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Extended DataFig. 3 | Computational design strategy to makerigid IGF_ linker lengths and fusion directions were sampled. For rigid fusion, the two
EndoTags (EndoTag3 and EndoTag4). Starting from the structure of IGF-2in major binding helices from Dé6mb and one major binding helix from D11mb
complexwithIGF2R, de novo minibinders were generated and screened were extracted as starting motifs. With protein Inpainting, geometries and
against the IGF-2binding sites at IGF2R domain 6 and domain11, separately. fusionorders were sampled, and ranked based on Rosetta and alphafold2

Individual binders for each domain (D6mb and D11mb) were fused with flexible =~ metrics.
linkers orarigid fusioninterdomain connection. For flexible fusion, multiple
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Extended DataFig. 4 | Cellular uptake evaluation IGF_EndoTags. a, Cellular
uptake comparison between homodimer and heterodimer fusion of Démb and
D11mb.b, Cellular uptake comparison of linker length of D11mb-D6mb fusion
with various lengths of GS linkers in the middle. ¢, Cellular uptake of IGF_
EndoTags.Jurkat cells were treated with biotinylated 100 nMIGF_EndoTags or
IGF-2,and 33 nM Strapavidin-AF647 for 24 h. After washing 3 times, the cellular
uptake was measured by flow cytometry. The datawere normalized with the
controlgroup treated with 33 nM Strapavidin-AF647 alone. The datawas
collected asmeanvalues + SEM across n = 3 biologically independent samples.
d, Fluorescence Microscopy imaging of IGF-2 co-localized with lysosomal.

e, Fluorescence Microscopy imaging of EndoTag2 co-localized with lysosomal.

f,Fluorescence Microscopy imaging of EndoTag4 co-localized with lysosomal.
Fora,andb,200 nM biotinylated fusion proteins were incubated with 50 nM
of Strapavidin-AF647 and incubated withJurkat cells for 24 h. After wash 3
times with cold PBS, the cellular uptake was measured by flow cytometry. For
d-f,HeLacells were incubated with100 nM of biotinylated IGF-2, EndoTag2 or
EndoTag4 for various time length. After cells were washed twice and fixed, they
were stained withanti-LAMP2A antibody followed by goat secondary anti-IgG
AlexaFluo 488 antibody and DAPI. Epifluorescence imaging was conducted on
aYokogawa CSU-X1 microscope. Theseimages arerepresentative of three
independently replicated samples per time point.
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Extended DataFig. 5| Receptor degradation with EndoTags. a, Levels of
EGFR after treatment with10 nM or 100 nM CTX-M6P or CTX-IGF_EndoTaglin
H1975 cellsfor48 h.b, Levels of EGFR after treatment with 100 nM EGFRn or
EGFRn-IGF_EndoTagsinH1975 cells for 48 h.c, Levels of CTLA4 with200 nM of
CTLA4mb or CTLA4mb-IGF_EndoTaglinjurkat-CTLA4 cells after treatment for
3 h.d, Fold changeinabundance of EGFR with treatment of EGFRn compared
with control (untreated group). e, Fold change in abundance of EGFR with
treatment of EGFRn-IGF_EndoTagl compared with control (untreated group).
f,Fold changein abundance of EGFR with treatment of CTX compared with
control (untreated group). g, Fold change inabundance of EGFR with treatment
of CTX-IGF_EndoTagl compared with control (untreated group). h, Flow
cytometry analysis of surface PD-L1levelsin MDA-MB-231 cells after treatment

with200 nMATZ or ATZ-pLYTACs. MFlwas normalized by the PD-L1level of
untreated groups. The data was collected as mean values+ SEM acrossn=3
biologicallyindependentsamples. i, Functional EGF signaling assay. HelaWT
cellswere pre-treated with100 nM of EGFRn, EGFRn-IGF_EndoTag2 or PBS
control for24 h,and then washed and stimulated with 100 nM of human EGF for
15 min followed by phosphorylation flow cytometry using anti-pERK AF-488.
Datarepresents mean of biological triplicates and error bar indicates standard
deviation. P values were determined by unpaired two-tailed t-test. For d-g, the
proteomic datawascollected in H1975 cells with the treatment 100 nM of
corresponding reagents for 48 hand data collected is the replicated with
samplesize n=2.Pvalues were calculated by a two-tailed unpaired t-test with
Welch’s correction.
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Extended DataFig. 6 | Clearance of soluble proteins with EndoTags.
a, LHDB-AF647 cellular uptake ability comparison among flexible and rigid
LHDA-IGF_EndoTagsin K562 cells. b, LHDB-AF647 cellular uptake ability

