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Amino Acid Sequences: 
Trastuzumab (anti-HER2) IgG1 K409R LALA heavy chain: 

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNSLRAEDTAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPEAAGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSRLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSP

Trastuzumab light chain: 

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQHYTTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

CS06 (anti-c-Met) IgG1 F405 LALA heavy chain: 
QVQLQQSGAEVKKPGSSAKVSCKASGGTFSSNAISWVRQAPGQGLEWMGGIIPIFGTAIYAQKFQGRVTITADESTSTAYMELSSLRSEDTAVYYCARDQRGYYYYYYYGMDVWGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPEAAGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFLLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG
CS06 light chain: 
QLVLTQSPSVSVAPGKTARITCGGNNIRNVGVHWYQKKPGQAPILVVYDDDDRPSGVPERFSGSNSGNTATLTISRVEAGDEADYYCQVWDSATDQRVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTPSKQSNNKYAASSYLSLTPEQWKSHKSYSCQVTHEGSTVEKTVAPTECS
Anti-EGFR VHH 9G8 (PDB 4KRP): 

EVQLVESGGGLVQAGGSLRLSCAASGRTFSSYAMGWFRQAPGKEREFVVAINWSSGSTYYADSVKGRFTISRDNAKNTMYLQMNSLKPEDTAVYYCAAGYQINSGNYNFKDYEYDYWGQGTQVTVSS

Anti-IL6R VHH (WO2010115995A3): 
EVQLVESGGGLVQPGGSLRLSCAASGSVFKINVMAWYRQAPGKGRELVAGIISGGSTSYADSVKGRFTISRDNAKNTLYLQMNSLRPEDTAVYYCAFITTESDYDLGRRYWGQGTLVTVSS

Anti-NKG2D VHH ET1F08 (WO2017081190): 

DVQLVQSGGGLVQAGGSLRLSCAASGLTISNYAMAWFRQAPGKEREFVALINWSGNKYYADSVKGRFTIARDNAKNTVDLQMNSLKPEDTAVYYCAARFHSYAASTYYSASTYKFWGQGTQVTVSS









Table S1. Affinity constants measured by BLI. Binding kinetics of each molecule to each antigen was measured individually. KD = binding affinity, Kon = association rate, Koff = dissociation rate. 
	 Nr 
	Construct
	Paratope 1
	Valency
	KD paratope 1
	Kon (1/Ms) paratope 1
	Koff (1/s) paratope 1
	Paratope 2
	Valency
	KD paratope 2
	Kon (1/Ms) paratope 2
	Koff (1/s) paratope 2
	Paratope 3
	Valency
	KD paratope 3
	Kon (1/Ms) paratope 3
	Koff (1/s) paratope 3
	Paratope 4
	Valency
	KD paratope 4
	Kon (1/Ms) paratope 4
	Koff (1/s) paratope 4

	1
	CS06 F405L
	c-Met
	bi
	3.72E-10
	9.94E+05
	3.70E-04
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---

	2
	CS06 F405L-a-EGFR VHH
	c-Met
	bi
	5.47E-10
	9.71E+05
	5.31E-04
	EGFR
	bi
	1.77E-08
	7.23E+04
	1.28E-03
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---

	3
	CS06 F405L-a-IL6R VHH
	c-Met
	bi
	2.55E-10
	9.38E+05
	2.39E-04
	IL6R
	bi
	4.61E-10
	1.93E+05
	8.88E-05
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---

	4
	CS06 F405L- a-NKG2D VHH
	c-Met
	bi
	3.72E-10
	9.85E+05
	3.67E-04
	NKG2D
	bi
	5.17E-09
	1.70E+05
	8.77E-04
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---

	5
	Trastuzumab K409R
	HER2
	bi
	2.89E-10
	4.18E+05
	1.21E-04
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---

	6
	Trastuzumab K409R-a-EGFR VHH
	HER2
	bi
	2.03E-10
	3.07E+05
	6.24E-05
	EGFR
	bi
	2.21E-08
	5.61E+04
	1.24E-03
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---

	7
	Trastuzumab K409R-a-IL6R VHH
	HER2
	bi
	2.42E-10
	2.50E+05
	6.05E-05
	IL6R
	bi
	7.05E-10
	1.04E+05
	7.36E-05
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---

	8
	Trastuzumab K409R-a-NKG2D VHH
	HER2
	bi
	3.32E-10
	3.39E+05
	1.13E-04
	NKG2D
	bi
	5.71E-09
	1.51E+05
	8.62E-04
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---

	9
	CS06 F405L_Trastuzu K409R 
	c-Met
	mono
	2.71E-10
	9.71E+05
	2.63E-04
	HER2
	mono
	5.66E-10
	4.16E+05
	2.36E-04
	---
	---
	---
	---
	---
	---
	---
	---
	---
	---

