combinations of immune stimulatory 

molecules and tumor-targeting antibodies, which induces acute anti-tumor immune reactivity 

and, simultaneously, promotes long-lasting T cell responses to prevent recurrences by 

immune memory.

 

 

 

 

References

 
1. Antibody_Society. 2018. List called Approved antibodies. Retrieved at antibodysociety.org. 
2. Clynes, R. A., T. L. Towers, L. G. Presta, and J. V. Ravetch. 2000. Inhibitory Fc receptors 

modulate in vivo cytotoxicity against tumor targets. Nat Med 6: 443-446. 
3. Park, S., Z. Jiang, E. D. Mortenson, L. Deng, O. Radkevich-Brown, X. Yang, H. Sattar, Y. Wang, 

N. K. Brown, M. Greene, Y. Liu, J. Tang, S. Wang, and Y. X. Fu. 2010. The therapeutic effect of 



Discussion

6

| 109

anti-HER2/neu antibody depends on both innate and adaptive immunity. Cancer Cell 18: 
160-170. 

4. Stagg, J., S. Loi, U. Divisekera, S. F. Ngiow, H. Duret, H. Yagita, M. W. Teng, and M. J. Smyth. 
2011. Anti-ErbB-2 mAb therapy requires type I and II interferons and synergizes with anti-
PD-1 or anti-CD137 mAb therapy. Proc Natl Acad Sci U S A 108: 7142-7147. 

5. Przepiorka, D., C. W. Ko, A. Deisseroth, C. L. Yancey, R. Candau-Chacon, H. J. Chiu, B. J. 
Gehrke, C. Gomez-Broughton, R. C. Kane, S. Kirshner, N. Mehrotra, T. K. Ricks, D. Schmiel, P. 
Song, P. Zhao, Q. Zhou, A. T. Farrell, and R. Pazdur. 2015. FDA Approval: Blinatumomab. 
Clinical cancer research: an official journal of the American Association for Cancer Research 
21: 4035-4039. 

6. Igarashi, Y., T. Mogi, S. Yanase, S. Miyanaga, T. Fujita, H. Sakurai, I. Saiki, and A. Ohsaki. 2009. 
Brartemicin, an inhibitor of tumor cell invasion from the actinomycete Nonomuraea sp. J Nat 
Prod 72: 980-982. 

7. Jacobsen, K. M., U. B. Keiding, L. L. Clement, E. S. Schaffert, N. D. Rambaruth, M. Johannsen, 
K. Drickamer, and T. B. Poulsen. 2015. The natural product brartemicin is a high-affinity 
ligand for the carbohydrate-recognition domain of the macrophage receptor mincle. 
Medchemcomm 6: 647-652. 

8. Kimura, Y., A. Inoue, S. Hangai, S. Saijo, H. Negishi, J. Nishio, S. Yamasaki, Y. Iwakura, H. 
Yanai, and T. Taniguchi. 2016. The innate immune receptor Dectin-2 mediates the 
phagocytosis of cancer cells by Kupffer cells for the suppression of liver metastasis. Proc Natl 
Acad Sci U S A 113: 14097-14102. 

9. Seifert, L., G. Werba, S. Tiwari, N. N. Giao Ly, S. Alothman, D. Alqunaibit, A. Avanzi, R. Barilla, 
D. Daley, S. H. Greco, A. Torres-Hernandez, M. Pergamo, A. Ochi, C. P. Zambirinis, M. Pansari, 
M. Rendon, D. Tippens, M. Hundeyin, V. R. Mani, C. Hajdu, D. Engle, and G. Miller. 2016. The 
necrosome promotes pancreatic oncogenesis via CXCL1 and Mincle-induced immune 
suppression. Nature 532: 245-249. 

