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ABSTRACT
Epidermal growth factor receptor (EGFR)-targeted cancer therapy such as anti-EGFR monoclonal antibodies 
and tyrosine kinase inhibitors have demonstrated clinical efficacy. However, there remains a medical need 
addressing limitations of these therapies, which include a narrow therapeutic window mainly due to skin and 
organ toxicity, and primary and secondary resistance mechanisms of the EGFR-signaling cascade (e.g., RAS- 
mutated colorectal cancer). Using the redirected optimized cell killing (ROCK®) antibody platform, we have 
developed AFM24, a novel bispecific, IgG1-scFv fusion antibody targeting CD16A on innate immune cells, 
and EGFR on tumor cells. We herein demonstrate binding of AFM24 to CD16A on natural killer (NK) cells and 
macrophages with KD values in the low nanomolar range and to various EGFR-expressing tumor cells. AFM24 
was highly potent and effective for antibody-dependent cell-mediated cytotoxicity via NK cells, and also 
mediated antibody-dependent cellular phagocytosis via macrophages in vitro. Importantly, AFM24 was 
effective toward a variety of EGFR-expressing tumor cells, regardless of EGFR expression level and KRAS/ 
BRAF mutational status. In vivo, AFM24 was well tolerated up to the highest dose (75 mg/kg) when 
administered to cynomolgus monkeys once weekly for 28 days. Notably, skin and other toxicities were 
not observed. A transient elevation of interleukin-6 levels was detected at all dose levels, 2–4 hours post- 
dose, which returned to baseline levels after 24 hours. These results emphasize the promise of bispecific 
innate cell engagers as an alternative cancer therapy and demonstrate the potential for AFM24 to effectively 
target tumors expressing varying levels of EGFR, regardless of their mutational status.

Abbreviations: ADA: antidrug antibody; ADCC: antibody-dependent cell-mediated cytotoxicity; ADCP: 
antibody-dependent cellular phagocytosis; AUC: area under the curve; CAR: chimeric-antigen receptor; 
CD: Cluster of differentiation; CRC :colorectal cancer; ECD: extracellular domain; EGF: epidermal growth 
factorEGFR epidermal growth factor receptor; ELISA: enzyme-linked immunosorbent assay; FACS: fluor-
escence-activated cell sorting; Fc: fragment, crystallizableFv variable fragment; HNSCC: head and neck 
squamous carcinomaIL interleukinm; Ab monoclonal antibody; MOA: mechanism of action; NK :natural 
killer; NSCLC: non-small cell lung cancer; PBMC: peripheral blood mononuclear cell; PBS: phosphate- 
buffered saline; PD: pharmacodynamic; ROCK: redirected optimized cell killing; RSV: respiratory syncytial 
virus; SABC: specific antibody binding capacity; SD: standard deviation; TAM: tumor-associated macro-
phage; TKI: tyrosine kinase inhibitor; WT: wildtype
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Introduction

The epidermal growth factor receptor (EGFR) is 
a transmembrane glycoprotein belonging to the erbB family 
of tyrosine kinase receptors.1 Binding of EGFR to its ligands 
leads to activation of signal transduction pathways that are 
involved in regulating cellular proliferation, differentiation, 
and survival.1 Although also expressed by normal cells, EGFR 
is overexpressed in many solid tumors, including colorectal 
cancer (CRC), head and neck squamous cell carcinoma 
(HNSCC), and non–small cell lung cancer (NSCLC), and has 
been associated with poor prognosis and decreased survival.1 

Multiple ligands bind to and activate EGFR, including amphir-
egulin, epiregulin, epidermal growth factor (EGF), and 

transforming growth factor-α.1,2 Ligand binding results in an 
extended conformation of the extracellular domain (ECD), 
which then promotes EGFR homo- or heterodimerization 
and a conformational change of the receptor resulting in the 
autophosphorylation of the intracellular tyrosine kinase 
domains. Phosphotyrosine residues then activate, either 
directly or through adaptor proteins, downstream components 
of signaling pathways including Ras/MAPK, PLCγ1/PKC, PI3 
kinase/Akt, and STAT pathways.1,3,4

Two major classes of drugs targeting the inhibition of EGFR 
signal transduction have been developed: (1) anti-EGFR 
monoclonal antibodies (mAbs), such as cetuximab and pani-
tumumab, which inhibit ligand binding by preventing the 
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receptor from adopting the extended conformation required 
for dimerization,3 and (2) tyrosine kinase inhibitors (TKIs) 
such as gefitinib, erlotinib, and Osimertinib, which act by 
competitively binding to the intracellular ATP pocket of the 
EGFR kinase domain. Cetuximab (an IgG1) and panitumumab 
(an IgG2) are indicated for different treatment regimens lim-
ited to CRC and HNSCC; however, response rates and 
improvements in overall survival have been modest,5–7 and 
many patients fail to respond to these therapies.8 Both anti-
bodies bind with high specificity to the ECD of EGFR and 
inhibit ligand binding and downstream signaling.5,9,10 This 
mechanism of action (MOA) is ineffective in tumors carrying 
KRAS mutations (~40% of patients with CRC).11 Importantly, 
skin toxicity is common in the majority of patients (45–100%) 
receiving EGFR-targeted therapy.12 A second potential, less 
pronounced MOA for IgG1 mAbs such as cetuximab involves 
engagement of immune effector cells expressing the Fcɣ recep-
tor IIIA (CD16A) on natural killer (NK) cells, triggering anti-
body-dependent cell-mediated cytotoxicity (ADCC).13–15 The 
Fc region of mAbs binds to CD16A on NK cells and myeloid 
cells.16

Second-generation antibodies that augment ADCC have 
been created by incorporating Fc-enhanced properties.5,17,18 

GA201 (imgatuzumab, RO5083945) was the first humanized 
IgG1 anti-EGFR mAb that demonstrated enhanced ADCC 
via altered glycosylation of the Fc region.17 GA201 showed 
clinical efficacy at high doses in a Phase 1/2 trial and was 
tested in combination with cetuximab for clinical efficacy 
for HNSCC and in vitro for NSCLC.5,18,19 However, GA201 
is no longer in active clinical development. Tomuzotuximab, 
a glycoengineered antibody of cetuximab, was optimized at 
its Fc domain to improve efficacy and reduce side effects.20 

In a Phase 1 study in patients with solid tumors, it was 
found safe, well tolerated and showed clinical activity. The 
most frequent drug-related adverse events were infusion- 
related reactions (76%) and skin toxicity (73%).20 A Phase 
1b trial of tomuzotuximab in combination in solid tumors 
has just recently completed its recruitment (NCT03360734). 
Fc-optimized mAbs may target a wider population, repla-
cing the parent antibody in combination therapies.20

The EGFR TKIs are small-molecule inhibitors that prevent 
tyrosine phosphorylation of the intracellular kinase domain 
and subsequent activation of signal transduction pathways. 
The two most common types of EGFR-activating mutations 
are small deletions and amino acid substitutions, which collec-
tively account for >90% of known activating EGFR mutations, 
conferring sensitivity to EGFR-TKI therapy, resulting in higher 
response rates (up to 70%) and longer median survival than 
those observed in patients with wild-type (WT) EGFR.21,22 