comparisonamong flexible and rigid LHDA-IGF_EndoTags in Jurkat cells. c, IgG-

AF647 cellular uptake ability comparison between flexible and rigid designs.
d, Quantitative clearance of IgG-AF647 in cellmedia comparison between
flexible and rigid designs. e, IgG-AF647 cellular uptake ability comparison
between pLYTACs and M6Pn. f, Quantitative clearance of IgG-AF647 in cell
mediacomparisonbetween pLYTACs and M6Pn. g, Quantitative clearance of
1gG-AF647in cellmediawithtitrated proteinG-EndoTag3. h, Quantitative
clearance of IgG-AF647 in cell mediawith titrated proteinG-EndoTag4. For
a,b, cellswereincubated with 100 nM LHDB-biotin +33 nM Strapavidin-AF647
with/without 500 nM LHDB-pLYTACs for 48 h, washed twice with cold PBS and

analyzed by flow cytometry. The fold change in MFI (mean fluorescence
intensity) was calculated by normalizing the LHDB-AF647 alone group. Forc,e,
cellswereincubated with33 nM IgG-AF647 with/wihtout 1uM proteinG-IGF_
EndoTags for 24 h, washed twice with cold PBS and analyzed by flow cytometry.
The fold change in MFI (mean fluorescence intensity) was calculated by
normalizing the IgG-AF647 alone group. Fora,b,c,e, dataare presented as
mean values + SEM with biologically replicateswithn=3.Ford,f.g,h, cells were
incubated with33 nM IgG-AF647 with/without proteinG-IGF_EndoTags. At
timepoints 24 h,48 h, the cells were pelleted down, and supernatant IgG-AF647
levels were quantified by Neo2 plate reader. The percentage of IgG-AF647 level
wasnormalized with the IgG-AF647 alone control group. For d,f,g,h, dataare
presented as mean values + SEM with biologically replicates withn = 3. For
a-c,e, pvalues were determined by unpaired two-tailed t-test.
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Extended DataFig.7|Orthogonality of EndoTag. a, Confocal imaging of
biotinylated IGF-2 labeled with AF-555-Streptavidin (green). Hela cells were
pre-incubated with100 nM non-labelled IGF_EndoTags, PBS control for 24 h.
After washing with PBS cells wereincubated with AF-555labeled Streptavidin
together with biotinylated IGF-2 (the mix was preincubated for 10 min) for 4 h.
Cells were washed and lysosomes were stained with AF488-labeled Lysotracker
for30 min. b, Averaged IGF-2intensity in single cellsbased on aLysotracker
cellmask. Datarepresents mean and error bar indicates SEM (N = 6 images per

conditionwithatleast10 cells perimage). ¢, Binding of AF-647 labeled IGF_
EndoTag2 on the cell surface of WT and GNPTAB KO UMRC2 cells onice.

d, Binding of AF647 labeled transferrin to HeLa cells with and without 100 nM
of Tfr-EndoTagonice. e, Internalization of transferrin-647in HeLa cells with
and without100 nM TfR-EndoTag treatment. For c-e, datarepresents mean of 3
biological replicatesand error barindicates SEC. P values were determined by
unpaired two-tailed t-test.
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Extended DataFig. 8|Invivo PD-L1degradation by ATZ-pLYTAC. Western Blot analysis of PD-L1levelsin tumor tissues colleted at sacrifice at day21from
different treatment groups of mice with -actin asloading control.
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Extended DataFig.9|a, Confocalimaging oflysosome co-localization of a,b, thecellswereincubated with200 nM IgG-AF647 and 1uM of proteinG-IGF_
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treatment. b, Confocalimaging of lysosome co-localization of IgG-AF647with ~ AF488-labelled secondary antibody. The scale barindicates 40 pm foraand
lysosomein HelaIGF2RKO cells with ProteinG-IGF_EndoTags treatment. For 50 pmforb.
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Extended Data Table 1| Binding affinity of EndoTag binders

Name Target Kd (M)

D6mb IGF-2R D6 4.10E-08

D11mb IGF-2R D11 1.90E-07
IGF_EndoTag1 IGF-2R D6 6.80E-08
IGF_EndoTag2 IGF-2R D11 6.50E-09
IGF_EndoTag3  IGF-2R D6 5.60E-09
IGF_EndoTag3 IGF-2R D11 1.90E-07
IGF_EndoTag4 IGF-2R D6 1.40E-08
IGF_EndoTag4 IGF-2R D11 4.30E-06
AS_EndoTag ASGPR 2.70E-06
TfR_EndoTag TR 2.00E-08
Sort_EndoTag Sortilin 2.10E-08

All affinity data was collected by Octet R8 and binding affinity was estimated by Octet
ForteBio software package.
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The structures used to guide the design of EndoTag is available in https://www.rcsb.org/ (IGF-2R: PDB 6UM2; ASGPR: 6YAU, 5JQ1; Sortilin: 3F6K). The raw data for
animal data and mass spectrum is in Source Data in this manuscript. The full scan for the Western Blot gels are available in the Supplement Information. The raw
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Data exclusions  No data were excluded from this study

Replication The data were collected as biological replicates as indicated in the figure legend. All cell experiences were done multiple times to ensure
reproducibility. All images were representative of three independently replicated samples.