10. Gunderson, A. J., M. M. Kaneda, T. Tsujikawa, A. V. Nguyen, N. I. Affara, B. Ruffell, S. 
Gorjestani, S. M. Liudahl, M. Truitt, P. Olson, G. Kim, D. Hanahan, M. A. Tempero, B. 
Sheppard, B. Irving, B. Y. Chang, J. A. Varner, and L. M. Coussens. 2016. Bruton Tyrosine 
Kinase-Dependent Immune Cell Cross-talk Drives Pancreas Cancer. Cancer Discov 6: 270-285. 

11. Boross, P., V. L. Arandhara, J. Martin-Ramirez, M. L. Santiago-Raber, F. Carlucci, R. Flierman, 
J. van der Kaa, C. Breukel, J. W. Claassens, M. Camps, E. Lubberts, D. Salvatori, M. P. Rastaldi, 
F. Ossendorp, M. R. Daha, H. T. Cook, S. Izui, M. Botto, and J. S. Verbeek. 2011. The inhibiting 
Fc receptor for IgG, FcgammaRIIB, is a modifier of autoimmune susceptibility. J Immunol 
187: 1304-1313. 

12. Bygrave, A. E., K. L. Rose, J. Cortes-Hernandez, J. Warren, R. J. Rigby, H. T. Cook, M. J. 
Walport, T. J. Vyse, and M. Botto. 2004. Spontaneous autoimmunity in 129 and C57BL/6 
mice-implications for autoimmunity described in gene-targeted mice. PLoS Biol 2: E243. 

13. Lehmann, B., M. Biburger, C. Bruckner, A. Ipsen-Escobedo, S. Gordan, C. Lehmann, D. 
Voehringer, T. Winkler, N. Schaft, D. Dudziak, H. Sirbu, G. F. Weber, and F. Nimmerjahn. 
2017. Tumor location determines tissue-specific recruitment of tumor-associated 
macrophages and antibody-dependent immunotherapy response. Sci Immunol 2. 

14. Albanesi, M., D. A. Mancardi, L. E. Macdonald, B. Iannascoli, L. Zitvogel, A. J. Murphy, M. 
Daeron, J. H. Leusen, and P. Bruhns. 2012. Cutting edge: FcgammaRIII (CD16) and 
FcgammaRI (CD64) are responsible for anti-glycoprotein 75 monoclonal antibody TA99 
therapy for experimental metastatic B16 melanoma. J Immunol 189: 5513-5517. 

15. Bevaart, L., M. J. Jansen, M. J. van Vugt, J. S. Verbeek, J. G. van de Winkel, and J. H. Leusen. 
2006. The high-affinity IgG receptor, FcgammaRI, plays a central role in antibody therapy of 
experimental melanoma. Cancer Res 66: 1261-1264. 

16. Otten, M. A., G. J. van der Bij, S. J. Verbeek, F. Nimmerjahn, J. V. Ravetch, R. H. Beelen, J. G. 
van de Winkel, and M. van Egmond. 2008. Experimental antibody therapy of liver 



Chapter 6|110

metastases reveals functional redundancy between Fc gammaRI and Fc gammaRIV. J 
Immunol 181: 6829-6836. 

17. Nimmerjahn, F., A. Lux, H. Albert, M. Woigk, C. Lehmann, D. Dudziak, P. Smith, and J. V. 
Ravetch. 2010. FcgammaRIV deletion reveals its central role for IgG2a and IgG2b activity in 
vivo. Proc Natl Acad Sci U S A 107: 19396-19401. 

18. Yamada, K., K. Ito, J. Furukawa, J. Nakata, M. Alvarez, J. S. Verbeek, Y. Shinohara, and S. Izui. 
2013. Galactosylation of IgG1 modulates FcgammaRIIB-mediated inhibition of murine 
autoimmune hemolytic anemia. J Autoimmun 47: 104-110. 

19. Hayes, J. M., E. F. Cosgrave, W. B. Struwe, M. Wormald, G. P. Davey, R. Jefferis, and P. M. 
Rudd. 2014. Glycosylation and Fc receptors. Curr Top Microbiol Immunol 382: 165-199. 