Greater treatment sensitivity is a result of increased affinity of 
the ATP-binding pocket for EGFR TKIs as compared with WT 
EGFR.23 Regardless, most patients with EGFR-mutant NSCLC 
and treated with EGFR TKIs develop resistance within 9– 
14 months. Patients who initially respond to first-generation 
gefitinib or erlotinib can acquire secondary EGFR mutations 
(acquired resistance), such as the T790M mutation, which 
accounts for about half of the cases of EGFR mutations after 
disease progression.23,24 Third-generation TKI inhibitors, e.g., 
osimertinib, can overcome such secondary acquired 

resistances, in particular the T790M resistance. However, 
recent data suggest the occurrence of multiple resistance 
mechanisms even for osimertinib treatment.25 Although 
EGFR mAbs and TKIs show promise, dose-limiting toxicities, 
such as skin rash have been observed.26 Therefore, there 
remains an unmet medical need for patients suffering from 
EGFR-expressing cancers who are not benefitting from current 
EGFR-targeted therapies.

NK cells are cytotoxic lymphocytes of innate immunity and 
are essential for immunosurveillance of infections and 
cancer.27 CD16A is the main Fc receptor expressed by human 
NK cells and induces activation signals and killing of target 
cells opsonized by antibodies via ADCC,16 characterized by 
release of cytotoxic granules, death receptor signaling, and 
release of pro-inflammatory cytokines.28 Macrophages are pre-
valent in many types of solid tumors (breast, lung, colorectal, 
and melanoma) as tumor-associated macrophages (TAM), that 
promote tumor angiogenesis and suppress antitumor immune 
mechanisms.29 However, TAMs can also either antagonize, 
augment, or mediate the antitumor effects of cytotoxic agents, 
tumor irradiation, and checkpoint inhibitors.30–32 

Furthermore, macrophages have immense potential to destroy 
tumor cells via antibody-dependent cellular phagocytosis 
(ADCP).33,34

Immunotherapeutic approaches targeting and engaging 
innate immune cells for anti-cancer therapy have shown clin-
ical efficacy combined with a favorable safety profile, as 
demonstrated by adoptive transfer of activated35 or cytokine- 
induced memory-like NK cells in myeloid leukemia.36 

Importantly, the first clinical trial on NK cells expressing 
a chimeric antigen receptor (CAR) targeting CD19 has shown 
encouraging efficacy without major toxicity.37 Most recently, 
first preclinical data on CAR macrophages targeting several 
tumor antigens have demonstrated efficacy in preclinical 
studies.38 In addition, numerous bispecific antibodies targeting 
NK cells are in development.39 The most clinically advanced 
innate immune cell engager is a bispecific, tetravalent antibody 
that targets CD30 and CD16A, referred to as AFM13.40,41 

AFM13 has been assessed as monotherapy in a dose- 
escalating Phase 1 clinical study, as well as in combination 
with pembrolizumab in patients with Hodgkin lymphoma.41,42

Here, AFM24, a bispecific, tetravalent antibody, targeting 
EGFR on tumor cells and CD16A on innate immune cells, i.e., 
NK cells and macrophages, is described. We demonstrate the 
in vitro binding capability of AFM24 to different tumor cell 
lines expressing varying levels of EGFR. Functionally, we test 
the potency and ability of AFM24 to mediate tumor cell deple-
tion via ADCC or ADCP, by NK cells or macrophages, respec-
tively. AFM24 was administered to cynomolgus monkeys to 
determine the safety and tolerability profile in vivo, pharmaco-
kinetic and pharmacodynamic parameters.

Results

AFM24 design and biochemical characterization

Using the ROCK® platform, AFM24 is designed as a tetravalent 
bispecific IgG1-single-chain variable fragment (scFv) fusion 
antibody (scFv-IgAb) specific for human EGFR and CD16A 
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(Figure 1).43 The CD16A-specific human IgG1 is connected to 
anti-EGFR scFvs fused to the C-terminus of each heavy chain. 
Amino acid substitutions were introduced to abolish Fc- 
mediated effector functions of human IgG1. The EGFR- 
specific single-chain variable domains consist of one VH and 
one VL domain fused to the C-terminus of the IgG heavy-chain 
CH3 domains via a flexible peptide linker sequence (connec-
tor). Each VH and VL domain of both scFv are connected to 
each other via a flexible peptide linker sequence (linker) 
(Figure 1). AFM24 is designed such that the Fv domains for 
each specificity preferentially bind in cis, i.e., bivalently to 
CD16A on NK cells and bivalently to EGFR on target cells, 
and trans-binding is only intended for crosslinking of CD16A+ 

effector cells with EGFR+ target cells to trigger target cell 
killing.43 HPLC-analyzed product (Supplementary Fig. S1A) 
and SDS-PAGE analysis confirms sample purity and integrity 
of both AFM24 polypeptide chains (Supplementary Fig. S1B). 
Under non-reducing conditions, AFM24 migrates as a single 
band (>200 kDa) with a predicted MW of 196 kDa. Under 
reducing conditions, two protein bands migrating at ~81 kDa 
and ~27 kDa apparently represent the heavy chain and light 
chain of AFM24 with a predicted MW of 75.5 kDa and 22.6 
kDa, respectively (Supplementary Fig. S1B).

Characterization of AFM24 binding to human NK cells and 
macrophages via CD16A

To determine AFM24 binding specificity and apparent affi-
nity for CD16A-positive immune effector cells, either human 

NK cells or macrophages were combined with increasing 
concentrations of AFM24 and control antibodies at 37°C 
before binding was measured by flow cytometry to calculate 
KD values by non-linear regression (Figure 2 A and B). To 
demonstrate that AFM24 binds to a specific epitope on 
CD16A distinct from the Fc binding site, AFM24 binding 
was tested on NK cells in the presence or absence of phy-
siological concentrations (10 mg/mL) of polyclonal human 
serum IgG. AFM24 bound to NK cells with high affinity 
(mean KD, 6.2 ± 2.0 nM) in the absence of competing IgG. 
The addition of polyclonal IgG resulted in only a slight 
decrease (1.9-fold loss in KD) in binding (mean KD, 
11.8 ± 4.3 nM) (Figure 2a). This observation strongly sug-
gests that AFM24 binds to a distinct region on CD16A on 
NK cells that does not overlap with the Fc binding site. In 
contrast to AFM24, high affinity binding of Fc-enhanced 
anti-EGFR IgG1 was significantly inhibited in the presence 
of polyclonal IgG binding. AFM24 specifically binds to 
CD16A with negligible binding to other Fcɣ receptors 
(CD32, CD64), and lack of binding to CD16B (FcɣRIIIB) 
due to negative selection during screening for scFvs.40,43 

Binding of AFM24 to primary human CD16A-expressing 
macrophages (mean KD, 13.4 ± 11.2 nM) was confirmed 
on macrophages derived from five different individual 
healthy donor peripheral blood mononuclear cells (PBMC) 
(Figure 2b). Substantial higher apparent affinity of AFM24 
for CD16A compared to a monovalent anti-CD16A con-
struct (185.2 nM, data not shown) suggests that AFM24 
preferentially binds bivalently to CD16A+ cells in cis.

