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Introduction
Immunotherapy is a promising addition to classical cancer treat-
ments like surgery, chemotherapy, and radiotherapy (1–4). Treat-
ment with mAbs that target hematological malignancies, such as 
anti-CD20  (α-CD20) mAbs, can effectively and rapidly eliminate 
malignant cells, although not all patients achieve complete remis-
sion and others experience relapse (5, 6). mAbs are also used to 
treat solid malignancies. For instance, α-EGFR mAbs are used 
for the treatment of metastasized colorectal and head and neck 
cancer (7). However, compared with the success of treating hema-
tological malignancies, results in solid cancers are modest (8, 9). 
Improvement of antibody-based immunotherapeutic approaches 
is therefore urgently needed.

Most mAbs that are used in the clinic are of the IgG1 isotype and 
act through multiple mechanisms. Antitumor IgG1 mAbs can exert 
their antitumor activity by blocking growth factor receptors or apop-
tosis induction (2, 10). Additionally, they can activate the classical 
complement pathway (11) and recruit innate effector cells through 
binding to Fc gamma receptors (FcγRs). Both NK cells and macro-
phages represent potent effector cells in IgG1-mediated tumor cell 

killing. NK cells induce apoptosis via release of perforins and gran-
zymes or through activation of death receptor pathways, which is 
referred to as antibody-dependent cellular cytotoxicity (ADCC) (12, 
13). Macrophages eliminate antibody-opsonized tumor cells mainly 
through antibody-dependent cellular phagocytosis (ADCP) (14, 15). 
It has been shown that FcγR-mediated mechanisms are essential 
for therapeutic antitumor efficacy in several mouse models (16–18). 
Furthermore, FcγR polymorphisms that influence binding affinity 
for IgG correlated to some extent with clinical outcome after treat-
ment with rituximab (α-CD20) or cetuximab (α-EGFR) in lymphoma  
or colorectal cancer, respectively (19–21), suggesting that ADCC or 
ADCP may play a role. Nonetheless, mutations in EGFR signaling 
pathways (e.g., KRAS) have a bigger impact on therapeutic efficacy 
(22, 23), supporting the notion that enlisting NK cells and macro-
phages as effector cells in mAb therapy is not sufficient.

Neutrophils, which represent the largest cytotoxic cell popula-
tion in the circulation, have previously been proposed as an addi-
tional effector cell population in mAb therapy of cancer (24, 25). 
Via cotreatment with G-CSF, their number can be easily expanded  
without the need for complicated ex vivo culture or manipula-
tion (26). Neutrophils furthermore kill tumor cells via several 
nonapoptotic mechanisms (27, 28), which could be advantageous 
when tumor cells have accumulated mutations in apoptosis path-
ways. Moreover, through release of cytokines and chemokines as 
well as via crosstalk with, for instance, DCs, neutrophils may reg-
ulate adaptive immune responses (25, 29–33), potentially leading  
to in situ generation of long-term antitumor immunity.

Most clinically used anticancer mAbs are of the IgG isotype, which can eliminate tumor cells through NK cell–mediated 
antibody-dependent cellular cytotoxicity and macrophage-mediated antibody-dependent phagocytosis. IgG, however, 
ineffectively recruits neutrophils as effector cells. IgA mAbs induce migration and activation of neutrophils through the IgA Fc 
receptor (FcαRI) but are unable to activate NK cells and have poorer half-life. Here, we combined the agonistic activity of IgG 
mAbs and FcαRI targeting in a therapeutic bispecific antibody format. The resulting TrisomAb molecules recruited NK cells, 
macrophages, and neutrophils as effector cells for eradication of tumor cells in vitro and in vivo. Moreover, TrisomAb had long 
in vivo half-life and strongly decreased B16F10gp75 tumor outgrowth in mice. Importantly, neutrophils of colorectal cancer 
patients effectively eliminated tumor cells in the presence of anti-EGFR TrisomAb but were less efficient in mediating killing 
in the presence of IgG anti-EGFR mAb (cetuximab). The clinical application of TrisomAb may provide potential alternatives for 
cancer patients who do not benefit from current IgG mAb therapy.
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subsequent binding was detected as response units (Figure 2A). A 
first flow with TrisomAb α-EGFR showed binding to spotted FcαRI, 
whereas IgG α-EGFR in flow 1 did not (Figure 2, A and B). A second 
flow with soluble FcγRIIIa showed binding to TrisomAb α-EGFR 
(that had bound to FcαRI in flow 1; Figure 2, A and C). A second 
flow with soluble FcαRI showed no additional binding, indicating 
that spotted FcαRI was already occupied by binding of TrisomAb 
(Figure 2, A and C). Antibody binding affinity of TrisomAb α-EG-
FR, human IgG1 α-EGFR, and human IgG1 α-FcαRI for FcαRI and 
human FcγR IIIa 158V protein is shown in Supplemental Table 1. 
Carcinoma cells with high (A431 cells) or intermediate (HTCT116 
cells) EGFR expression but not SW621 cells (no EGFR expression) 
were able to bind to FcαRI/FcγRIIIa-occupied TrisomAb α-EGFR  
during the third flow (Figure 2, A and D). Thus, TrisomAb α-EGFR  
was able to simultaneously interact with FcαRI-, FcγRIIIa-, and 
EGFR-positive tumor cells. To corroborate the binding specificity 
of TrisomAb α-EGFR and TrisomAb α-gp75 to neutrophils and can-
cer cells, we investigated the binding with flow cytometry. Trisom-
Ab α-EGFR bound to A431 cells and FcαRI-positive neutrophils in 
a dose-dependent manner (Supplemental Figure 1D; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI134680DS1). Both TrisomAb α-EGFR and IgG α-EGFR bound 
to A431 cells, whereas TrisomAb α-gp75 and IgG α-FcαRI did 
not bind (Figure 2E). In addition, TrisomAb α-EGFR, Trisom-
Ab α-gp75, and parental IgG α-FcαRI were able to bind to FcαRI- 
positive neutrophils, whereas IgG α-EGFR did not bind (Figure 2F). 
Similarly, only TrisomAb α-gp75 bound B16F10gp75 cells (Figure 
2G). In conclusion, both TrisomAb α-EGFR and TrisomAb α-gp75 
were able to bind to FcαRI-positive neutrophils, FcγRIIIa, and their 
specific tumor-associated antigen.

TrisomAb induces FcγR-mediated effector functions. To investi-
gate whether TrisomAbs induce effective NK cell–mediated kill-
ing of cancer cells, we performed an ADCC assay with A431 or 
B16F10gp75 cells in the presence of TrisomAb, IgA, and IgG anti-
bodies against EGFR or gp75. Within 4 hours, NK cells reduced 
the number of A431 cells up to 60% in the presence of 1 μg/mL 
TrisomAb α-EGFR or IgG α-EGFR (Figure 3A). At a lower con-
centration (0.1 μg/mL), IgG α-EGFR was more efficient than Tri-
somAb α-EGFR (Figure 3A). IgA α-EGFR was not able to induce 
ADCC (Figure 3A). Incubation of TrisomAb α-EGFR and IgG 
α-EGFR antibodies for 24 hours resulted in complete elimina-
tion of A431 cells by NK cells, whereas IgA α-EGFR had no effect 
(Supplemental Figure 1E). In the presence of 1 μg/mL, TrisomAb 
α-gp75 or IgG α-gp75 elicited effective NK cell–mediated ADCC, 
resulting in B16F10gp75 killing of approximately 60% after 4 
hours (Figure 3B). Increasing the antibody dose to 10 μg/mL did 
not further increase the killing of B16F10gp75 cells, whereas at a 
lower dose (0.1 μg/mL), IgG α-gp75 was somewhat more efficient 
than TrisomAb α-gp75 (Figure 3B). IgA α-gp75 was ineffective at 
all concentrations. To investigate the kinetics of NK cell–mediated 
ADCC, we performed live-cell imaging using Lifeact mScarlet– 
transduced A431 cells and fluorescently labeled NK cells. Because 
NK cells generally kill through induction of apoptosis, a fluores-
cent caspase-3/7 indicator was used. TrisomAb α-EGFR and IgG 
α-EGFR induced caspase-3/7 activation within 2 hours (Supple-
mental Videos 1 and 2 and Figure 3C). No apoptosis was induced 
in the absence of antibodies or in the presence of IgA α-EGFR 