20. Lund, J., N. Takahashi, H. Nakagawa, M. Goodall, T. Bentley, S. A. Hindley, R. Tyler, and R. 
Jefferis. 1993. Control of IgG/Fc glycosylation: a comparison of oligosaccharides from 
chimeric human/mouse and mouse subclass immunoglobulin Gs. Mol Immunol 30: 741-748. 

21. Srinivasan, R., A. N. Houghton, and J. D. Wolchok. 2002. Induction of autoantibodies against 
tyrosinase-related proteins following DNA vaccination: unexpected reactivity to a protein 
paralogue. Cancer Immun 2: 8. 

22. Introna, M., and J. Golay. 2009. Complement in antibody therapy: friend or foe? Blood 114: 
5247-5248. 

23. Dechant, M., W. Weisner, S. Berger, M. Peipp, T. Beyer, T. Schneider-Merck, J. J. Lammerts 
van Bueren, W. K. Bleeker, P. W. Parren, J. G. van de Winkel, and T. Valerius. 2008. 
Complement-dependent tumor cell lysis triggered by combinations of epidermal growth 
factor receptor antibodies. Cancer Res 68: 4998-5003. 

24. Lee, C. H., G. Romain, W. Yan, M. Watanabe, W. Charab, B. Todorova, J. Lee, K. Triplett, M. 
Donkor, O. I. Lungu, A. Lux, N. Marshall, M. A. Lindorfer, O. R. Goff, B. Balbino, T. H. Kang, H. 
Tanno, G. Delidakis, C. Alford, R. P. Taylor, F. Nimmerjahn, N. Varadarajan, P. Bruhns, Y. J. 
Zhang, and G. Georgiou. 2017. Corrigendum: IgG Fc domains that bind C1q but not effector 
Fcgamma receptors delineate the importance of complement-mediated effector functions. 
Nat Immunol 18: 1173. 

25. Kushihata, F., J. Watanabe, A. Mulder, F. Claas, and J. C. Scornik. 2004. Human leukocyte 
antigen antibodies and human complement activation: role of IgG subclass, specificity, and 
cytotoxic potential. Transplantation 78: 995-1001. 

26. Lee, C. H., G. Romain, W. Yan, M. Watanabe, W. Charab, B. Todorova, J. Lee, K. Triplett, M. 
Donkor, O. I. Lungu, A. Lux, N. Marshall, M. A. Lindorfer, O. R. Goff, B. Balbino, T. H. Kang, H. 
Tanno, G. Delidakis, C. Alford, R. P. Taylor, F. Nimmerjahn, N. Varadarajan, P. Bruhns, Y. J. 
Zhang, and G. Georgiou. 2017. IgG Fc domains that bind C1q but not effector Fcgamma 
receptors delineate the importance of complement-mediated effector functions. Nat 
Immunol 18: 889-898. 

27. Gul, N., L. Babes, K. Siegmund, R. Korthouwer, M. Bogels, R. Braster, G. Vidarsson, T. L. ten 
Hagen, P. Kubes, and M. van Egmond. 2014. Macrophages eliminate circulating tumor cells 
after monoclonal antibody therapy. J Clin Invest 124: 812-823. 

28. Alderson, K. L., and P. M. Sondel. 2011. Clinical cancer therapy by NK cells via antibody-
dependent cell-mediated cytotoxicity. J Biomed Biotechnol 2011: 379123. 

29. Bergman, I., P. H. Basse, M. A. Barmada, J. A. Griffin, and N. K. Cheung. 2000. Comparison of 
in vitro antibody-targeted cytotoxicity using mouse, rat and human effectors. Cancer 
Immunol Immunother 49: 259-266. 

30. Hara, I., Y. Takechi, and A. N. Houghton. 1995. Implicating a role for immune recognition of 
self in tumor rejection: passive immunization against the brown locus protein. J Exp Med 
182: 1609-1614. 