Figure 1. AFM24 structural model. AFM24 is a tetravalent bispecific IgG1-scFv fusion antibody (scFv-IgAb) specific for human EGFR and human CD16A with silenced IgG1 

Fc.
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AFM24 binding to tumor cell lines with different levels of 
EGFR expression

The apparent binding affinities of AFM24 at 37°C on various 
tumor cell lines of different origins with different EGFR expres-
sion levels was determined (Figure 3, Supplementary Table S1). 
AFM24 binds to EGFR-positive tumor cells with affinities in 
the nanomolar range (<100 nM), with the highest affinity for 
DK-MG glioma cells (2.6 ± 1.2 nM) and relatively lower affinity 
for HCT-116 cells (89.8 ± 63 nM) (Figure 3, Supplementary 
Table S1). Cell lines with lower EGFR expression resulted in 
lower apparent affinities, with undetectable AFM24 binding for 
the very low EGFR-expressing cell line MCF-7. Collectively, 
AFM24 binding affinity generally correlates with EGFR expres-
sion level of the respective cell lines (Spearman coefficient, 
r = −0.7133, p = .0118), suggesting that bivalent binding is 
not supported on target cell lines showing low EGFR density 
levels. On target cell lines with high expressing levels of EGFR 
AFM24 exhibits substantial higher apparent affinities (8.1 nM 
on A-431) than a monovalent anti-EGFR scFv (mean KD on 
A-431: 62.6 nM). Taken together, the results describe AFM24 

binding to various EGFR-positive cell lines over a wide range of 
EGFR expression levels.

AFM24-mediated ADCC by human NK cells on tumor cell 
lines in vitro

To test for AFM24 functionally, in vitro ADCC was measured in 
cytotoxicity assays with PBMC-derived human NK cells cultured 
with calcein-labeled tumor target cell lines and increasing con-
centrations of AFM24 and EC50 (potency) and Emax (efficacy) 
values were determined. AFM24 induced potent ADCC on 11 
tumor cell lines of different origins, representing a wide range of 
EGFR surface expression (Table 1, Supplementary Fig. S2). The 
potency of AFM24 ranged from 0.7 ± 0.4 pM (DK-MG cells) to 
47.7 ± 19.0 pM (SW-982 cells) with a lack of correlation between 
potency and EGFR expression level (SABC) (Spearman coeffi-
cient, r = −0.3326, p = .3158). The efficacy of AFM24 ranged 
from 92.9 ± 19.3% (DK-MG cells) to 21.2% (LoVo cells) with 
a lack of correlation between efficacy and SABC (Spearman 
correlation, r = 0.3636, p = .2731). AFM24 induced ADCC- 

Figure 3. Mean specific antibody binding capacity (SABC) and mean apparent binding affinities of AFM24 on tumor cell lines with different levels of EGFR expression. 
Mean EGFR densities (SABC) determined with anti-EGFR antibody (clone H11) on various tumor cell lines (left Y-axis) were plotted against mean apparent binding 
affinities (KD, right Y-axis). Error bars represent SD (SABC, n ≥ 3 independent experiments; apparent affinity (KD), n ≥ 2 independent experiments). Values depicted are 
listed in Supplementary Table S1.

Figure 2. High affinity binding of AFM24 to CD16A-expressing effector cells in vitro. A) Binding of AFM24, biotinylated human IgG1 anti-EGFR, and biotinylated Fc- 
enhanced IgG1 anti-EGFR to enriched primary human NK cells was assessed by flow cytometry in the presence (open symbols) or absence (filled symbols) of 10 mg/mL 
polyclonal human serum IgG at 37°C. One representative experiment is shown out of seven performed. B) Binding of AFM24 and the negative control antibody (EGFR/ 
RSV scFv-IgAb) was assessed by flow cytometry on in vitro differentiated human macrophages. One representative experiment is shown out of seven performed. Biot., 
biotinylated, MFI, median fluorescence intensity.
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mediated depletion of target cells independent of their KRAS/ 
BRAF mutation status in vitro (Table 1). Surprisingly, although 
the apparent binding affinity of AFM24 could not be calculated 
for the very low EGFR-expressing breast cancer cell line MCF-7 
cells due to the lack of detectable AFM24 binding (Figure 3 and 
Supplementary Table S1), potent (picomolar range) AFM24- 
mediated ADCC could still be detected (Table 1). Interestingly, 
while this data may indicate a correlation of the apparent affinity 
of AFM24 to tumor cell lines and EGFR expression, no correla-
tion between EGFR expression and AFM24 potency and efficacy 
in ADCC assays could be observed. These results suggest that 
two valencies for CD16A and high apparent affinity for NK cells 
are advantageous for triggering NK cell-mediated lysis of target 
cells expressing lower numbers of EGFR antigens. On the other 
hand, increasing EGFR expression levels did not lead to higher 
potency or efficacy of AFM24, which might be due to maximal 
stimulation of NK cells by AFM24 at the used E:T ratios in the 
experimental setting. Of note, this effect was previously shown 
with other ROCK ® molecules.43 Lastly, AFM24-mediated 
ADCC was dependent on the presence of EGFR on target cells, 
as AFM24 did not induce lysis of the EGFR-negative KARPAS- 
299 tumor cell line by NK cells (Supplementary Fig. S2). Taken 
together, these results show the high potency of AFM24- 
mediated ADCC in the picomolar range against a wide selection 
of tumor cell lines of different origins, characterized by a broad 
range of EGFR surface expression levels and different KRAS/ 
BRAF mutational status.

AFM24 demonstrates sustained cytotoxic potential in the 
presence of competing serum IgG

An important question is whether the serum IgG pool in 
peripheral blood competes for CD16A binding on human NK 
cells, thereby reducing the potency and efficacy of AFM24. To 
this end, we used the sarcoma cancer cell line SW-982 in an 
ADCC assay with 10 mg/mL of the monoclonal anti- 
respiratory syncytial virus (RSV) IgG1 (palivizumab) as 
a surrogate for circulating IgG (Figure 4a). This ADCC assay 
was performed with monoclonal IgG1 in lieu of polyclonal 
serum IgG, since it was shown that polyclonal serum IgG 
preparations interfere with the ADCC assay.43 The efficacy of 
cetuximab in ADCC, as determined by the maximal lysis of 

tumor cells (Emax), decreased 2.6-fold in the presence of com-
peting IgG, whereas AFM24 was only marginally affected 
(1.3-fold) (Supplementary Table S2). These data demonstrate 
that AFM24-engaged NK cells can mediate efficient tumor cell 
elimination in the presence of circulating IgG in vitro.