It has been demonstrated that neutrophils can induce tumor 
cell killing in the presence of IgG1 antitumor antibodies in vitro 
and in vivo (34, 35), but there is limited evidence that they play 
an important role in current mAb therapies in patients. However, 
their tumoricidal ability may be greatly enhanced by targeting 
the IgA Fc receptor FcαRI (CD89), as it was shown that neutro-
phils kill tumor cells more effectively in the presence of IgA anti-
bodies (28, 36–40). Importantly, FcαRI but not FcγR crosslinking 
resulted in neutrophil recruitment through release of leukotriene 
B4 (LTB4), leading to accumulation of neutrophils in 3-D tumor 
colonies in vitro (37). IgA does not activate NK cells because 
FcαRI is not expressed.

To enlist a broader range of effector cells, combinations of IgG 
and IgA antibodies were tested in tumor models to induce tumor 
killing by both FcγR- and FcαRI-bearing immune cells (41, 42). 
However, IgA has a short half-life, which hampers in vivo activ-
ity. In this study, we investigated how neutrophils, NK cells, and 
macrophages can be recruited as effector cells using a single ther-
apeutic IgG1 bispecific antibody (BsAb) format that combined the 
agonistic activity of FcαRI targeting with IgG1 characteristics, i.e., 
long half-life and induction of ADCC and ADCP.

Results
Generation and characterization of TrisomAbs. To augment neutro-
phil recruitment as effector cells for tumor therapy, we generated 
bispecific molecules (referred to as TrisomAb), in which the arms 
target FcαRI and a tumor-associated antigen (Figure 1A). Trisom-
Abs were generated via controlled Fab-arm exchange (FAE) Duo-
Body technology (43). Parental IgG1 antibodies against the tumor 
antigens EGFR and gp75 were of the G1m(f) allotype and con-
tained the point mutation F405L, whereas parental IgG1 α-FcαRI 
antibodies were of the G1m(a) allotype and contained the K409R 
mutation in their respective CH3 domains (Figure 1A). Modified 
parental IgG1 antibodies were mixed and subjected to controlled 
reducing conditions in vitro that separated the 2 parental antibod-
ies into half-molecules, which subsequently allowed reassembly 
and reoxidation to form TrisomAb BsAbs (Figure 1A). To verify 
FAE, we performed a sandwich ELISA utilizing the allotypic dif-
ferences between the TrisomAbs and their parental forms. When 
an antibody against G1m(f) was used for both coating and detec-
tion, only the parental α-EGFR mAb (cetuximab) containing the 
point mutation F405L [G1m(f) allotype] was detected (Figure 1B). 
Conversely, when antibodies against the G1m(a) allotype were 
used for both coating and detection, only the parental α-FcαRI 
mAb containing the K409R mutation was detected (Figure 1C). 
When α-G1m(f) mAb was used for coating and α-G1m(a) mAb as 
detection antibody, only TrisomAb α-EGFR but neither parental 
form was detected, verifying the successful FAE of the parental 
antibodies (Figure 1D). Successful FAE of TrisomAb α-gp75 was 
shown in a similar manner (Supplemental Figure 1, A–C).

To validate the binding specificity of TrisomAb α-EGFR, we 
measured the binding of TrisomAb α-EGFR to an FcαRI, FcγRIIIa 
(CD16a), as the most important FcγR on NK cells and macrophages, 
and various EGFR-expressing tumor cell lines using a cellular sur-
face plasmon resonance imaging (SPRi) platform. FcαRI was spot-
ted on a streptavidin-coated sensor at different densities. Differ-
ent antibodies, ligands, and cells were sequentially injected and 
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Figure 1. Generation of TrisomAb α-EGFR and TrisomAb α-gp75 by Fab-arm exchange. (A) Illustration of TrisomAb α-EGFR and TrisomAb α-gp75. 
TrisomAb is a bispecific human IgG1 antibody format targeting tumor-associated antigens with one arm and FcαRI with the other arm. Lower panel 
shows in silico model of the CH3-domain α-FcαRI G1m(a)-CH3-domain α-EGFR G1m(f) heterodimer interface. Residues F405 and K409 are highlighted 
in purple and gold, respectively. Image was generated from PBD ID 3AVE (79). Since the backbone is an IgG1 molecule, it has a long half-life and is capa-
ble of inducing FcγR-mediated effector functions in NK cells and macrophages. (B–D) Sandwich ELISA showing successful Fab-arm exchange utilizing 
the allotypic differences between TrisomAb and its parental forms. Data show mean ± SD of 1 representative example of more than 7 independent 
experiments B–D.
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manner, although IgA was slightly less efficient (Figure 3F). When 
B16F10gp75 cells were used as target cells, TrisomAb α-gp75 per-
formed better than IgA α-gp75 and IgG α-gp75 (Figure 3G). In con-
clusion, TrisomAb mediated effective ADCC and ADCP, demon-
strating that the IgG heavy chain of the BsAb retained the ability to 
activate NK cells and macrophages through FcγR.

(Supplemental Videos 1 and 2 and Figure 3C). No differences in 
kinetics were observed between TrisomAb α-EGFR or IgG α-EGFR  
(Figure 3, C–E). Next, we investigated the efficacy of Trisom-
Ab-dependent phagocytosis of A431 and B16F10gp75 cells by 
monocyte-derived macrophages. TrisomAb, IgA, and IgG α-EGFR  
antibodies mediated ADCP of A431 cells in a dose-dependent 

Figure 2. Binding specificity of EGFR, gp75, FcαRI, and FcγRIIIa for TrisomAb α-EGFR and TrisomAb α-gp75. (A) Representative cellular surface plasmon 
resonance sensorgrams showing TrisomAb α-EGFR, injected at a flow rate of 20 μL/min, interacting with immobilized FcαRI (flow 1), FcγRIIIa interact-
ing with TrisomAb α-EGFR bound to FcαRI (flow 2), and affinity of A431 (high EGFR expression), HCT116 (moderate EGFR expression), and SW620 cells 
(no EGFR expression) for TrisomAb α-EGFR bound to FcαRI and FcγRIIIa (flow 3). Table on the right shows the injection summary of the sensorgram. (B) 
Quantification of Δ1 response (time point 2 – time point 1, flow 1). (C) Quantification of Δ2 response (time point 4 – time point 3, flow 2). (D) Quantification 
of Δ3 response (time point 6 – time point 5, flow 3). Binding of therapeutic mAbs (10 μg/mL) to A431 cells (E), neutrophils (F), and B16F10gp75 cells (G) 
measured by flow cytometry. Data in A–D are from 2 independent experiments; error bars show SD. *P < 0.05; **P < 0.01 by multiple t tests in B–D.
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TrisomAb induces neutrophil-mediated cytotoxicity through 
FcαRI. To determine whether TrisomAb is able to activate FcαRI, 
we next investigated signaling after crosslinking of FcαRI with 
TrisomAb and measured the amount of tyrosine phosphoryla-
tion, which is an early step in the signaling cascade. To exclude 
the potential contribution of the IgG Fc tail and FcγR signaling, 
RBL cells were used that had been transfected with human FcαRI 
but did not express FcγR (44). Clustering of FcαRI with either the 
parental α-FcαRI mAb or TrisomAb α-EGFR induced transient 
downstream signaling in RBL-FcαRI cells (Supplemental Figure 
2, A–C and F). Elevated tyrosine phosphorylation was detected 
between 1 and 10 minutes, with strong activation of proteins sized 
approximately 40 kDa and 70 kDa (Supplemental Figure 2F). Incu-
bation with IgG α-EGFR (as control) or the secondary antibody 
alone did not induce tyrosine phosphorylation (Supplemental 
Figure 2, D–F). Similarly, crosslinking of FcαRI on PMNs showed 
comparable tyrosine phosphorylation patterns to that observed in 
RBL-FcαRI (Supplemental Figure 3, A–E). To exclude interference 
of signaling via FcαRI on monocytes, tyrosine phosphorylation 
after FcαRI crosslinking was repeated in enriched neutrophil frac-
tions (Supplemental Figure 4, A–E). Neutrophil enrichment was 
confirmed using cytospins and imaging (Supplemental Figure 5, A 
and B), and was increased from approximately 90% to 98% after 
the enrichment step (Supplemental Figure 5C). Thus, clustering 
of FcαRI with TrisomAb α-EGFR induced transient tyrosine sig-
naling in RBL cells and neutrophils, demonstrating that TrisomAb 
α-EGFR was able to induce FcαRI-mediated signaling.