31. Moynihan, K. D., C. F. Opel, G. L. Szeto, A. Tzeng, E. F. Zhu, J. M. Engreitz, R. T. Williams, K. 
Rakhra, M. H. Zhang, A. M. Rothschilds, S. Kumari, R. L. Kelly, B. H. Kwan, W. Abraham, K. Hu, 
N. K. Mehta, M. J. Kauke, H. Suh, J. R. Cochran, D. A. Lauffenburger, K. D. Wittrup, and D. J. 



Discussion

6

| 111

Irvine. 2016. Eradication of large established tumors in mice by combination immunotherapy 
that engages innate and adaptive immune responses. Nat Med 22: 1402-1410. 

32. Tzeng, A., M. J. Kauke, E. F. Zhu, K. D. Moynihan, C. F. Opel, N. J. Yang, N. Mehta, R. L. Kelly, 
G. L. Szeto, W. W. Overwijk, D. J. Irvine, and K. D. Wittrup. 2016. Temporally Programmed 
CD8alpha(+) DC Activation Enhances Combination Cancer Immunotherapy. Cell Rep 17: 
2503-2511. 

33. Zhu, E. F., S. A. Gai, C. F. Opel, B. H. Kwan, R. Surana, M. C. Mihm, M. J. Kauke, K. D. 
Moynihan, A. Angelini, R. T. Williams, M. T. Stephan, J. S. Kim, M. B. Yaffe, D. J. Irvine, L. M. 
Weiner, G. Dranoff, and K. D. Wittrup. 2015. Synergistic innate and adaptive immune 
response to combination immunotherapy with anti-tumor antigen antibodies and extended 
serum half-life IL-2. Cancer Cell 27: 489-501. 

34. Drobits, B., M. Holcmann, N. Amberg, M. Swiecki, R. Grundtner, M. Hammer, M. Colonna, 
and M. Sibilia. 2012. Imiquimod clears tumors in mice independent of adaptive immunity by 
converting pDCs into tumor-killing effector cells. J Clin Invest 122: 575-585. 

35. Schiavoni, G., F. Mattei, and L. Gabriele. 2013. Type I Interferons as Stimulators of DC-
Mediated Cross-Priming: Impact on Anti-Tumor Response. Front Immunol 4: 483. 

36. Rakhmilevich, A. L., M. Felder, L. Lever, J. Slowinski, K. Rasmussen, A. Hoefges, T. J. Van De 
Voort, H. Loibner, A. J. Korman, S. D. Gillies, and P. M. Sondel. 2017. Effective Combination 
of Innate and Adaptive Immunotherapeutic Approaches in a Mouse Melanoma Model. J 
Immunol 198: 1575-1584. 

37. Brandl, C., C. Haas, S. d'Argouges, T. Fisch, P. Kufer, K. Brischwein, N. Prang, R. Bargou, J. 
Suzich, P. A. Baeuerle, and R. Hofmeister. 2007. The effect of dexamethasone on polyclonal 
T cell activation and redirected target cell lysis as induced by a CD19/CD3-bispecific single-
chain antibody construct. Cancer Immunol Immunother 56: 1551-1563. 

38. Choi, B. D., C. T. Kuan, M. Cai, G. E. Archer, D. A. Mitchell, P. C. Gedeon, L. Sanchez-Perez, I. 
Pastan, D. D. Bigner, and J. H. Sampson. 2013. Systemic administration of a bispecific 
antibody targeting EGFRvIII successfully treats intracerebral glioma. Proc Natl Acad Sci U S A 
110: 270-275. 

39. Mack, M., R. Gruber, S. Schmidt, G. Riethmuller, and P. Kufer. 1997. Biologic properties of a 
bispecific single-chain antibody directed against 17-1A (EpCAM) and CD3: tumor cell-
dependent T cell stimulation and cytotoxic activity. J Immunol 158: 3965-3970. 