AFM24-induced ADCC at low effector-to-target ratios

To assess how the effector-to-target (E:T) ratio affects AFM24- 
mediated ADCC, we performed calcein-release assays with 
enriched primary human NK cells and Panc 08.13 as target cells 
with varying E:T ratios at a fixed concentration of AFM24, nega-
tive control antibodies targeting the irrelevant RSV antigen, and 
cetuximab (Figure 4b). ADCC activity with AFM24 on Panc 08.13 
resulted in complete lysis at the two highest E:T ratios (30:1, 20:1), 
while at the highest E:T ratio (30:1), cetuximab induced a mean 
tumor cell lysis of 74.9%. AFM24 was able to induce tumor cell 
lysis at an E:T ratio as low as 0.3:1 and generally demonstrated 
higher activity compared to cetuximab in two independent experi-
ments at low E:T ratios (Supplementary Table S3). Antibody- 
mediated target cell lysis was not observed in the presence of the 
RSV-targeting control antibody constructs (RSV/CD16A, EGFR/ 
RSV) comprising the same antibody scaffold as AFM24, but each 
lacking either the EGFR- or the CD16A-binding domains 
(Figure 4b). This observation clearly demonstrates that both spe-
cificities of AFM24 are required for effective lysis, and that binding 
of RSV/CD16A scFv-IgAb to CD16A alone does not enhance the 
natural cytotoxicity of NK cells toward tumor target cells. In 
summary, AFM24 mediated potent and efficacious target cell 
lysis even at low E:T ratios, suggesting efficient effector cell engage-
ment and efficacy in tumors characterized by low numbers of 
intra-tumoral NK cells.

AFM24-induced ADCP of high- and low-expressing EGFR 
tumor cells by macrophages

AFM24-mediated ADCP activity by in vitro differentiated human 
macrophages was assessed using EGFRhigh-expressing DK-MG, 
EGFRint-expressing A-549 and SW-982, and EGFRlow-expressing 
HCT-116 target cells. Of note, HCT-116 harbors the KRASG13D 
gene mutation, resulting in constitutively active RAS/RAF/MAPK 
signaling.44 ADCP was measured by co-culturing human 

Table 1. AFM24-mediated ADCC by NK cells on various tumor cell lines in vitro.

SABC (H11) EC50 [pM] Emax [%]

Cell line Indication/ origin
Mutation in 

KRAS/BRAF genes Mean SD Mean SD Mean SD

MCF-7 Breast None 4,546 1,689 20.9 1.6 34.6 13.6
MDA-MB-231 Breast BRAFG464V, KRASG13D 181,487 33,939 5.5 n/a 57.1 n/a
COLO205 CRC BRAFV600E 51,177 7,307 30.4 25.7 50.7 11.9
HT-29 CRC BRAFV600E, T119S 48,174 16,571 4.2 2.2 49.8 1.0
LoVo CRC KRASG13D 73,187 7,648 3.9 n/a 21.2 n/a
DK-MG Glioma None 222,648 26,148 0.7 0.4 92.9 19.3
Detroit 562 HNSCC None 150,464 13,150 3.9 1.0 67.5 2.9
SCC-25 HNSCC None 212,477 28,260 23.5 16.3 42.0 16.5
Panc 08.13 Pancreas KRASG12D 40,913 7,279 4.6 2.2 45.3 14.4
SW-982 Sarcoma BRAFV600E 71,006 13,506 47.7 19 83.5 11.4
A-431 Squamous carcinoma None 431,125 54,336 1.8 1.5 58.2 17.3

Specific antibody binding capacity (SABC) was determined in ≥3 independent experiments. Potency (EC50) and efficacy (Emax) for AFM24 was determined in 1–4 
independent experiments. 

CRC, colorectal cancer; HNSCC, head and neck squamous cell carcinoma; SD, standard deviation; EC50, half maximal effective concentration; Emax, maximal observed 
efficacy; n/a, not applicable.
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macrophages with fluorescent-labeled tumor cells and analyzing 
tumor cell uptake (phagocytosis) by macrophages (Supplementary 
Figure S3). AFM24 induced robust macrophage-mediated ADCP 
of EGFRhigh and EGFRlow target cells (Figure 5). In contrast, 
cetuximab was only effective with the EGFRhigh cells and failed 
to mediate ADCP toward EGFRint and EGFRlow target cells. The 
AFM24-induced increase in ADCP versus controls (no antibody) 
was 7.1- and 11.7-fold in DK-MG and HCT-116 cells, respectively. 
The increase in ADCP of HCT-116 cells observed with cetuximab 
was only 1.7-fold. Negative control antibodies, anti-RSV/CD16A 
and anti-EGFR/RSV, did not induce ADCP, demonstrating the 
requirement for AFM24 to bind both the macrophages and tumor 
cells. Taken together, these data suggest efficient AFM24-mediated 
phagocytosis of EGFR-expressing tumor cells by ADCP and 
appears to be unrelated to EGFR-expression levels or the KRAS 
mutational status of the target cells.

Effect of AFM24 on EGFR signaling in human tumor cell 
lines

Signal transduction inhibition of the EGFR pathway is fre-
quently associated with dermatologic toxicities such as skin 
rash.45 Therefore, we assessed the potential of AFM24 to inhi-
bit EGF-induced signaling. AFM24 reduced EGF-mediated 
EGFR phosphorylation in a dose-dependent manner on two 

different tumor cell lines, A-431 and A-549 (Figure 6). 
However, complete inhibition of EGFR phosphorylation at 
concentrations up to 5 mg/mL (~25 μM) could only be 
observed for A-549, but not for A-431 tumor cells (Figure 6). 
For A-549 tumor cells, AFM24 and anti-EGFR/RSV were able 
to fully inhibit EGFR-phosphorylation at concentrations of 
532.0 μg/mL (2.7 μM) and 662.6 μg/mL (3.4 μM) and IC50 
values of 430 μg/mL (2.2 μM) and 630.9 μg/mL (3.2 μM), 
respectively (Figure 6 B). As expected, no inhibition was 
observed with the control antibody RSV/CD16A, demonstrat-
ing that the observed inhibition of AFM24 is exclusively due to 
the EGFR-targeting domains. In contrast to AFM24, treatment 
with cetuximab led to full inhibition of EGFR phosphorylation 
on both A-431 and A-549 cells, with IC50 of 6.3 μg/mL 
(0.04 μM) and 0.2 μg/mL (1 nM), respectively. In conclusion, 
AFM24 has the capability to inhibit EGF-stimulated EGFR- 
phosphorylation on A-431 and A-549 cells in vitro only at very 
high antibody concentrations. The differences in affinity of 
AFM24 on A-431 cells (mean KD: 8.1 nM) and on A-549 cells 
(mean KD: 18.6 nM) compared to cetuximab (mean KD on 
A-431: 2.2 nM; mean KD on A-549: 0.2 nM) may contribute 
to the lower signaling inhibition. The epitope on EGFR for 
AFM24 that could also result in differences in signaling inhibi-
tion is not yet determined. Binding assays on cells and recom-
binant EGFR demonstrate competition between AFM24 and 

Figure 4. AFM24 retains high ADCC activity in the presence of competing IgG and at low effector-to-target (E:T) ratio. A) Comparison of AFM24- and cetuximab- 
mediated ADCC in the presence or absence of competing IgG in vitro in 4 h calcein-release cytotoxicity assays with EGFR-positive SW-982 target cells and primary human 
NK cells as effector cells at an E:T ratio of 5:1 with or without AFM24 or cetuximab. Assays were performed in the presence or absence of 10 mg/mL anti-RSV IgG1 

palivizumab. B) Lysis of Panc 08.13 target cells was determined in a 4 h calcein-release assays with primary human NK cells as effector cells at increasing E:T ratios in the 
presence of 5 µg/mL AFM24, cetuximab, EGFR/RSV and RSV/CD16A control scFv-IgAbs, or without antibody. One representative experiment out of two is shown for each 
figure. Error bars represent SD.
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cetuximab on EGFR suggesting overlapping epitopes or sterical 
interference of the two antibody constructs (Supplementary 
Figure S4). Compared to cetuximab, the inhibitory activity of 
AFM24 is >1000-fold lower, which implies a favorable safety 
profile of AFM24 over cetuximab in vivo.