To investigate whether TrisomAb α-EGFR was able to induce 
neutrophil-mediated cytotoxicity, A431 cells were incubated with 
PMNs in the presence of TrisomAb, IgA, or IgG α-EGFR antibod-
ies. Within a time period of 4 hours, PMNs reduced the number 
of tumor cells up to 90% in the presence of 10 μg/mL TrisomAb 
α-EGFR, outperforming the parental IgG α-EGFR mAb and simi-
lar to IgA α-EGFR (Figure 4A). At lower doses, TrisomAb α-EGFR 
was more efficient at inducing tumor cell killing than IgG α-EGFR,  

but slightly less effective compared with IgA α-EGFR (Figure 4A). 
To exclude the possible contribution of contaminating mono-
cytes, eosinophils, basophils, or mast cells in the PMN fraction, we 
examined the killing capacity of enriched neutrophils. No major 
differences were observed between elimination of tumor cells by 
PMNs or enriched neutrophils in the presence of IgG α-EGFR, IgA 
α-EGFR, or TrisomAb α-EGFR (Supplemental Figure 5, D and E). 
Additionally, the presence of eosinophil- and basophil-related  
cytokines, i.e., IL-4 and IL-13, was not detected in the superna-
tants of ADCC assays (data not shown), nor was an increase in 
histamine levels observed (Supplemental Figure 5F), excluding 
a major confounding effect of eosinophils, basophils, and mast 
cells. Lactoferrin and IL-8 release in supernatants were evaluated 
as a measure for neutrophil degranulation and cytokine release, 
respectively. Lactoferrin release showed a similar pattern as  
neutrophil-mediated killing of A431 cells in the presence of the  
different antibodies (Figure 4B). IL-8 was detected in supernatants 
of conditions in which IgA α-EGFR or TrisomAb α-EGFR had been 
added, but not in IgG α-EGFR–derived supernatants (Figure 4C). 
The presence of chemotactic stimuli in supernatants was further 
investigated with a chemotaxis assay. Some neutrophil recruit-
ment was observed toward supernatants when IgG α-EGFR anti-
bodies were added (Supplemental Figure 5G). Chemotactic activ-
ity of supernatants was, however, greatly increased when either 
IgA α-EGFR or TrisomAb α-EGFR were added in the killing assays 
(Supplemental Figure 5G). Killing assays with B16F10gp75 cells in 
the presence of TrisomAb α-gp75 corroborated the data obtained 
with TrisomAb α-EGFR. Addition of 10 μg/mL TrisomAb α-gp75 
or IgA α-gp75 outperformed killing of tumor cells by PMNs in the 
presence of the parental IgG α-gp75 mAb (Figure 4D). Lactoferrin 
release correlated with tumor cell death, and IL-8 was released in 
both supernatants of IgA α-gp75 and TrisomAb α-gp75 conditions, 
although levels of IL-8 were lower in the latter condition (Figure 
4, E and F). Together, these data indicate that TrisomAb induced 
enhanced killing of tumor cells, as well as increased neutrophil 
degranulation and release of chemotactic stimuli compared with 
the parental IgG antibodies.

TrisomAb induces neutrophil swarming. To study dynamic con-
tacts between neutrophils and tumor cells in real time, we per-
formed live-cell imaging followed by in-depth cellular tracking 
analyses. Real-time recordings of neutrophil-mediated killing 
showed neutrophil swarming toward A431 cells in the presence 
of IgA α-EGFR and TrisomAb α-EGFR (Supplemental Videos 3 
and 4, and Figure 5A). The number of neutrophils interacting 
with tumor cells was quantified with a custom written Xtension 
for Imaris (Supplemental Video 5). TrisomAb α-EGFR triggered 
swarming behavior more rapidly than IgA α-EGFR (Figure 5, A–C). 
Nonetheless, killing of A431 cells after 40 minutes was compara-
ble, as indicated by the reduction in tumor area (Figure 5, A and 
D). During killing assays, we observed long stretches of F-actin 
in tumor cells as well as uptake of cancer cell–derived F-actin by 
neutrophils (Supplemental Video 6 and Figure 5E), which is a pro-
cess referred to as trogocytosis (35). Quantification showed that 
TrisomAb α-EGFR and IgA α-EGFR induced trogocytosis 3 times 
more efficiently compared with IgG α-EGFR (Figure 5F). Thus, 
TrisomAb induced neutrophil swarming and killing (trogocytosis) 
through FcαRI in a similar manner as IgA antitumor antibodies.

Figure 3. TrisomAb induces effective FcγR- and FcαR-mediated ADCC 
and ADCP of cancer cells. (A) ADCC of A431 cells by NK cells (effector/
target 5:1) in the presence of 0, 0.1, and 1 μg/mL TrisomAb, IgA, and IgG 
α-EGFR antibodies. CellTiter-Blue Cell Viability Assay was performed 
after 4 hours. (B) ADCC of B16F10gp75 cells by NK cells (E/T 5:1) in 
the presence of 0, 0.1, 1, and 10 μg/mL TrisomAb, IgA, and IgG α-gp75 
antibodies. CellTiter-Blue Cell Viability Assay was performed after 4 
hours. (C) Confocal live-cell imaging of antibody-mediated induction of 
apoptosis (caspase-3/7 activity, yellow) in A431 cells (blue) by NK cells 
(red). Scale bars: 25 μm. (D) Quantification of caspase-3/7 activity and (E) 
tumor area for different therapeutic antibodies. (F) ADCP of A431 cells by 
monocyte-derived macrophages in the presence of 0, 0.001, 0.01, 0.1, 1, 
and 10 μg/mL TrisomAb, IgA, and IgG α-EGFR antibodies. Percentage of 
phagocytic events was measured by flow cytometry 4 hours after incu-
bation with macrophages at an effector to target ratio of 5:1. (G) ADCP 
of B16F10gp75 cells by monocyte-derived macrophages in the presence 
of 0, 0.01, 0.1, 1 and 10 μg/mL TrisomAb, IgA, and IgG α-gp75 antibodies. 
Percentage of phagocytic events was measured by flow cytometry 4 hours 
after incubation with macrophages at an effector to target ratio of 5:1. 
Data are from 3 independent experiments; caspase-3/7 activation and 
tumor area were quantified for 8 tumor colonies (5–30 cells) per group; 
error bars show SEM. *P < 0.05; **P < 0.01 by 2-way ANOVA with Tukey’s 
multiple-comparison correction in A, B, and D–G.
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Because TrisomAb has the ability to recruit and activate NK 
cells, macrophages, and neutrophils, we next investigated killing 
of tumor cells by WBCs containing neutrophils, monocytes, and 
NK cells. The tumor killing capacity of WBCs was comparable to 
that of PMNs, probably because PMNs constitute the majority of 
WBCs. No additive or synergistic effect of PBMCs was measur-
able, most likely because of the relatively high neutrophil numbers 
in relation to NK cell numbers and limited access of tumor cells in 
the presence of an overwhelming number of WBCs (Supplemental 
Figure 6, A–C). To overcome these issues, cytotoxicity assays were 
also performed with isolated PMNs and NK cells. Simultaneous 
recruitment of NK cells and neutrophils enhanced tumor killing, 
which was similar to the sum of both cell types alone (Figure 6A).