	10
	CS06 F405L a-NKG2D VHH_ Trastuzu K409R a- NKG2D VHH
	c-Met
	mono
	2.47E-10
	9.17E+05
	2.26E-04
	HER2
	mono
	4.66E-10
	3.95E+05
	1.84E-04
	NKG2D
	bi
	4.23E-09
	1.44E+05
	6.09E-04
	---
	---
	---
	---
	---

	11
	CS06 F405L a-NKG2D VHH_ Trastuzu K409R 
	c-Met
	mono
	2.29E-10
	8.45E+05
	1.93E-04
	HER2
	mono
	4.87E-10
	3.27E+05
	1.59E-04
	NKG2D
	mono
	5.43E-09
	1.49E+05
	8.08E-04
	---
	---
	---
	---
	---

	12
	CS06 F405L a-IL6R VHH_ Trastuzu K409R 
	c-Met
	mono
	2.55E-10
	5.91E+05
	1.51E-04
	HER2
	mono
	3.34E-10
	3.43E+05
	1.15E-04
	IL6R
	mono
	6.85E-10
	5.49E+05
	3.76E-04
	---
	---
	---
	---
	---

	13
	CS06 F405L a-EGFR VHH_ Trastuzu K409R 
	c-Met
	mono
	2.85E-10
	9.13E+05
	2.60E-04
	HER2
	mono
	3.81E-10
	3.66E+05
	1.39E-04
	EGFR
	mono
	2.30E-08
	6.52E+04
	1.50E-03
	---
	---
	---
	---
	---

	14
	CS06 F405L_ 
Trastuzu K409R a-NKG2D VHH
	c-Met
	mono
	2.17E-10
	1.17E+06
	2.54E-04
	HER2
	mono
	1.11E-10
	3.32E+05
	3.67E-05
	NKG2D
	mono
	5.30E-09
	1.28E+05
	6.79E-04
	---
	---
	---
	---
	---

	15
	CS06 F405L_ 
Trastuzu K409R a-IL6R VHH
	c-Met
	mono
	2.05E-10
	9.33E+05
	1.91E-04
	HER2
	mono
	4.67E-10
	3.94E+05
	1.84E-04
	IL6R
	mono
	8.07E-10
	4.72E+05
	3.81E-04
	---
	---
	---
	---
	---

	16
	CS06 F405L_
Trastuzu K409R a-EGFR VHH 
	c-Met
	mono
	2.70E-10
	1.38E+06
	3.72E-04
	HER2
	mono
	4.03E-10
	3.62E+05
	1.46E-04
	EGFR
	mono
	2.23E-08
	6.60E+04
	1.47E-03
	---
	---
	---
	---
	---

	17
	CS06 F405L a-NKG2D VHH_ Trastuzu K409R a-IL6R VHH
	c-Met
	mono
	3.37E-10
	9.99E+05
	3.37E-04
	HER2
	mono
	4.36E-10
	4.42E+05
	1.93E-04
	NKG2D
	mono
	4.50E-09
	1.77E+05
	7.95E-04
	IL6R
	mono
	9.73E-10
	4.08E+05
	3.97E-04

	18
	CS06 F405L a-NKG2D VHH_ Trastuzu K409R a-EGFR VHH 
	c-Met
	mono
	2.21E-10
	9.05E+05
	2.00E-04
	HER2
	mono
	3.78E-10
	3.79E+05
	1.43E-04
	NKG2D
	mono
	5.08E-09
	1.50E+05
	7.63E-04
	EGFR
	mono
	3.10E-08
	5.08E+04
	1.57E-03

	19
	 CS06 F405L a-IL6R VHH_ Trastuzu K409R a-EGFR VHH 
	c-Met
	mono
	1.13E-10
	1.02E+06
	1.15E-04
	HER2
	mono
	2.62E-10
	3.76E+05
	9.83E-05
	IL6R
	mono
	4.14E-10
	5.03E+05
	2.08E-04
	EGFR
	mono
	2.21E-08
	5.61E+04
	1.24E-03

	20
	a-EGFR VHH-SEED (one-armed)
	EGFR
	mono
	1.04E-9
	2.31E+05
	2.39E-04
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	21
	a-NKG2D VHH-SEED (one-armed)
	NKG2D
	mono
	5.65E-10
	4.70E+05
	2.66E-04
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	22
	a-Il6R VHH-Fc 
	Il6R
	bi
	6.63E-10
	1.87E+05
	1.24E-04
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


Supplementary Figures: 
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Figure S1. Parental IgG-VHH constructs for DB-VHH generation.
Figure S1 Alt Text: A schematic illustration of all parental DB-VHHs used in the study. Each antibody-specificity as well as cFAE-mutation is indicated.