Toxicology and pharmacokinetic data in cynomolgus 
monkeys

To advance AFM24 into clinical development, the safety of 
AFM24 in cynomolgus monkeys was determined in a 28-day 
toxicity study with repeated intravenous infusion (2-hour infu-
sion, once a week) followed by a 28-day recovery phase to 

detect potentially delayed toxicity and to assess the reversibility 
of the potential effects observed. A total of 36 monkeys (18 
males and 18 females) were allocated to 4 dose groups (vehicle, 
8, 24, and 75 mg/kg/week five doses in total); the study design 
is summarized in Supplementary Table S4. No AFM24-related 
findings in clinical signs, body weights, food consumption, 
body temperature, cardiovascular investigations, ophthalmol-
ogy, clinical chemistry, hematology, coagulation, urinalysis, or 
anatomic pathology were detected.

Toxicokinetic parameters were assessed by non- 
compartmental analysis. The observed increases in AFM24 
exposure, as assessed by mean Cmax and AUC0-168 (Area 
under the curve) values, were proportional to the increases of 

Figure 5. AFM24-induced ADCP toward EGFR-expressing tumor cells by macrophages after co-culture for 4 hours at an E:T ratio of 5:1. Concentration-dependent ADCP 
by AFM24, control antibody or cetuximab of EGFRhigh expressing DK-MG target cells (a) and EGFRlow expressing HCT-116 target cells (b). One representative experiment 
is shown. Error bars represent the SD. ADCP at fixed antibody concentration of EGFRhigh DK-MG (at 10 µg/mL) (c), EGFRint A-549 (at 30 µg/mL) (e) as well as EGFRlow HCT- 
116 (at 10 µg/mL) (d) and SW-982 (30 µg/mL) (f) target cells. Data were combined of three to six experiments depicted as box plot with median and whiskers (min to 
max). Error bars represent the SD, statistical test used: ratio paired t-test.
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the tested AFM24 dose level between 8 and 75 mg/kg/week 
(Supplementary Table S4). After reaching Cmax, AFM24 serum 
concentrations declined, with mean half-life (t1/2) values ran-
ging from 32.1 to 94 hours on Day 1 found to be in the range of 
cetuximab and panitumumab (Supplementary Table S4). Mean 
AFM24 serum levels are depicted in a log-linear plot 
(Supplementary Figure S5). No substantial accumulation of 
AFM24 was observed after 5 once-weekly doses 
(Supplementary Table S4). Anti-drug antibody (ADA) screen-
ing was conducted to determine whether ADAs were affecting 
the pharmacokinetics of AFM24. ADA-positive results were 
reported for 10/26 AFM24-treated animals. Eight of 10 animals 
revealed no effect on AFM24 exposure; only two animals in 
Group 3 (24 mg/kg) with a strong anti-drug response revealed 
substantially reduced exposure, consistent with ADA-mediated 
clearance of AFM24.

In summary, AFM24 was well tolerated up to the highest 
dose level (75 mg/kg) and no skin and organ toxicity was 
observed. The no observed adverse effect level (NOAEL) was 
considered 75 mg/kg under the conditions of this study.

AFM24-induced cytokine release and other 
pharmacodynamic effects in cynomolgus monkeys

As shown in Figure 7a, AFM24 had a temporary effect on IL-6 
serum levels within 2 hours in all animals after the first admin-
istration in comparison to the vehicle-treated group. The high-
est levels observed were 602 pg/mL for one female at 24 mg/kg 
and 416 pg/mL for a female at 75 mg/kg. IL-6 levels returned to 
baseline within 24 hours and were most likely triggered by the 
expected pharmacology of AFM24. No clear dose-dependency 
was observed. Analysis of other cytokines revealed that AFM24 
did not affect IL-2, interferon (IFN)-γ, and tumor necrosis 
factor (TNF) levels after the first dose. Immunophenotyping 
of the peripheral blood revealed a slight and transient reduc-
tion in absolute NK cell counts (CD3−/CD20−/CD159a+) at 
a dose ≥8 mg/kg, 4 hours after dosing on Day 1 for animals 
of both genders. This effect was not present for the control 
group and returned to the range of pre-dose levels (for almost 
all animals) until Day 8 (Figure 7b). In addition, we observed 
an increase in absolute CD14+ monocyte counts 4 hours after 
the first dose in all AFM24-treated groups that was not dose- 

dependent.The observation is considered as AFM24-related 
because control data from the vehicle group were within nor-
mal variability (Figure 7c).

AFM24-induced cytokine release in human PBMC in vitro

To assess AFM24-mediated release of various cytokines 
in vitro, primary human PBMC from healthy donors were 
incubated in the presence of EGFR-positive human A-431 
tumor target cells with increasing concentrations of AFM24 
(Figure 7d). A release of IL-6, TNF, and IFN-γ could be 
detected in the cell culture supernatants after 24 hours of 
incubation in the presence of A-431 tumor target cells 
(Figure 7d). Highest potency values (mean EC50, 29.5 pM), 
and highest maximal efficacy (mean Emax, 723.0 pg/mL) for 
AFM24-triggered release were observed for IL-6, demonstrat-
ing that proinflammatory IL-6 was the most prominent cyto-
kine released (Figure 7d). This finding is in line with the 
elevated IL-6 levels observed in the cynomolgus monkey toxi-
city study (Figure 7a). The mean EC50 and Emax values for TNF 
release were 248.9 pM and 183.7 pg/mL, respectively, and the 
mean EC50 and Emax values for AFM24-stimulated IFN-γ 
release were 156.8 pM and 42.1 pg/mL, respectively 
(Figure 7d). In summary, AFM24 was found to stimulate the 
release of IL-6, TNF, and IFN-γ in a concentration-dependent 
manner and in the presence of A-431 target cells (Figure 7d).