Cancer patient–derived neutrophils mediate effective killing in the 
presence of TrisomAb α-EGFR. One study has described the immu-
nosuppressive phenotype of neutrophils in patients with cancer 
(45). To assess whether neutrophils of patients with colorectal 
cancer were able to kill tumor cells, killing assays were performed 
in the presence of TrisomAb, IgA, or IgG α-EGFR antibodies. IgG 
α-EGFR–mediated killing of A431 cells by patient neutrophils was 
poor compared with killing by neutrophils of healthy donors (Fig-
ure 6B; dashed line 2 represents the average killing of A431 cells by 
neutrophils from healthy donors in the presence of 10 μg/mL IgG 
α-EGFR). Importantly, killing of A431 cells by patient neutrophils 
in the presence of TrisomAb α-EGFR and IgA α-EGFR antibodies 
was comparable to killing by neutrophils of healthy individuals 

Figure 4. TrisomAb induces lactoferrin and IL-8 secretion during PMN-mediated killing. (A) ADCC of A431 cells by neutrophils (effector/target 50:1) in 
the presence of 0, 0.1, 1, and 10 μg/mL TrisomAb, IgA, and IgG α-EGFR antibodies. CellTiter-Blue Cell Viability Assay was performed after 4 hours. (B) 
Lactoferrin detection in supernatant from ADCC assay shown in A measured by ELISA. (C) IL-8 detection in supernatant from ADCC assay shown in A mea-
sured by ELISA. (D) ADCC of B16F10gp75 cells by neutrophils (effector/target 50:1) in the presence of 0, 0.1, 1, and 10 μg/mL TrisomAb, IgA, and IgG α-gp75 
antibodies. CellTiter-Blue Cell Viability Assay was performed after 4 hours. (E) Lactoferrin detection in supernatant from ADCC assay shown in D measured 
by ELISA. (F) IL-8 detection in supernatant from ADCC assay shown in D measured by ELISA. Data are compiled from 3–7 independent experiments in A–F; 
error bars show SEM. *P < 0.05; **P < 0.01 by 2-way ANOVA with Tukey’s multiple-comparison correction in A–F.
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Figure 5. TrisomAb induces neutrophil swarming. (A) Time-lapse images of A431 colonies (green) and neutrophils (red) recorded with a Nikon Eclipse Ti 
confocal microscope showing neutrophil swarming toward A431 cells in the presence of 2 μg/mL TrisomAb, IgA, IgG α-EGFR, or no antibody. Scale bars: 25 
μm. (B) Quantification of neutrophil distance to A431 cells (in μm) over time. (C) Quantification of neutrophil contact with A431 cells over time. (D) Quan-
tification of tumor area (in mm2) during neutrophil-mediated cytotoxicity. (E) Time-lapse images of neutrophil (red) trogocytosis during Lifeact-positive 
A431 cell (green) killing using various therapeutic mAbs. Upper panel shows overview image of neutrophil swarming, trogocytosis, and tumor cell death 
over time. Bottom panel shows zoom of a single trogocytosis event. Arrow at 6 minutes indicates the start and arrow at 10 minutes indicates the end of 
the event. Scale bars: 10 μm. (F) Quantification of neutrophil trogocytosis. Data are compiled from 4 independent experiments with more than 10 tumor 
colonies (5–20 cells) per group in A–D and 6 tumor colonies (5–20 cells) per group in E and F; error bars show SEM. **P < 0.01 by 2-way ANOVA with Tukey’s 
multiple-comparison correction in D and E.
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way that inserts the lytic membrane attack complex in the tumor 
cell membrane, or initiate NK cell–mediated ADCC and macro-
phage-mediated ADCP. However, IgG does not efficiently recruit 
neutrophils as effector cells. The latter might be achieved by the 
use of IgA antibodies, which can mediate neutrophil migration 
and promote activation. Because NK cells and macrophages have 
no or very low expression of FcαRI, IgA does not activate NK cells 
and ADCP is less efficient. Moreover, IgA does not bind to the neo-
natal FcR (FcRn), resulting in faster serum clearance and shorter 
half-life compared with IgG (47, 48). We have now demonstrated 
that replacing one of the tumor-recognizing variable domains of 
cetuximab or α-gp75 mAbs with an FcαRI recognition domain 
enhanced IgG1-based cancer therapeutics with neutrophil- 
mediated cytotoxicity. Importantly, IgG1 intrinsic effector capac-
ities (i.e., long-half life, NK cell–mediated ADCC and ADCP by 
macrophages) are maintained.

Immunotherapy of cancer is predominantly focused on 
CD8+ T cell responses to tumors (49). However, in vivo studies 
have also described key roles for innate immune effector cells in 
tumor therapy. Studies have found that NK cells enhance anti-
body tumor targeting through release of chemokines and IFN-γ, 
increasing myeloid activation and infiltration, thereby support-
ing tumor elimination (50, 51). Furthermore, Kupffer cells in the 
liver efficiently phagocytosed circulating tumor cells after mAb 
therapy (14). Moreover, it was shown that the activity of human 
α–CTLA-4 antibodies depended on Fc-mediated effector func-
tions by myeloid cells in a mouse model expressing human FcγRs 
(16). In addition, the antitumor efficacy of combination immu-
notherapy (i.e., a vaccine combined with IL-2, a tumor-targeting 
antibody, and checkpoint inhibition) required the presence of 
neutrophils, macrophages, and NK cells to establish long-term 
anticancer immunity (32).

Previous studies have described neutrophils as potential 
effector cells in antibody-based cancer therapy. Initial studies 
were focused on targeting the high-affinity receptor for IgG (FcγRI 
CD64; refs. 52, 53). However, FcγRI phase I/II clinical trials were 
disappointing and efforts with FcγRI bispecific antibodies were 
abandoned (54, 55). Alternatively, FcαRI has been identified as 
a candidate target molecule for tumor therapy (56, 57). Several 
Fab-based BsAbs targeting FcαRI and a range of different tumor- 
associated antigens (i.e., EGFR, HLA class II, CD30, HER-2/
neu, and EpCAM) have been described (26, 28, 37, 38, 42, 57, 
58). Although these FcαRI BsAbs effectively induced neutro-
phil recruitment into tumor colonies in vitro with subsequent 
destruction, half-life was short, hampering in vivo validation of 
therapeutic activity. In addition, in the presence of human IgA  
α-EGFR antibodies, neutrophils induce potent short-term anti-
tumor responses in vitro (36, 40) and in vivo (39). However, like 
FcαRI Fab-based BsAbs, IgA antibodies have a short half-life, 
which may limit clinical use (47). To improve the half-life of IgA, 
antibody engineering has resulted in various fusion antibodies 
where (parts of) the heavy chain of IgA2 was linked to IgG1 (59–
61). For instance, an IgGA α-HER-2/neu “cross-type” antibody 
induced both neutrophil- and macrophage-mediated killing of 
tumor cells in vitro (60). Similarly, a tandem IgG/IgA2 α-HER-2/
neu antibody had improved half-life and induced tumor cell kill-
ing in vitro (59). Furthermore, an α-CD20 antibody that contained 

(Figure 6B; dashed line 1 represents the average killing of A431 
cells by neutrophils from healthy donors in the presence of 10 μg/
mL IgA α-EGFR and TrisomAb α-EGFR). Lactoferrin release cor-
related with tumor cell death, and IL-8 was released in superna-
tants of IgA α-EGFR and TrisomAb α-EGFR conditions (Figure 6, 
C and D). Together, these data indicate that neutrophils of cancer 
patients retained the capacity to kill tumor cells when targeted 
with TrisomAb or IgA α-EGFR antibodies.