[bookmark: _Ref75189132][image: ]
Figure S2. DB-VHH molecules generated by recombination of two of the parental constructs.
Figure S2 Alt Text: A schematic illustration of all DB-VHHs after cFAE generated in the study. Each antibody-specificity as well as cFAE-mutation is indicated.

[image: ]
Figure S3. Binding of the parental IgG-VHH constructs to recombinant antigen measured via BLI. The x-axis of the sensorgrams represents the wavelength interference shift on the biosensor in nm and the y-axis represents the time in seconds for all plots. 
Figure S3 Alt Text: A sectioned figure, displaying (fitted) BLI diagrams of all target-specificities of all parental antibodies.

[image: ]
Figure S4. Binding of the recombined DB-VHH molecules to recombinant c-Met antigen measured via BLI. The x-axis of the sensorgrams represents the interference shift on the biosensor in nm and the y-axis represents the time in seconds for all plots.
Figure S4 Alt Text: A sectioned figure, displaying (fitted) BLI diagrams of c-MET binding of DB-VHHs after cFAE.

[image: ]
Figure S5. Binding of the recombined DB-VHH molecules to recombinant HER2 antigen measured via BLI. The x-axis of the sensorgrams represents the interference shift on the biosensor in nm and the y-axis represents the time in seconds for all plots.
Figure S5 Alt Text: A sectioned figure, displaying (fitted) BLI diagrams of HER2 binding of DB-VHHs after cFAE.
[image: ]
Figure S6. Binding of the recombined DB-VHH molecules to recombinant EGFR and IL6R antigens measured via BLI. The x-axis of the sensorgrams represents the interference shift on the biosensor in nm and the y-axis represents the time in seconds for all plots.
Figure S6 Alt Text: A sectioned figure, displaying (fitted) BLI diagrams of EGFR and IL6R binding of DB-VHHs after cFAE.

[image: ]
Figure S7. On the left: binding of the recombined DB-VHH molecules to recombinant NKG2D antigen measured via BLI. On the right: binding of VHHs fused N-terminally to human Fc (monovalent (a-EGFR and a-NKG2D VHHs) and bivalent (a-IL6R VHH)) to the respective antigen. The x-axis of the sensorgrams represents the interference shift on the biosensor in nm and the y-axis represents the time in seconds for all plots.
Figure S7 Alt Text: A sectioned figure, displaying (fitted) BLI diagrams of NKG2D binding of DB-VHHs after cFAE. In addition diagrams of N-terminally fused VHH-FC (or one armed SEED constructs) are shown

[image: ]
Figure S8. Simultaneous binding of tri-specific DB-VHH molecules to c-Met, IL6R/EGFR, and HER2 detected via BLI. The x-axis of the sensorgrams represents the interference shift on the biosensor in nm and the y-axis represents the time in seconds for all plots.
[bookmark: _Hlk89181468]Figure S8 Alt Text: A four sectioned figure, showing BLI diagrams of DB-VHHs. Each figure section is subsectioned into three (trispecific) sections. A rise in the curve is visible when antibodies are incubated with respective antigens. Controls in kinetics buffer show a flat or decreasing signal.

[image: ]
Figure S9. Simultaneous binding of tri-specific DB-VHH molecules to c-Met, NKG2D and HER2 detected via BLI. The x-axis represents the interference shift on the biosensor in nm and the y-axis represents the time in seconds for all plots.
Figure S9 Alt Text: A three sectioned figure, showing BLI diagrams of DB-VHHs. Each figure section is subsectioned into three (trispecific) sections. A rise in the curve is visible when antibodies are incubated with respective antigens. Controls in kinetics buffer show a flat or decreasing signal.

[image: ]
Figure S10. Simultaneous binding of tetra-specific DB-VHH molecules to c-Met, IL6R/EGFR/NKG2D and HER2 detected via BLI. The x-axis represents the interference shift on the biosensor in nm and the y-axis represents the time in seconds for all plots.
Figure S10 Alt Text: A three sectioned figure, showing BLI diagrams of DB-VHHs. Each figure section is subsectioned into four (tetraspecific) sections. A rise in the curve is visible when antibodies are incubated with respective antigens. Controls in kinetics buffer show a flat or decreasing signal.

[image: ]
Figure S11. Specific cell clustering of EGFR-positive cells with (A) c-Met- or (B) HER2-expressing cancer cells by the parental constructs. Different cell lines were stained with three different fluorescent cell dyes and mixed in presence of 1 nM IgG-VHH construct. Cells were analyzed by flow cytometry, where double-positive events (upper-right gate) and triple-positive events (red points) were detected. 
Figure S11 Alt Text: A two sectioned figure, displaying different FACS-plots. Each FACS-plot shows the cell-clustering of two different cell lines and one parental antibody. Triple cell clusters are indicated in contrasting colour.