Discussion

AFM24 was developed by the fit-for-purpose ROCK® platform by 
screening a library of scFv derived from human PBMCs. Unique 
CD16A-specific antibody variable domains were then selected and 
optimized for affinity and avidity aimed at sustainable activation of 
the innate immune system, including NK cells and macrophages.43 

AFM24’s architecture is the same IgG-like format as a scFv-IgG, 
which in principle is an extended human IgG1 molecule with two 
EGFR-binding moieties fused to the C-terminus and anti-CD16A 
variable fragments (Fv) within both antigen-binding arms of the 
antibody. AFM24 demonstrates high-affinity binding to CD16A 
expressed on human NK cells and macrophages. AFM24’s binding 
characteristics to CD16A are unique with regard to: (1) binding 

Figure 6. Inhibition of EGF-stimulated EGFR phosphorylation by AFM24. A) A-431 or B) A-549 cells were incubated with increasing concentrations of either AFM24 or 
comparators (RSV/CD16A scFv-IgAb, EGFR/RSV scFv-IgAb, or cetuximab) and subsequently stimulated with 100 ng/mL recombinant human EGF for 10 min at 37°C. Cell 
lysates were used in an ELISA for the detection of phosphorylated EGFR. Phosphorylation intensity was normalized to EGF-stimulated samples without antibody 
incubation. Error bars represent SD. One representative experiment is shown out of seven (for A-431) or two (A-549) performed.
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affinity, and (2) CD16A binding epitope compared to the Fc region 
of IgGs, as demonstrated by sustained NK cell binding and ADCC 
of AFM24 in the presence of competing IgG. In contrast to 
monoclonal antibodies, high affinity binding of ROCK® engagers 
to CD16A on NK cells has been observed irrespective of the 
CD16A allotype as previously reported,40,43 which may add clin-
ical benefit for patient populations carrying the low affinity 
CD16A 158 F allele at position 158.46,47

NK cell-dependent ADCC has been reported as a MOA for 
mAbs, including cetuximab.14,48 Higher EGFR expression was 
accompanied by inefficient cetuximab-dependent inhibition of 
signal transduction, but significant ADCC activity by NK cells, 
which is in contrast to the inhibition of EGF-induced phosphor-
ylation as the predominate MOA in low EGFR-expressing tumors 
in vitro.15 We show that AFM24 is potent and effective at mediat-
ing ADCC in the low picomolar range, regardless of EGFR expres-
sion on the tumor target cell. The potency and efficacy of ADCC 
did not correlate with the EGFR expression level: low potencies 
were determined on MCF-7 cells expressing very low EGFR levels. 
These findings strongly suggest that tumors expressing very low or 
heterogenous expression levels of EGFR can be effectively targeted, 
and that factors other than EGFR surface levels contribute to the 
susceptibility of tumor cells to AFM24-mediated ADCC. In con-
trast to the lack of correlation between potency and efficacy in 
ADCC and EGFR expression level, the apparent AFM24 affinity to 

target cells correlates well with EGFR expression levels. This may 
be explained by AFM24’s ability to engage and activate one NK cell 
by binding to two CD16A receptor molecules while binding 
monovalent to target cells, and thereby AFM24 enables efficacious 
NK cell activation and cytotoxicity despite low EGFR expression 
levels on the target cell. In addition, AFM24 is able to mediate 
ADCC in the presence of high concentrations of human IgG with 
minimal competition. Macrophage-mediated ADCP is a putative 
mechanism of tumor clearance by therapeutic antibodies.33,34 

AFM24 induced efficient phagocytosis of tumor target cells with 
various EGFR expression levels, whereas cetuximab, representing 
a classical IgG1, was found to be inefficient at ADCP with low and 
intermediate EGFR-expressing target cells. Altogether, these data 
demonstrate that AFM24 has the potential to mediate potent 
effector functions (ADCC and ADCP) in the tumor bed in the 
presence of competing IgG and irrespective of EGFR expression 
levels, and differentiate AFM24 from currently marketed anti- 
EGFR monoclonal antibodies, which have MOA that critically 
rely on inhibition of EGFR signal transduction.

EGFR-targeting drugs are also limited in their clinical use 
because of the mutational status of the EGFR signal transduc-
tion cascade. Inhibition of signal transduction of cetuximab 
has been shown to be ineffective in ~40% of CRC patients 
carrying KRAS mutations.11 Importantly, the primary MOA 
of AFM24 does not depend on the mutational status of the 

Figure 7. AFM24-induced cytokine release (in vitro and in vivo) and pharmacodynamic effect in cynomolgus monkeys. A) IL-6 release induced in cynomolgus monkeys 
during repeated weekly i.v. dosing of AFM24 at three dose levels and vehicle control. Time points are indicated in hours after start of infusion. Scatter plot includes mean 
and SD. B) CD3−/CD20−/CD159a+ NK cells and C) CD14+ monocytes were quantified in peripheral blood by flow cytometry. EDTA blood samples were withdrawn from 
all animals once during the pre-dose phase; on Days 1 (pre-dose and 4 hours post-dose), 8, 15, 22, and 29 (pre-dose) of the dosing phase; and from all animals on Days 
14 and 28 of the recovery phase. D) Human PBMC were cultured in the presence of EGFR-positive A-431 cells at an E:T ratio of 50:1 with or without increasing 
concentrations of AFM24. Following a 24-hour incubation, the levels of IL-6, TNF, and IFN-γ were quantified in the cell culture supernatants. EC50 and Emax of cytokine 
release were determined by non-linear regression in independent experiments. Data points (n = 15) were collected in 8 independent experiments with PBMC from 10 
different donors and 4 different batches of AFM24. Scatter plots show individual experiments as dots, mean, and SD.
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target cell, as demonstrated by AFM24-induced ADCC toward 
tumor cells harboring different intrinsic or acquired mutations 
that have been shown to be associated with anti-EGFR treat-
ment resistance.49,50 These data indicate the potential thera-
peutic benefit of AFM24 in cancers with KRAS, BRAF, or 
tyrosine kinase mutations.

Anti-EGFR therapy results in a significant benefit for cancer 
patients, e.g., HNSCC, when applied either alone or in combina-
tion with radiation therapy or chemotherapy.51,52 However, many 
patients experience adverse events that, in some cases necessitate 
dose reduction or termination of therapy.45 The most common 
side effects of EGFR-targeted therapies are skin toxicities and 
diarrhea.45 Blockade of the EGFR pathway enhances skin inflam-
mation via antigen presentation of skin keratinocytes, potentially 
to autoreactive T cells, a putative mechanism of EGFR-induced 
skin rash.53,54 Different reports suggest that dose modifications or 
interruptions as a result of skin toxicity occur in as often as ~30% 
of patients.55 The modest inhibition of EGFR signal transduction 
by AFM24 (~1000-fold less potent when compared to cetuximab), 
may potentially result in a superior clinical safety profile for 
AFM24 compared to cetuximab, particularly with respect to skin 
toxicity. Toxicity studies in cynomolgus monkey further support 
these assumptions; AFM24 was well-tolerated in cynomolgus 
monkeys up to 75 mg/kg with no skin and organ toxicity. 
A transient elevation of serum IL-6 levels at all dose levels was 
observed 2–4 hours post dose and was fully reversible after 
24 hours, indicating a transient pharmacodynamic effect of 
AFM24. In stark contrast, historical data from cetuximab in cyno-
molgus monkey toxicity studies (study design and weekly dosing 
similar to the studies described here) demonstrated more severe 
skin toxicity and other toxicities at 75 mg/kg, with a striking 50% 
mortality rate due to sepsis.56 Dose-dependent mean half-lives 
determined for AFM24 (Day 1, 32–94 hours; Day 29, 67– 
79 hours) were found to be in the range of cetuximab and panitu-
mumab (Supplementary Table S4).