TrisomAb half-life and efficacy in vivo. Motivated by the prom-
ising in vitro results of TrisomAb, we explored the in vivo efficacy 
of TrisomAb in a syngeneic mouse model using B16F10gp75 mel-
anoma in immunocompetent C57BL/6 mice. To investigate half-
life, mice were injected with 50 μg TrisomAb, IgG, or IgA α-gp75 
antibodies. High TrisomAb α-gp75 and IgG α-gp75 antibody titers 
were observed in the blood 6 hours after injection, which remained 
stable up to 8 days (Figure 7A). However, the majority of IgA α-gp75  
was already removed from the circulation after 6 hours, consistent 
with the poor half-life of human IgA in mice. The half-life of Trisom-
Ab α-gp75 and IgG α-gp75 was approximately 8 days, whereas the 
half-life of IgA α-gp75 was about 15 hours (Figure 7A). Mice devel-
oped mouse α-human antibodies (MAHAs) after 11 days, resulting 
in concomitant clearance of TrisomAb α-gp75 and IgG α-gp75 anti-
bodies after day 13 (Supplemental Figure 7, A and D). Mice injected 
with PBS showed no MAHA development (data not shown).

We next assessed the efficacy of TrisomAb α-gp75 therapy in 
vivo by measuring outgrowth of s.c.-injected B16F10gp75 cells 
in FcαRI transgenic C57BL/6 mice (46). TrisomAb α-gp75 treat-
ment significantly reduced tumor outgrowth in FcαRI transgenic 
mice compared with IgG α-gp75 treatment, which had minimal 
therapeutic response (Figure 7B). No difference between Tri-
somAb α-gp75 and IgG α-gp75 treatment was observed in non-
transgenic littermates. In addition, we examined survival over 
time. Mice treated with PBS or hIgG1 α-gp75 antibodies failed to 
reject the B16F10gp75 tumors and did not survive beyond day 
21 (Figure 7C). Tumors in the mice that had received TrisomAb 
developed more slowly, resulting in longer survival before the 
human endpoint was reached. Furthermore, approximately 20% 
of the mice achieved complete tumor rejection after TrisomAb 
treatment (Figure 7C). To identify which immune cell types con-
tributed to the elimination of tumor cells in vivo, we performed 
tumor growth experiments after neutrophils, NK cells, or mac-
rophages had been depleted with depleting antibodies. Deple-
tion of either NK cells, macrophages, or neutrophils reduced the 
therapeutic activity of TrisomAb treatment, indicating that all 3 
immune cell types, i.e., macrophages, NK cells, and neutrophils, 
contributed to TrisomAb-induced tumor killing (Figure 7, D–F, 
and Supplemental Figure 8).

Taken together, these data showed that TrisomAb combines 
the advantages of IgG and FcαRI targeting, establishing a single 
human IgG1 BsAb format capable of eradicating tumor cells using 
NK cells, macrophages, and neutrophils as effector cells. More-
over, TrisomAb has a half-life comparable to that of IgG1 and is 
more effective in reducing tumor development in vivo.

Discussion
In clinical practice, IgG therapeutic antibodies can have direct 
effects on tumor growth, activate the classical complement path-
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focal tissue damage depends on the release of chemotactic factors 
with a prominent role for LTB4 (63). FcαRI crosslinking results in 
the release of LTB4 (64). Additionally, neutrophils also release 
IL-8, which may further increase neutrophil recruitment from the 
circulation to the tumor, as it was shown that IL-8 increases endo-
thelial adhesion molecules (37). Neutrophil swarming behavior 
resulted in close contact with tumor cells, referred to as the immu-
nological or cytotoxic synapse (65). However, what killing mecha-
nism(s) follow(s) synapse formation is a topic of ongoing debate. 
Several mechanisms have been described by which neutrophils 
kill antibody-opsonized tumor cells, which include degranulation, 

both IgG and IgA Fc domains induced increased macrophage- 
mediated antitumor activity in vivo (61). We demonstrated that 
TrisomAb has a comparable half-life to that of IgG1 but induces 
a significantly higher decrease in tumor outgrowth in vivo. More-
over, TrisomAb initiated NK cell–mediated ADCC and ADCP by 
macrophages. Additionally, tumor cell killing by neutrophils was 
induced along with neutrophil swarming.

We previously reported that neutrophils migrated toward 
SK-BR3 breast cancer cell colonies in a 3-D culture system in the 
presence of a Fab-fragment–based FcαRI × HER2/neu (62). It 
was demonstrated that neutrophil swarming behavior induced by 

Figure 6. Added killing capacity of PMNs and NK cells in the presence of TrisomAb and cytotoxicity with colorectal cancer patient–derived neutrophils. 
(A) ADCC of A431 cells by NK cells (effector/target 5:1) and neutrophils (effector/target 50:1) in the presence of 1 μg/mL TrisomAb, IgA, and IgG α-EGFR  
antibodies. CellTiter-Blue Cell Viability Assay was performed after 24 hours. (B) ADCC of A431 cells by colorectal cancer patient–derived neutrophils 
(effector/target 50:1) in the presence of increasing concentrations of TrisomAb, IgA, and IgG α-EGFR antibodies. CellTiter-Blue Cell Viability Assay was 
performed after 4 hours. (C) Lactoferrin detection in supernatant from ADCC assay shown in B measured by ELISA. (D) IL-8 detection in supernatant from 
ADCC assay shown in B measured by ELISA. Data are compiled from 3 (A) and 5 colorectal cancer patients (B), and 3–4 independent experiments (C and D). 
*P < 0.05; **P < 0.01 by 2-way ANOVA with Tukey’s multiple-comparison correction in A–D.
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IgA antibodies (66). Trogocytosis-induced cell death, a process 
referred to as trogoptosis, involves intimate contact between neu-
trophils and antibody-opsonized tumor cells, after which neutro-
phils mechanically disrupt the cancer cell plasma membrane, lead-
ing to a lytic nonapoptotic type of cancer cell death. In line with 

release of neutrophil extracellular traps, apoptosis, autophagic cell 
death, necrosis, and phagocytosis (27, 28). Trogocytosis has been 
linked to tumor killing, representing a dominant mode of action 
during IgG1-dependent elimination of SK-BR3 breast cancer cells 
(35) and, more recently, for tumor cell killing in the presence of 

Figure 7. TrisomAb-induced tumor cell killing in vivo is dependent on macrophages, NK cells, and neutrophils. (A) Antibody concentration over time in 
serum of C57BL/6 mice i.p. injected with 50 μg therapeutic antibodies. (B) Tumor growth over time in mice s.c. inoculated with 1 × 104 B16F10gp75 cells 
in the flank and treated with 100 μg mAbs on days 0, 1, and 2. (C) Survival over time of mice s.c. inoculated with 1 × 104 B16F10gp75 cells in the flank and 
treated with 100 μg mAbs on days 0, 1, and 2. (D–F) Tumor growth over time with depleting antibodies specific for the indicated surface markers to deplete 
macrophages (CSF1R) (D), NK cells (NK1.1) (E), or neutrophils (Gr-1) (F). In A, n = 15 C57BL/6 mice per group, n = 3 for each time point. In B–F, 5–6 C57BL/6 
mice per group; error bars showing SEM. *P < 0.05, **P < 0.01 versus TrisomAb by 2-way ANOVA with Tukey’s multiple-comparison correction in A, B, and 
D–F; *P < 0.05; **P < 0.01 versus TrisomAb by log-rank (Mantel-Cox) test in C.
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mutation F405L, whereas parental IgG1 α-FcαRI antibodies were of the 
G1m(a) allotype and contained the K409R mutation in their respec-
tive CH3 domains, enabling the generation of bispecific antibodies 
as described by Labrijn et al. (43). All linear constructs contained an 
additional 5 base pairs (GACTG) next to the restriction sites to enable 
cleavage of incorporated restriction sites. Cloning for the α-gp75 
antibody has been described previously in Gul et al. (14). Codon- 
optimized antibodies and isotype variants were generated as described 
previously (71, 72). In short, we designed the codon-optimized vari-
able regions for both heavy and light chains, including 5′-HindIII 
and 3′-NheI or 5′-HindIII and 3′-XhoI restriction sites, respectively. 
The constructs were built in the following consecutive order: restric-
tion site, Kozak sequence, and ATG followed by the HAVT20-leader 
sequence (ref. 71, GeneArt, or Integrated DNA Technologies). The 
HindIII-NheI or HindIII-XhoI fragments for the codon-optimized 
heavy and light chains were ligated into vectors encoding for the γ1- 
or κ-constant regions, respectively. The whole fragments, including 
the constant regions, were cloned into pcDNA3.1 (Invitrogen) or pEE 
(Lonza) as HindIII-EcoRI fragments. IgG1 with the F405L mutation 
[G1m(f) allotype] and the K409R mutation [G1m(a) allotype] were 
cloned into γ1 with 5′-EcoRV and 3′-EcoRI restriction sites.