Randomization  For the animal study, the mice been randomly assigned into the different treatment group.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

>
Q
S
(e
=
)
o
o)
=
o
=
—
@
§o)
o)
=
>
Q@
wv
(e
S
3
Q
<L

€20z |udy




Materials & experimental systems Methods
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Antibodies used Alexa Fluor® 647 anti-human EGFR Antibody (Biolegend, 352918), PE anti-human CD222 (IGF2R) Recombinant Antibody (Biolegend,
364204), EGFR Monoclonal Antibody (clone 199.12, Invitrogen, AHR5072), IGF2R Antibody Alexa647 (clone 2G11, Novus,
NB300-514AF647), Human PD-L1 Alexa Fluor® 647-conjugated Antibody (Rndsystems, FAB1562R), Human IgG1 Isotype Control Alexa
647 (Novus, DDXCHO1A647), rabbit anti-EGFR D38B1 Cell Signaling Technologies (#4267) , rabbit anti-HER2 2242 Cell Signaling
Technologies (2242), rabbit anti-PD-L1 E1L3N Cell Signaling Technologies (13684), mouse anti- vinculin V284 Bio-Rad (MCA465GA).
Anti-LAMP2A antibody (Abcam ab18528), goat anti-rabbit- IgG Alexa Fluor™ 488 secondary antibody (Thermo Fisher A-11034), anti
PD-L1 (sc-518027), anti beta-actin (sc-47778), goat anti-mouse 1gG H&L (HRP) (Abcam, ab205719); 800CW goat-anti-mouse or goat-
anti-rabbit (LI-COR 926-32211), rabbit anti-CTLA4 E1V6T Cell Signaling Technologies (96399)

Validation Alexa Fluor® 647 anti-human EGFR Antibody (Biolegend, 352918): Verified Reactivity to Human, FC - Quality tested
PE anti-human CD222 (IGF2R) Recombinant Antibody (Biolegend, 364204): Verified Reactivity to Human, ICFC, FC - Quality tested
EGFR Monoclonal Antibody (clone 199.12, Invitrogen, AHR5072): Target Species: Human, applications for Immunocytochemistry,
Immunofluorescence, Immunoprecipitation, Western Blot
IGF2R Antibody Alexa647 (clone 2G11, Novus, NB300-514AF647): Reactivity Hu, Mu, Rt, Bv, Pm; Applications WB, ELISA, Flow, ICC/IF,
IHC, IP, CyTOF-ready
Human PD-L1 Alexa Fluor® 647-conjugated Antibody (Rndsystems, FAB1562R): Species Reactivity Human, Detects human PD-L1/B7-
H1 in direct ELISAs. Applications for FC verified.
Human 1gG1 Isotype Control Alexa 647 (Novus, DDXCHO1A647): Reactivity to human. Applications for FC
rabbit anti-EGFR D38B1 Cell Signaling Technologies #4267: REACTIVITY H M Mk; Applications to WB verified
rabbit anti-HER2 2242 Cell Signaling Technologies (2242): REACTIVITY H; Applications to WB verified
rabbit anti-PD-L1 E1L3N Cell Signaling Technologies (13684): REACTIVITY H; Applications to WB verified
rabbit anti-CTLA4 E1V6T Cell Signaling Technologies (96399): REACTIVITY H; Applications to WB verified
mouse anti- vinculin V284 Bio-Rad (MCA465GA): Target Species Human; Applications verified for FC/WB/IF
Anti-LAMP2A antibody (Abcam ab18528): Reacts with: Mouse, Human; Suitable for: WB, ICC/IF, IHC-P
anti PD-L1 (sc-518027): specific for an epitope mapping between amino acids 221-240 near the C-terminus of Pdcd-1L1 of human
origin; verified application for WB/FC
anti beta-actin (sc-47778): beta Actin Antibody (C4) is recommended for detection of B-Actin of mouse, rat, human, avian, bovine,
canine, porcine, rabbit, Dictyostelium discoideum and Physarum polycephalum origin by WB, IP, IF, IHC(P) and ELISA

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) MDA-MB-231 (ATCC HTB-26), Jurkat (ATCC TIB-152), K562 (ATCC CCL-243), Hela (ATCC CCL-2), H1975 (ATCC CRL-5908),
Hep3B (ATCC HB-8064) from the American Type Culture Collection (ATCC). U251-MG (Sigma-Aldrich, 09063001). A20 (ATCC,
#TIB-208). Expi293F™ Cells (ThermoFisher A14527) . Hela IGF-2R KO cell was a kind gift from Steven Banik Lab at Stanford