The pharmacological activity of AFM24 is characterized by 
inducing NK cell-mediated ADCC activity and macrophage- 
mediated ADCP. In cynomolgus monkeys, immune cell activ-
ity was potentially indicated by: (1) transient elevation of 
circulating IL-6 levels at all dose levels 2–4 hours after the 
first dose; (2) a transient reduction in absolute NK cell counts 
at a dose ≥8 mg/kg 4 hours after dosing on Day 1 for animals of 
both genders, which was not present for the control group and 
returned for almost all animals to the range of pre-dose data 
until Day 8; and (3) an increase in absolute CD14+ monocyte 
counts at 4 hours after the first dose in all dose groups. Taken 
together, our data demonstrate that AFM24 could be 
a potentially effective treatment option associated with less 
pronounced EGFR-related toxicities. Based on these preclinical 
analyses, a first-in-human Phase 1/2a study (NCT04259450) of 
AFM24 for the treatment of EGFR-expressing cancers has been 
initiated and is currently enrolling patients.

In conclusion, currently marketed EGFR-targeting mAbs 
(e.g., cetuximab, panitumumab) and TKIs (e.g., erlotinib, gefi-
tinib, osimertinib) primarily work by inhibiting EGFR- 
phosphorylation and are approved in CRC, HNSCC, and 
NSCLC only. In these cancers, the drugs show good clinical 
efficacy, but they are associated with toxicities (e.g., skin, 
organs) and are susceptible to the occurrence of primary and 

secondary resistance mechanisms of the EGFR-signaling cas-
cade, which limits their use in cancer patients. Here, we char-
acterize the functionality of AFM24 as a bispecific innate cell 
engager with a potentially unique modality of tumor cell elim-
ination by innate immune cells, namely NK cells and macro-
phages, via ADCC and ADCP, respectively. AFM24 was found 
to be safe in vivo and with a favorable tolerability. With the 
described characteristics, AFM24 potentially addresses a high 
unmet medical need for alternate therapeutic options across 
various EGFR-positive tumors, with a potentially favorable 
tolerability profile and the ability to overcome intrinsic and 
acquired resistance mechanisms.

Materials and Methods

Antibody reagents and antigens

AFM24 was designed as a tetravalent bispecific IgG1-scFv 
fusion antibody (scFv-IgAb) specific for human EGFR and 
human CD16A. Variable heavy and light-chain domains of 
an antibody with specificity for CD16A (clone LSIV21)40 

were fused at their C-terminus to CH1 and CL of effector- 
silent human IgG1 respectively.57 VH and VL of EGFR-specific 
antibody 21 were fused to the C-terminus of CH3 in scFv 
format using a (GGGGS)2 connector. Expression vectors were 
cloned as previously described.43 Recombinant antibodies, 
soluble or cell surface-anchored antigens were expressed in 
Chinese hamster ovary cells as previously described.58 

AFM24 was purified as previously described.59 The indicated 
antibodies were chemically biotinylated using Biotin-X-NHS 
Protein Labeling Kit (Jena Bioscience, cat.: FP-321) according 
to the manufacturer’s instructions.

Cell lines and cell culture

Detroit 562 (CCL-138), Panc 08.13 (CRL-2551), SCC-25 (CRL- 
1628), and SW-982 (HTB-93) were purchased from ATCC, 
A-549 (ACC 107), DK-MG (ACC 277), HCT-116 (ACC-581), 
KARPAS-299 (ACC 31), and MDA-MB-231 (ACC 732) from 
DSMZ (Braunschweig, Germany). A-431, COLO205, HT-29, 
LoVo, and MCF-7 were provided by Dr. G. Moldenhauer 
(DKFZ, Heidelberg, Germany). Cells were cultured as pre-
viously described.43

Isolation of PBMC and enrichment of human NK cells and 
differentiation of macrophages

PBMC and NK cells were isolated from the buffy coats of blood 
from healthy volunteers, as previously described.40 For macro-
phage differentiation, PBMC were discarded after overnight 
(O/N) culture while adherent mononuclear cells were used 
for subsequent differentiation protocol. Complete RPMI 1640 
supplemented with human M-CSF (50 ng/mL final, Gibco, cat.: 
PHC9501) was added to monocytes and replenished every 5– 
6 days. Depending on cell morphology, density, and growth, 
adherent macrophages were harvested after 1–4 weeks using 
accutase (Corning, cat. 25–058-Cl) treatment for subsequent 
analyses.
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Cell binding assays and flow cytometric analysis

Aliquots of 0.2–1 × 106 of the indicated cells were incubated 
with 100 μL of serial dilutions of the indicated antibody con-
structs in fluorescence-activated cell sorting (FACS) buffer 
(phosphate-buffered saline (PBS), Invitrogen, cat.: 14190– 
169) containing 2% heat-inactivated fetal calf serum 
(Invitrogen, cat.: 10270–106) and 0.1% sodium azide (Roth, 
cat.: A1430.0100) in the absence or, if indicated, in the presence 
of 10 mg/mL polyclonal human IgG (Gammanorm, 
Octapharma) for 45 min at 37°C. After repeated washing 
with FACS buffer, AFM24 bound to EGFR+ tumor cells was 
detected with 15 μg/mL fluorescein isothiocyanate (FITC)- 
conjugated goat anti-human IgG Fc (Dianova, cat.: 109–095- 
098). On NK cells and macrophages, AFM24 was detected with 
10 µg/mL anti-AFM24 mAb followed by 15 µg/mL FITC- 
conjugated goat anti-mouse IgG (Dianova, cat.: 115–095- 
062). Cell surface bound biotinylated IgG were detected with 
2 µg/mL Streptavidin-DyLight 488 (Dianova, cat.: 016–480- 
084). All incubations with secondary reagents and washing 
steps were performed on ice. After the last staining step, the 
cells were washed again and resuspended in 0.2 mL of FACS 
buffer containing 2 μg/mL propidium iodide (Sigma, cat.: 
P4170) in order to exclude dead cells. The fluorescence of 2– 
5 × 103 living cells was measured using CytoFlex or CytoFlexS 
flow cytometers (Beckman Coulter, Krefeld, Germany), and 
the median fluorescence intensities of the cell samples were 
determined. After subtracting the fluorescence intensity values 
of the cells stained with the secondary and/or tertiary reagents 
alone, the values were used for nonlinear regression analysis. 
Equilibrium dissociation constants (KD) were calculated using 
the one-site-binding (hyperbolic) fit and GraphPad Prism soft-
ware version 9 (GraphPad Software, La Jolla, California USA).

EGFR expression on cell lines was quantified using 10 µg/ 
mL anti-EGFR mAb H11 (Dianova, cat. DLN-08919) and 
QIFIKIT (DAKO, cat.: K0078), followed by F(ab´)2 fragment 
of FITC-conjugate goat anti-mouse IgG according to the man-
ufacturer’s instructions. Samples were analyzed using CytoFlex 
or CytoFlexS flow cytometers (Beckman Coulter, Krefeld, 
Germany).