Generation and testing of bispecific IgG1. Bispecific antibodies were 
generated as previously described (43). In short, the IgG1_F405L and 
IgG1_K409R antibodies were mixed at equimolar amounts and incu-
bated for 90 minutes at 37°C in PBS supplemented with 25 mM 2-MEA 
(2-mercapto-ethyl-amine hydrochloride, Sigma-Aldrich). After incu-
bation, 2-MEA exchange buffer was removed with Zeba spin desalting 
columns (7K MWCO, 5 mL, Thermo Fisher Scientific) and left to het-
erodimerize overnight at 4°C. Exchange was verified by ELISA utiliz-
ing the allotypic differences in the IgG1_F405L and the IgG1_K409R 
constructs. Antibodies α-a (HP6184, 5E7) and α-f (HP6185, 5F10) 
(73) were used, each of which was partially biotinylated according to 
the EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scientific) pro-
tocol. These antibodies were used in the following sandwich ELISA. 
First, 96-well plates (Nunc, 439454) were coated with 2 μg/mL α-a 
or 1 μg/mL α-f antibodies (100 μL/well in PBS) overnight at 4°C. The 
next day, plates were washed 3 times with PBS-Tween (0.05% [v/v] 
Tween 20 [Sigma-Aldrich] in PBS) (200 μL/well) followed by a block-
ing step with 0.05% (v/v) milk (skim milk powder, Campina) in PBS-
Tween (200 μL/well) for 1 hour at room temperature. After 3 washes  
with PBS-Tween, IgG1_F405L [G1m(f) allotype] or IgG1_K409R 
[G1m(a) allotype] was added at a 2-fold serial dilution from 10 μg in 
PBS-Tween (100 μL/well) and incubated for 1 hour at room tempera-
ture. Plates were then washed 3 times with PBS-Tween and 1 μg/mL 
biotinylated α-a or α-f antibodies was added in PBS-Tween (100 μL/
well) and incubated for 1 hour at room temperature. After 3 washes 
with PBS-Tween, streptavidin HRP (Sigma-Aldrich) diluted 1:2000 
in PBS-Tween was added (100 μL/well) and incubated for 1 hour at 
room temperature. Plates were washed 3 times with PBS-Tween. 
After that, TMB substrate was added, which contained 0.1 mg/mL 
3,3′,5,5′-tetramethylbenzidine (Merck, 108622), 0.1 M NaAc (Merck, 
106267), and 0.003% (v/v) H2O2 (Merck, 108597) in MilliQ set to pH 
5.5. After sufficient coloring, 2 M H2SO4 (Merck, 100731) was added to 
terminate the reaction.

Fc receptor production. To generate human recombinant FcαRI 
and FcγR IIIA 158V, the extracellular domain sequence of these 
receptors was codon optimized by GeneArt (Life Technologies). 

trogoptosis, we observed long stretches of F-actin in tumor cells, 
which were in contact with neutrophils, that only occurred under 
tension prior to internalization of cancer cell–derived F-actin  
by neutrophils. The quick leakage of calcein from tumor cells 
that was observed during live-cell imaging underscores the lytic 
cell death mechanism, which is in line with earlier observations 
that described the occurrence of necrotic cell death (24). Release 
of tumor antigens during necrotic types of cell death may boost 
the initiation of adaptive immune responses, as this may medi-
ate cross-presentation by DCs (29–32, 67). Boosting neutrophil 
cytotoxicity by targeting FcαRI with TrisomAb could therefore 
improve the induction of efficient adaptive anticancer respons-
es because this results in abundant release of tumor antigens. 
Neutrophils furthermore release inflammatory chemokines that 
induce DC maturation, facilitating T cell responses (31, 33, 34, 68).

In summary, we have demonstrated that hIgG1-based cancer 
therapeutics can be extended with neutrophil-mediated cytotox-
icity by replacing one of the tumor-recognizing variable domains 
with an FcαRI recognition domain. In light of the additive value of 
neutrophil-mediated cytotoxicity and the supportive role of innate 
cells to facilitate long-term anticancer immunity, we anticipate 
that the TrisomAb format might improve antibody-based can-
cer immunotherapy, providing potential alternatives for cancer 
patients who do not benefit from current IgG mAb therapy.

Methods
Mice. Human FcαRI–transgenic mice (46) were crossed with LysM- 
EGFP mice (69). Mice were bred and maintained at the Central Animal 
Facility of the VU University Medical Center (Amsterdam, the Neth-
erlands). All mice had free access to regular chow and water. LysM- 
EGFP mice were maintained as homozygous and FcαRI as heterozy-
gous strains. FcαRI transgene–negative littermates of LysM C57BL/6 
mice were used as controls. For all experiments, age-matched (pre-
dominantly 8–12 weeks old) male or female mice were used.

Cell cultures. Human colon carcinoma cell lines HCT116 (ATCC, 
CCL-247) and SW620 (ATCC, CCL-227) and RBL-hCD89 cells (gift 
of Renato C. Monteiro, Faculté de Médecine, Université Paris Did-
erot, Paris, France) (44) were cultured in DMEM (Gibco, 41966029) 
containing 10% (v/v) heat-inactivated FCS (Biowest, S1810-500), 
2 mM L-glutamine (Gibco, A2916801), and 100 U/mL penicillin- 
streptomycin (Gibco, 15140122), hereafter referred to as complete 
DMEM. Human epidermoid carcinoma A431 cells were purchased 
from ATCC (CRL-2592) and cultured in complete DMEM. Murine 
melanoma B16F10gp75 cells (14), a B16F10 variant that has high gp75 
surface expression, were cultured in complete DMEM containing 0.2 
mg/mL Zeocin (Thermo Fisher Scientific, R25001). For the produc-
tion of IgG, we used the serum-free FreeStyle 293 Expression System 
(Invitrogen) modified as described previously (70), and further purifi-
cation was done by protein A (GE Life Sciences), as described by the 
manufacturer. Cells were cultured at 37°C and 5% CO2.

Expression vector constructs. The variable regions of α-EGFR mAb 
(cetuximab) in a pMA-T vector were purchased from GeneArt (Life 
Technologies). Linear double-stranded DNA encoding for the vari-
able regions of TA99 (α-gp75), α-FcαRI, and 2 constructs encoding for 
constant regions of the hIgG1 heavy chains and hIgA2 were purchased 
from Integrated DNA Technologies. Parental IgG1 antibodies against 
gp75 and EGFR were of the G1m(f) allotype and contained the point 
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Target cells alone, effector cells alone, RPMI 1640 medium alone, 
and no antibody were used as controls. Flat-bottom 96-well plates 
were washed twice with 200 μL/well PBS, blotted dry, and incu-
bated with 100 μL/well CTB reagent (CTB stock concentration was 
diluted 1:6 in complete RPMI 1640) for 1 hour at 37°C and 5% CO2. 
Incubation plates were shaken at 400 rpm for 5 minutes and fluo-
rescence of formed resorufin, proportional to the amount of living 
cells in the wells, was recorded by a FLUOstar Galaxy Microplate 
Reader (MXT Lab Systems). Resorufin was excited using a 560/10 
nm excitation filter and emission was acquired using a 590/12 nm 
filter. Gain of the detector was set to 115 (gain 0–255). The percent-
age of cellular cytotoxicity was calculated in Microsoft Excel using 
the equation % cytotoxicity = (1 – [experimental value – medium 
control]/[no antibody – medium control]) × 100. Data were plotted 
and analyzed using GraphPad Prism 7.0.