[image: ]
Figure S12. Flow cytometry analysis of simultaneous binding of the DB-VHH molecules to the receptors on three different cancer cell lines. Flow cytometry cytograms represent the fluorescence signals of the different cell populations. (A) Cells without antibody construct. Upper left gate = HCC-1954 (HER2+++) cells stained with DeepRed, lower left gate = THP-1 (IL6R+) cells stained with CMRA, lower right gate = EBC-1 (c-Met++) cells stained with CFSE, upper right gate = HCC-1954 + EBC-1 cell doublets. Events in all three fluorescence channels (cell triplets) were marked in blue. Cells were incubated in presence of a 1 nM of a (B) bispecific DB, (C)&(D) trispecific DB-VHHs, (E)&(F) tetraspecific DB-VHH.
Figure S12 Alt Text: A six sectioned ABCDEF figure, displaying different FACS-plots. Each FACS-plot shows the cell-clustering of three different cell lines and one antibody. Triple cell clusters are indicated in contrasting colour.

[image: ]
Figure S13. DB-VHH-mediated simultaneous cell clustering of primary NK cells and cancer cell lines. Flow cytometry cytograms represent the fluorescence signals of the different cell populations. (A) Cells without antibody construct. Upper left gate = HCC-1954 (HER2+++) cells stained with DeepRed, lower left gate = NK (NKG2D+) cells stained with CMRA, lower right gate = EBC-1 (c-Met++) cells stained with CFSE, upper right gate = HCC-1954 + EBC-1 cell doublets. Events in all three fluorescence channels (cell triplets) were marked in red. NK + HCC-1954 and NK + EBC-1 cell doublets are marked in blue and green, respectively. Cells were incubated in presence of a 1 nM of a (B)&(C) parental IgG-a-NKG2D VHH, (D)&(E) constructs not carrying an anti-NKG2D VHH, (F) trispecific DB-VHH with bivalent anti-NKG2D VHH, (G)&(H) trispecific DB-VHHs with one monovalent anti-NKG2D VHH, (I)& (J) tetraspecific DB-VHH with a monovalent anti-NKG2D VHH.
Figure S13 Alt Text: A sectioned figure, displaying different FACS-plots. Each FACS-plot shows the cell-clustering of three different cell lines and one antibody. Triple cell clusters are indicated in contrasting colour.

[image: ]
Figure S14. Binding of parental and recombined DB-VHHs to primary NK cells is mediated specifically by the anti-NKG2D-VHH. Cells were incubated with 100 nM DB-VHH construct in presence of human Fc block reagent. Antibody binding was detected using a fluorescently labeled secondary antibody and was analyzed by flow cytometry. Histograms were generated with FlowJo_v10.7.1.
Figure S14 Alt Text: A sectioned figure, displaying different one-dimensional FACS-plots. Each FACS-plot shows the cell-binding of one antibody. NK-cell binding is indicated in contrasting colour over the detection antibody control.

[image: ]
Figure S15. (A) Three-dimensional models of VHH domains. The surface is colored according to Schrodingers per-residue aggscore.1 Red color indicates regions of high aggregation propensity. For each VHH, the calculated hydrophobic patch area and aggscore values are provided, suggesting that the IL6R-binding VHH has highest hydrophobicity and aggregation propensity. (B) Structural model of “Full IgG-VHH” and “Half IgG-VHH” construct, colored according their per-residue aggscore values. A hydrophobic surface spot, which is buried in the full molecule, but solvent-exposed in the isolated half-molecule, is indicated. (C) Structural alignment of the isolated “Half IgG-VHH” model and the lowest energy conformer from a conformational search where the linker was treated as flexible and the IgG & VHH domain as rigid bodies. In this lowest energy conformer, the VHH domain (shown in green) interacts with the Fc domain via hydrophobic interactions. In this conformation, reassembly to the full IgG-VHH molecule is sterically hindered.

Figure S15 Alt Text: A sectioned AB figure, displaying three dimensional models of the three VHHs (A) used in this study and one DB-VHH (B). (A) Aggregation prone regions are highlighted on VHHs. The IL6-R VHH has the most highlighted regions when comparing all three molecules. (B) The highlighted VHH-module in the DB-VHH leads an intramolecular interaction of the C-terminally fused VHHs. This is visualized as a “clumping” of the VHHs.

  1. 	Sankar K, Krystek SR, Carl SM, Day T, Maier JKX. AggScore: Prediction of aggregation-prone regions in proteins based on the distribution of surface patches. Proteins: Structure, Function, and Bioinformatics 2018; 86:1147–56. doi:https://doi.org/10.1002/prot.25594.
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