40. Labrijn, A. F., J. I. Meesters, M. Bunce, A. A. Armstrong, S. Somani, T. C. Nesspor, M. L. Chiu, 
I. Altintas, S. Verploegen, J. Schuurman, and P. Parren. 2017. Efficient Generation of 
Bispecific Murine Antibodies for Pre-Clinical Investigations in Syngeneic Rodent Models. Sci 
Rep 7: 2476. 

41. Benonisson, H., I. Altintas, M. Sluijter, S. Verploegen, A. Labrijn, D. H. Schuurhuis, M. A. 
Houtkamp, J. S. Verbeek, J. Schuurman, and T. van Hall. 2018. CD3-bispecific antibody 
therapy turns solid tumors into inflammatory sites but does not install protective memory. 
Mol Cancer Ther. 

42. Hoffmann, P., R. Hofmeister, K. Brischwein, C. Brandl, S. Crommer, R. Bargou, C. Itin, N. 
Prang, and P. A. Baeuerle. 2005. Serial killing of tumor cells by cytotoxic T cells redirected 
with a CD19-/CD3-bispecific single-chain antibody construct. Int J Cancer 115: 98-104. 

43. Hung, K., R. Hayashi, A. Lafond-Walker, C. Lowenstein, D. Pardoll, and H. Levitsky. 1998. The 
central role of CD4(+) T cells in the antitumor immune response. J Exp Med 188: 2357-2368. 

44. Melssen, M., and C. L. Slingluff, Jr. 2017. Vaccines targeting helper T cells for cancer 
immunotherapy. Curr Opin Immunol 47: 85-92. 

45. Muranski, P., A. Boni, P. A. Antony, L. Cassard, K. R. Irvine, A. Kaiser, C. M. Paulos, D. C. 
Palmer, C. E. Touloukian, K. Ptak, L. Gattinoni, C. Wrzesinski, C. S. Hinrichs, K. W. Kerstann, L. 
Feigenbaum, C. C. Chan, and N. P. Restifo. 2008. Tumor-specific Th17-polarized cells 
eradicate large established melanoma. Blood 112: 362-373. 



Chapter 6|112

46. Shankaran, V., H. Ikeda, A. T. Bruce, J. M. White, P. E. Swanson, L. J. Old, and R. D. Schreiber. 
2001. IFNgamma and lymphocytes prevent primary tumour development and shape tumour 
immunogenicity. Nature 410: 1107-1111. 

47. Sedykh, S. E., V. V. Prinz, V. N. Buneva, and G. A. Nevinsky. 2018. Bispecific antibodies: 
design, therapy, perspectives. Drug Des Devel Ther 12: 195-208. 

48. Nimmerjahn, F., and J. V. Ravetch. 2005. Divergent immunoglobulin g subclass activity 
through selective Fc receptor binding. Science 310: 1510-1512. 

49. Albanesi, M., D. A. Mancardi, F. Jonsson, B. Iannascoli, L. Fiette, J. P. Di Santo, C. A. Lowell, 
and P. Bruhns. 2013. Neutrophils mediate antibody-induced antitumor effects in mice. Blood 
122: 3160-3164. 

50. Benonisson, H., H. S. Sow, C. Breukel, J. W. C. Claassens, C. Brouwers, M. M. Linssen, A. 
Redeker, M. F. Fransen, T. van Hall, F. Ossendorp, R. Arens, and S. Verbeek. 2018. 
FcgammaRI expression on macrophages is required for antibody-mediated tumor protection 
by cytomegalovirus-based vaccines. Oncotarget 9: 29392-29402. 