ADCP assay. Monocytes were isolated as previously described 
(76) and cultured for 6 days in the presence of 50 ng/mL M-CSF to 
generate macrophages. Macrophages were counted, labeled with 
DiO (Molecular Probes, D275), and seeded in 24-well plates (1.5 × 
105 cells/well). After 48 hours, culture medium was refreshed with 
250 μL/well complete RPMI 1640 in the presence of therapeutic 
antibodies (125 μL/well, 4 times the test concentration in RPMI 1640 
medium) in various concentrations, i.e., 0.001, 0.01, 0.1, 1, and 10 
μg/mL. Next, A431 or B16F10gp75 cells labeled with cell prolifera-
tion dye eFluor 450 (eBioscience, 65-0842-85) were added as tar-
get cells (125 μL/well containing approximately 240,000 cells/mL) 
to obtain an effector to target ratio of 5:1. Tumor cells were cocul-
tured with macrophages for 4 hours at 37°C and 5% CO2. Cells were 
washed with PBS and harvested by trypsin treatment (250 μL/well, 
15 minutes incubation at 37°C and 5% CO2) followed by cell scrap-
ing and fixing with 1% formaldehyde in PBS. Samples were ana-
lyzed with flow cytometry (BD LSRFortessa) and FlowJo software. 
Percentage phagocytic events was quantified using the equation % 
phagocytosis = (1 – [% tumor cells in experiment]/[% tumor cells 
without antibody]) × 100.

ELISA. Lactoferrin and IL-8 release in supernatants of neutro-
phil-mediated killing assays were determined using matched anti-
body pairs. Rabbit α–human lactoferrin (Sigma-Aldrich, L3262), 
alkaline phosphatase–labeled rabbit α–human lactoferrin–AF 
(MP Biomedicals, 675581), and p-nitrophenyl phosphate (Sigma- 
Aldrich, N1891) as chromogenic substrate were used for lactofer-
rin detection as previously described (77). IL-8 in supernatants was 
measured using the human IL-8 Ready-SET-Go ELISA Set (Invitro-
gen, 50-246-341) according to the manufacturer’s protocol. Mouse 
α–human IL-4 (Thermo Fisher Scientific, AHC0642) and biotin–
mouse α–human IL-4 (Thermo Fisher Scientific, AHC0749) were 
used as primary and secondary antibody, respectively, followed by 
addition of streptavidin-HRP (Thermo Fisher Scientific, SNN2004) 
for IL-4 detection. IL-13 and histamine were detected using the 
human IL3 ELISA kit (Invitrogen, 88-7439-88) and the human hista-
mine ELISA kit (Mybiosource.com, MBS733349), respectively. FAE 
of BsAbs was verified using an ELISA with matched antibody pairs 
against G1m(a) and G1m(f) allotypes (Sigma-Aldrich, I5385).

Live-cell imaging. First, 4 × 105 A431 Lifeact mScarlet cells were 
cultured on round cover glasses (Harvard Apparatus, 1217N82, 
#1.5 thickness, 25 mm) coated with collagen from calf skin (Sigma- 
Aldrich, C9791) for 24 hours. Tumor colonies were labeled with 

Subsequently, the sequences were extended with additional  
C-terminal linker, 10× His tag and AVI tag, respectively, and flanked 
by 3′ HindIII and 5′ EcoRV restriction sites. The resulting gene frag-
ments were purchased from Integrated DNA Technologies and were 
cloned into the pcDNA3.1 expression vector (Thermo Fisher Scientif-
ic). The receptors were produced by transfecting HEK293 Freestyle 
cells (Thermo Fisher Scientific), as previously described (74). Five 
days after transfection, supernatants were harvested by centrifuga-
tion following filtration through a 0.45 μm filter (Whatmann, GE 
Healthcare). Isolation of His-tagged receptors from filtered super-
natants was performed by affinity chromatography using a HiTrap 
column (GE Healthcare) on ÄKTA prime (GE Healthcare) accord-
ing to the manufacturer’s recommended protocol for His isolation. 
Receptor-containing fractions were subsequently pooled and buffer- 
exchanged into PBS (pH 7.4) using Vivaspin concentration tubes with 
10K MWCO (GE Healthcare). Final concentrations were determined 
by Nanodrop 2000c UV/VIS spectrophotometer (Thermo Fisher  
Scientific). A BirA-500 biotin-protein ligase standard reaction kit 
(Avidity) was used to examine site-targeted biotinylation on the AVI 
tag. Degree of biotinylation was verified by ELISA.

SPRi. SPRi measurements were carried out on an IBIS MX96 
(IBIS technologies). A g-type streptavidin-coated sensor (SensEye) 
was spotted using a Continuous Flow Microspotter (Wasatch Micro-
fluidics) with C-terminal biotinylated FcαRI (30 nM, 10 nM, 3 nM, 
and 1 nM). Each run involved 3 subsequent flows. First, either 100 
nM TrisomAb α-EGFR or 100 nM human IgG1 α-EGFR was flowed 
for 5 minutes. For the second flow, 100 nM FcγRIIIa 158V or 100 
nM FcαRI was flowed for 5 minutes. The last flow consisted of 1 × 
106 cells/mL of either A431, HCT116, or SW620 cells or system buf-
fer (0.1% [w/v] BSA in PBS, pH 7.4) for 20 minutes of sedimentation 
and washing with increasing flow speeds. The affinity of TrisomAb  
α-EGFR, human IgG1 α-EGFR, and human IgG1 α-FcαRI toward 
FcαRI and human FcγRIIIa 158V protein was determined using a pre-
viously described method (75). In short, biotinylated FcαRI and Fcγ-
RIIIa 158V were spotted in triplicate on a g-type streptavidin sensor 
(SensEye) in 4 concentrations ranging from 30 nM to 1 nM. Trisom-
Ab α-EGFR, human IgG1 α-EGFR, and human IgG1 α-FcαRI (custom 
mAbs, see Expression vector constructs) were flowed over the sensor in 
12 concentrations ranging from 0.12 nM to 250 nM. Affinities were 
calculated as described by Dekkers et al. (75).

ADCC assay. NK cells were isolated according to the manufac-
turer’s protocol (Miltenyi Biotec, 130-092-657). PMNs were iso-
lated as previously described (76). Enriched neutrophils were iso-
lated using the EasySep human neutrophil isolation kit (Stemcell 
Technologies, 17957). Killing assays were performed at an effector 
to target ratio of 5:1 for NK cells and 50:1 for PMNs and enriched 
neutrophils using A431 or B16F10gp75 as target cells. Cell survival 
was determined using the CellTiter-Blue (CTB) Cell Viability Assay 
(Promega, G8080). Target cells (8000 cells/well in a flat-bottom 
96-well plate) were cultured for 24 hours. The next day, culture 
medium was refreshed with 50 μL/well complete RPMI 1640 in 
the presence of antibodies (10 μL/well, 11 times the test concen-
tration in RPMI 1640 medium) in various concentrations, i.e., 
0.1, 1, and 10 μg/mL. Next, 50 μL/well freshly isolated PMNs or 
enriched neutrophils (8 × 106 cells/mL in RPMI 1640 medium) or 
NK cells (8 × 105 cells/mL in RPMI 1640 medium) were cocultured 
with the target cells for either 4 or 24 hours at 37°C and 5% CO2. 
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wells of blind well chambers were filled with supernatants from  
neutrophil-mediated killing experiments or purified 1 × 10–7 M 
LTB4 (Sigma-Aldrich, 1027 M) as positive control. Next, 5 × 104 
calcein AM–labeled neutrophils were added to the top wells. After 
incubation for 40 minutes at 37°C, cells that had migrated toward 
the lower compartments were quantified in black 96-well plates 
(FLUOTRAC200) with a fluorimeter (FLUOstar/POLARstar) at 
480 nm excitation, 520 nm emission.