University.
Authentication Authentication was provided by ATCC. No additional authentication.
Mycoplasma contamination The cell lines were not tested for mycoplasma contamination

Commonly misidentified lines  There are no misidentified lines.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals 8-week-old female BALB/c mice (purchased from Charles River) were used in this study
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Wild animals No wild animals are included in this study




Reporting on sex

Field-collected samples

Ethics oversight

All female

For survival monitor, each mouse was sacrificed respectively when tumours reached 1,000 mm3. The light/dark cycle was 14 h
light/10 h dark (lights on at 07:00; lights off at 21:00). The temperature was 20-24 °C and the relative humidity was 55 + 10%, with
controlled supply of High Efficiency-Particulate Air (HEPA) filtered air provided to individually ventilated cages. Maximum number of
animals per cage was 5. Social isolation was avoided whenever possible. The type of food was autoclaved diet pellets RM3A (P), from
SDS Special Diets Services (Product code: 801030). Food was placed in a grid inside the cage and provided ad libitum to animals. The
type of water was sterile water treated by reverse osmosis. Water was provided ad libitum to animals through bottles with a capillary
hole

All animal experiments were conducted at the Instituto de Medicina Molecular Jodo Lobo Antunes (IMM, Lisbon). Animal work was
performed in strict accordance with Portuguese Law (Portaria 1005/92) and the European Guideline 86/609/EEC and follow the
Federation of European Laboratory Animal Science Associations guidelines and recommendations concerning laboratory animal
welfare. All animal experiments were approved by the Portuguese official veterinary department for welfare licensing — Direcdo Geral
de Alimentacdo e Veterinaria (DGAV) and the IMM Animal Ethics Committee (authorization AWB_2021_03_GB_Targ CancerDrugs)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

For Yeast display: DNAs encoding the minbinder sequences were transformed into Saccharomyces cerevisiae EBY100 strain.
The yeast cells were grown in CTUG medium and induced in SGCAA medium. After washing with PBSF (PBS+1% BSA), the cells
were incubated with 1uM biotinylated target proteins (IGF-2R, ASGPR, Sortilin) together with streptavidin—phycoerythrin
(SAPE, ThermoFisher, 1:100) and anti-c-Myc fluorescein isothiocyanate (FITC, Miltenyi Biotech, 6.8:100) for 30min. After
washing twice with PBSF, the yeast cells were then resuspended in PBSF and screened via FACS

For mammalian cell internalization / surface binding assay, for cellular uptake assays using suspension cell lines (K-562,
Jurkat), the cells were incubated with corresponding fluorescence-labeled protein constructs at 37 °C for indicated time, then
spun down at 500g for 5min, resuspended and washed with cold PBS. After three washes, the cells were resuspended and
transferred to a 96-well plate. For cellular uptake assays using adherent cell lines (U-251MG, Hep3B, Hela, H1975), the cells
were incubated with corresponding fluorescence-labeled protein constructs at 37 °C for indicated time, then washed with
cold PBS for three times. The cells were then treated with 50ulL of trypsin and incubated at 37 °C for 10 min followed by
adding 50ulL of DMEM media. The resuspended cells were then transferred to a 96-well plate followed by two PBS washes.
Flow cytometry was then performed in Attune NxT flow cytometer (Thermo Fisher). The data was analyzed in FlowJo
software.

For cell surface receptor degradation experiments, the cells were first incubated with corresponding protein reagents for
indicated time at 37 °C, then washed with cold PBS three times. For suspension cell lines, the cells were resuspended and
transferred to the 96-well plate; for adherent cell lines, the cells were first treated with trypsin for 10 minutes then
transferred to the 96-well plate. The cells were then stained with corresponding fluorescence-labeled antibodies against the
corresponding receptor for 1 hour at room temperature. After washing three times with cold PBS for flow cytometry, flow
cytometry was performed in Attune NxT flow cytometer (Thermo Fisher). The data was analyzed in FlowJo software.

Sony SH800 / Thermo Attune NxT
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Software Sony SH800S software / Sony Attune NxT software / FlowJo v9

Cell population abundance For Yeast display: At least 10,000 yeast cells were collected in each sorted fraction. The cells were sorted using the purity
mode in Sony SH800 to achieve maximized purity. The purity was automatically calculated by the machine.

For mammalian cell internalization / surface binding assay, at least 2,000 mammalian cells were collected and resuspended in
flow focusing buffer per sample.

Gating strategy For Yeast display: The gate was selected based on the distribution of the main population of double positive PE and FITC
signals (>1074 & <1075). The gate was consistently identical across all group tested for the same target.

For mammalian cell internalization / surface binding assay, the cells were gated based on the major population based on SSC
and FSC.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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