51. Benonisson, H., H. S. Sow, C. Breukel, J. Claassens, C. Brouwers, M. M. Linssen, M. F. 
Fransen, M. Sluijter, F. Ossendorp, T. van Hall, and J. S. Verbeek. 2018. High FcgammaR 
Expression on Intratumoral Macrophages Enhances Tumor-Targeting Antibody Therapy. J 
Immunol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Discussion

6

| 113

 

 

 

Paper Model Start and Ab KO used Cell depletion Detection Which cell and 
FcγR involved

Difference

(48) Lung metastasis TA99 day 0 
IgG1, IgG2b 
and IgG2c

defucosylation

FcγRI KO
FcγRIII KO FcγRIV 

blocking (9E9)

Size (Caliper) IgG2c and  
Defucosylated 

IgG2b  it is FcγRIV

Own TA99 
production

“Metastatic”

(15) Lung metastasis TA99 day 0
(+ MPL)

FcγRI KO
FcγIII KO

FcR γ chain KO

Numbers/size FcγRI is central Effector cells 
involved: 

Alveolar Mϕ?

“Metastatic”

(16) Liver metastasis TA99 day 0 FcγRI KO
FcγRIII KO FcγRIV 

blocking (9E9) 
FcγRI/IIII

KO

Kupfer cell 
depletion

(clodronate)

Numbers FcγRI and FcγRIV 
and Kupfer cells

Effector cells 
involved: 

Kupffer cells

“Metastatic”

(17) Skin s.c TA99 day 0 FcγRI KO
FcγRIII KO
FcγRIV KO
FcγRI/III KO

Size (Caliper) Only FcγRIV Own TA99 
production

“Metastatic”

(14) Lung metastasis TA99 day 0
(+ CTX)

FcγRI KO
FcγRIII KO FcγRIV 

KO
FcR γchain KO
FcγRI/II/III KO

FcγRII/III/IV KO
FcγRIII and IV 
blocking MoAb

Bioluminescence 
load

FcγRI and FcγRIII 
but NOT FcγRIV

Effector cells 
involved: 

Alveolar Mϕ?
Other 

detection 
method

“Metastatic”

(49) Skin s.c TA99 day 0/2 hMRP8Cre X
Sykfl/fl (neutrophil 

spec.)

Clodronate;
anti-GR-1

NK cell depl.
+ Gadolinium

Bioluminescence 
load

Neither Mϕ nor NK 
cells, but 

neutrophils

Other 
detection
Method

IV injection 
TA99

“Metastatic”

(27) Liver metastasis TA99 day 0 Intravital imaging Kupfer cells (Mϕ) Kupfer cells 
(Mϕ)

“Metastatic”

(50) Skin s.c MCMV-TRP2 
vaccination

FcγRI/II/III/IV KO
FcγRI KO; FcgRIII KO

FcγRIV KO
FγRIII/IV KO

Clodronate, 
anti-GR-1, NK 
cell depletion

Size (Caliper) Central role FcγRI 
and Mϕ minor role 

of FcγRIV
No role for 
neutrophils

Polyclonal 
anti-TRP2

Prophylactic

(51) Skin s.c TA99
Day 5

+ IL2 + Aldara

FcγRI/III/IV KO
FcγRI KO

FcγRIII/IV KO
NK spec. FcγRIII KO

Neutrophil spec. 
FcγRIII/IV KO

Clodronate, 
anti-GR-1, NK 
cell depletion

Size (Caliper) FcγRI on Mϕ, minor 
role FcγRIII and/or 

FcgRIV on Mϕ
FcγR independent 
small contribution 

NK cells
No role (FcγR on)

neutrophils
T cell dependent

Effect of 
Aldara and 

IL-2

“Therapeutic”

Table 1: Comparison of different papers investigating the role of Fc receptors in the
treatment of B16F10 melanoma with tumor targeting antibodies (13-17, 27, 48-51).
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Figure 1: Schematic overview of the mode of action of the combination therapy of imiquimod 
and TA99 and how the mechanism could be when using previous studies to fill in the gap 
(31-35, 51). 
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