In vivo serum half-life of TrisomAb. Human IgG1 α-gp75, hIgA2 
α-gp75, or TrisomAb α-gp75 (50 μg) (custom mAbs, see Expression 
vector constructs) was i.p. injected into C57BL/6 LysM-EGFP mice (3 
mice per time point). Blood was collected by cardiac puncture blood 
sampling (terminal) after the indicated time points, and the antibody 
concentration in the serum was determined by ELISA. Half-life was 
calculated using the formula t1/2 = Δt/2log(C1/C2).

Subcutaneous syngeneic tumor model. Human FcαRI transgenic × 
LysM-EGFP mice and FcαRI transgene–negative littermates of LysM 
C57BL/6 mice were s.c. inoculated with 1 × 104 B16F10gp75 tumor 
cells. Antibodies (100 μg in 200 μL PBS) were i.p. injected on days 0, 
1, and 2. Tumor growth was monitored and scored for 16 days using 
caliper size measurements. Tumor volume (in mm3) was calculated 
using the equation V = π × (W × L × 0.5)3/6, where V is tumor volume, 
W is tumor width in mm, and L is tumor length in mm. For survival  
experiments, mice were terminated when tumors reached the 
humane endpoint (main criterion: tumor volume > 1000 mm3).

Immune cell depletions. Neutrophils were depleted by i.p. injection 
with 400 μg α-Ly6G/Ly6C (Gr-1) mAb (clone RB6-8C5, BioXCell) and 
NK cells were depleted by i.p. injection of 200 μg α-NK1.1 mAb (clone 
PK136) in 200 μL PBS given 2 times a week beginning 1 day before 
initiation of TrisomAb therapy and tumor inoculation. No depletion 
groups received isotype control mAbs (clone 2A3, BioXCell). Depletion 
was verified by flow cytometry in blood 3 days after the first injection 
with depleting antibodies (Supplemental Figure 8, A and B). Monocyte 
and macrophage populations were depleted by i.p. injection of 300 
μg α-CSF1R (clone AFS98, BioXCell) in 200 μL PBS given every other 
day beginning 5 days before initiation of TrisomAb therapy and tumor 
inoculation. Macrophage depletion was confirmed by flow cytometry 
in blood and spleen 5 days after injection of α-CSF1R (Supplemental 
Figure 8, C and D). Samples were stained for CD45 and CD11b. NK 
cells were identified by NKp46 staining; splenic macrophages were 
identified by F4/80 staining.

Statistics. Statistical comparison between experimental groups 
was performed using 2-way ANOVA tests corrected for multiple 
comparisons by Tukey’s multiple-comparison test with a single 
pooled variance. Statistical comparisons between experimental 
groups for SPRi data were performed by multiple t tests. A 2-tailed 
P value of less than 0.05 was considered significant. Unless other-
wise stated, representative experiments out of at least 3 independent 
experiments are shown. Survival curves were analyzed using the log-
rank (Mantel-Cox) test.

Study approval. All animal experiments were approved by the Ani-
mal Ethical Committee of the VU University and VU Medical Center 
(AVD1140020173844). All experiments were performed according 
to institutional and national guidelines. Human PMNs, NK cells, and 
monocytes were isolated from whole blood derived from anonymized, 
healthy adult volunteers who signed an informed consent under the 
rules and legislation in place within the Netherlands and maintained by 

the cell-permeant dye calcein AM (Thermo Fisher Scientific, 
C3100MP), or a caspase-3/7 sensor (Thermo Fisher Scientific, 
C10723) to follow the induction of antibody-mediated apoptosis 
according to the manufacturer’s protocols. Labeled tumor cells on 
cover glasses were transferred to an Attofluor Cell Chamber for 
microscopy (Thermo Fisher Scientific, A7816). Next, 2 × 106 NK 
cells or neutrophils were labeled with cell proliferation dye eFluor  
670 (eBioscience, 65-0840-85) and therapeutic antibodies (2 μg/
mL) were added. Neutrophil–tumor cell and NK cell–tumor cell 
interactions were recorded for 40 and 180 minutes, respectively,  
by a Nikon Eclipse Ti microscope equipped with hybrid photo 
detectors and resonant scanner for fast image acquisition. The 
microscope contained an Okolab cage incubator as well as a per-
fect focus system to allow stable time-lapse imaging with auto-
matic focus correction under controlled humidity, CO2, and O2 
conditions. After acquisition, neutrophil and tumor cell behavior, 
i.e., number of interactions, distance to tumor, longest contact, and 
tumor area, were analyzed offline using tracking software (Imaris, 
bitplane) and a custom-written Xtension for Imaris named Kiss and 
Run Analysis. Representative movies and images were generated 
by Fiji and Imaris software.

Western blot. To prepare crude cell lysates, cells were washed and 
resuspended in RPMI 1640 without serum. Subsequently, cells were 
incubated with a human IgG1 antibody against FcαRI (positive con-
trol, α-FcαRI parental of TrisomAb), a human IgG1 antibody against 
EGFR (cetuximab), or TrisomAb α-EGFR (custom mAbs, see Expres-
sion vector constructs) for 30 minutes on ice. After washing, cells 
were crosslinked using F(ab′)2 goat α-human fragments (Invitrogen, 
A24464). Cells were incubated at 37°C for 0, 1, 2, 3, 5, 10, or 20 min-
utes, after which cells were boiled for 5 minutes at 95°C in preheat-
ed 2× Laemmli buffer containing 8% 2-mercaptoethanol. Samples 
were thoroughly vortexed, spun down, and kept at –20°C until usage. 
For Western blotting, samples were loaded on 10% polyacrylamide 
gels according to standard procedures. Membranes were incubat-
ed overnight with mouse α-phosphotyrosine (4G10, EMD Millipore) 
and rabbit α-GAPDH (14C10, Cell Signaling Technology) antibod-
ies. As secondary antibodies, goat α-mouse–IRDye 800CW and goat  
α-rabbit–IRDye 680RD antibodies (Odyssey, LI-COR) were used. 
Membranes were analyzed using an Odyssey Classic Imager 
(LI-COR). Pixel intensity of bands at 40 and 70 kDa was determined 
with Image Studio Lite (LI-COR). GAPDH quantification was used to 
correct for protein loading in total lysates.

Flow cytometry. A431 and B16F10gp75 cells and PMNs were incu-
bated with different concentrations of TrisomAb α-EGFR, TrisomAb 
α-gp75, hIgG1 α-FcαRI, hIgG1 isotype control, and hIgG1 α-EGFR 
(cetuximab) (custom mAbs, see Expression vector constructs) for 45 
minutes on ice. After washing, primary antibody was detected by incu-
bation with PE-conjugated goat α–human IgG mAb (1:50). Cells were 
analyzed with flow cytometry (BD LSRFortessa) and FlowJo software.

Neutrophil chemotaxis assay. Supernatants from neutrophil- 
mediated killing experiments were harvested, and migration of 
freshly isolated neutrophils toward supernatants was determined 
with neutrophil chemotaxis assays as previously described (78). 
In short, PMNs were fluorescently labeled for 30 minutes at 37°C 
with calcein AM (Thermo Fisher Scientific, C3100MP). After 
incubation, cells were washed twice and carefully resuspended in 
RPMI 1640. To measure chemotaxis (directed migration), bottom 
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