EGFR binding and competition in ELISA

96-well ELISA plates (Immuno Maxisorp, Nunc) were coated 
overnight at 4°C with recombinant EGFR fused to human Fc at 
a concentration of 3 µg/mL in 100 mM carbonate-bicarbonate 
buffer. After blocking with 3% (w/v) skimmed milk powder 
(Sigma) dissolved in PBS serial dilutions of AFM24 were incu-
bated on the antigen coated plates with or without premixing 
with cetuximab in two fixed concentrations and incubated for 
1.5 h at room temperature. After washing three times with 
300 μL per well of PBS containing 0.1% (v/v) Tween 20, plates 
were incubated with anti-AFM24 mAb for 1 h followed by 
washing and detection with peroxidase-conjugated goat anti- 
mouse IgG (Dianova, cat.: 115–035-071) at 1:10,000 dilution 
for 1 h at room temperature. After washing, plates were incu-
bated with tetramethylbenzidine substrate (Seramun) for 1– 
2 min. Reaction was stopped by addition of 0.5 M H2SO4 
(100 μL/well). Absorbance was measured at 450 nm, 100 

flashes using a multiwell plate reader (Ensight, Perkin Elmer). 
Mean and standard deviation of absorbance values of dupli-
cates were plotted and analyzed using GraphPad Prism ver-
sion 9.

In vitro ADCP and ADCC assay

In vitro calcein-release assays for measuring ADCC were per-
formed as previously described.43 For ADCP, macrophages 
were seeded in 96-well UpCell plates (Thermo Fisher 
Scientific, cat.: 174897) and cultured O/N. Target cells were 
labeled with 0.5 µM CellTracker™ Green CMFDA Dye 
(Thermo Fisher Scientific, cat.: C2925) at 37°C for 30 min, 
washed, and cultured O/N. Target cells were seeded on top of 
the macrophages (E:T ratio of 5:1), and the indicated antibo-
dies were added at serial concentrations (0.3 pg/mL – 30 µg/ 
mL) in duplicates. After 4 hours incubation, cells were 
detached from the culture plate by incubation on ice and 
stained with A700-labeled anti-CD11b (M1/70; BioLegend, 
cat.: 101222) and fixable viability dye eF780 (Thermo Fisher 
Scientific, cat.: 65–0865-14) for 30 min at 4°C. Phagocytosis of 
labeled target cells was quantified by analyzing CMFDA+/ 
CD11b+ cells in % of viable cells by flow cytometry. ADCP in 
absence of antibodies was assessed in duplicates.

EGFR phosphorylation assay

A-431 or A-549 cells were seeded in 96-well plates in complete 
Dulbecco’s Modified Eagle Medium (DMEM) and cultured for 
20–22 h. Cells were starved for 4 hours in DMEM before 
30 min incubation with serial dilutions of the indicated anti-
bodies. EGF (100 ng/mL; Thermo Fisher Scientific, cat.: 10605- 
HNAE-250) was added for 10 min at 37°C before cells were 
washed with ice-cold PBS, lysed and used for relative quanti-
fication of phosphorylated EGFR using a Phospho-EGFR 
ELISA Kit (enzyme-linked immunosorbent assays, 
RayBiotech, cat.: PEL-EGFR-Y) according to the manufac-
turer’s instructions.

In vitro cytokine release assay

Analysis was performed as previously described.43

Toxicology study in cynomolgus monkeys

Cynomolgus monkey studies were conducted at COVANCE 
(Münster, Germany). Purpose-bred cynomolgus monkeys 
(Macaca fascicularis) of Mauritian origin were selected to pro-
vide 18 healthy animals of each sex. AFM24 was formulated in 
0.9% sodium chloride and administered intravenously (2 hours, 
chair-restrained), once weekly on Days 1, 8, 15, 22, and 29 of the 
dosing phase. Assessment of toxicity was based on clinical 
observations, body weights, food consumption, body tempera-
ture, cardiovascular investigations, ophthalmology, clinical 
pathology, blood immunophenotyping, and cytokine analysis. 
Complete necropsies were performed on all animals, with 
a recording of macroscopic abnormalities for all tissues. Organ 
weights and microscopic examinations were conducted. In addi-
tion, blood was collected for toxicokinetic and ADA analyses.
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Quantification of cytokines in cynomolgus monkey serum

Blood samples for the determination of cytokine levels (IL-2, 
IL-6, IL-8, TNF, IFN-γ) were collected on Day 1 before start of 
infusion and 2, 4, 24, and 48 hours after start of infusion. On 
Days 8, 15, 22, and 29 and the last week of recovery, blood was 
collected 2 hours after start of infusion. Cytokine concentra-
tions were determined using EMD Millipore Multiplex MAP 
kit on a Luminex® 200TM (MILLIPLEX MAP Non-Human 
Primate Cytokine Magnetic Bead Panel – Immunology 
Multiplex Assay, cat.: PCYTMG-40 K-PX23) using a validated 
method.

Pharmacokinetic analysis of AFM24

For the assessment of pharmacokinetic parameters of AFM24 
in cynomolgus monkey serum, samples were collected on Day 
1 pre-dose, 2, 4, 24 and 48 hours after commencement of 
infusion. On Days 8, 15, 22, and 29, blood was collected pre- 
dose and 2 hours after the start of infusion. From recovery 
animals, blood was withdrawn 5 minutes after infusion, and 
0.5, 2, 8, 24, 48, 96, 168, 336, 504, and 672 hours after finaliza-
tion of infusion. Serum bioanalysis was conducted using 
a validated electrochemiluminescence immuno-assay method 
to quantify AFM24 in cynomolgus monkey serum. The lower 
limit of quantitation for the method was 80 ng/mL. 
Pharmacokinetic interpretation was conducted by 
COVANCE (Harrogate) using non-compartmental methods 
computed with Phoenix WinNonlin (Certara USA, Inc.).

Antidrug antibody assay

Serum bioanalysis was conducted using a validated electroche-
miluminescent bridging immunoassay method. The method 
used a floating cutpoint established from naive cynomolgus 
monkey serum samples. The sensitivity of the method, defined 
as the lowest concentration of positive control ADA that con-
sistently provides signals above the cutpoint was 500 ng/mL in 
undiluted serum.

Statistical analyses

Graphical display and statistical analyses of data were per-
formed using GraphPad Prism. Correlation between SABC and 
EC50, Emax, or KD values was analyzed using Spearman’s rank 
correlation (nonparametric measure of rank correlation). 
Statistical significance was defined by p values ≤0.05. 
Statistical significance was calculated with ratio paired tests, if 
not otherwise stated. KD values were calculated using the one- 
site-binding (hyperbolic) fit and GraphPad Prism software. If 
possible, fitting of the non-linear regression model to sigmoidal 
dose–response curves (variable slope) using GraphPad Prism 
was conducted. Statistical analysis of flow cytometry data 
obtained from cynomolgus monkey peripheral blood was per-
formed by pairwise comparisons of each treated group against 
the control group. Tests were performed using a two-sided risk 
test.
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