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 54 

Abstract  55 

Current immunotherapies often fail in immunologically “cold”, macrophage-rich tumor 56 

microenvironments (TMEs). Multi-targeting approaches that modulate innate-adaptive 57 

immune activation represent a promising frontier in cancer immunotherapy. Here, we 58 

developed phagocytic synapse enhancers (PSEs), a class of modular immune 59 

engagers comprising a high-affinity PD-L1 binder coupled to a macrophage-60 

stimulating peptide, tuftsin. PSEs strengthened effector–target cell interactions and 61 

enhanced tumor phagocytosis by bridging tumor PD-L1 to macrophage neuropilin-1 62 

(NRP1), bypassing the classical FcR-dependent pathways. The PSEs also acted in 63 

cis on PD-L1+ macrophages, accelerating the endocytosis and lysosomal 64 

compartmentalization of surface PD-L1, therefore stripping the immunosuppressive 65 
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checkpoint from the local microenvironment. Beyond physical clearance, PSEs 66 

reprogrammed macrophage phenotype and triggered a robust pro-inflammatory 67 

cytokine and chemokine response. The lead molecule, longPSE, and its half-life–68 

extended variant fused to the albumin binding domain, ABD- longPSE, showcased 69 

superior efficacy than the macrophage enhancer magrolimab in a syngeneic tumor 70 

model of colorectal cancer and an orthotopic model of pancreatic cancer. PSE 71 

treatment remodeled the TME by inducing phenotypic changes in the lymphoid and 72 

myeloid compartments, together with a reduction of tumor-associated macrophages 73 

and regulatory T cells. These findings establish PSEs as bifunctional molecules that 74 

complement innate and adaptive immune modulation. The bifunctional design offers a 75 

versatile approach for next-generation immunotherapies and provides a blueprint for 76 

a plug-and-play platform of immune engagers targeting diverse cancer-associated 77 

pathways. 78 

 79 

Statement of Significance 80 

 81 
Bifunctional immune modulators that simultaneously boost phagocytosis and block 82 

immune checkpoints offer a versatile strategy to reprogram the tumor 83 

microenvironment and advance next-generation cancer immunotherapy. 84 

 85 
 86 

Introduction 87 
 88 
Immunotherapy has revolutionised the landscape of oncology, yet the 89 

immunosuppressive tumor microenvironment (TME) poses a major challenge to the 90 

efficacy of traditional treatments. While adaptive immune checkpoint blockade, 91 

particularly targeting the PD-1/PD-L1 axis,1-4 has achieved remarkable clinical 92 

success, only a fraction of patients responds to immunotherapy.5 Immunotherapies 93 

frequently fail due to the tumor microenvironment (TME), where myeloid cells, 94 

particularly tumor-associated macrophages (TAMs) reprogrammed to promote tumor 95 

growth, angiogenesis, and metastasis, drive poor clinical outcomes.6-11  96 

Macrophage-targeting approaches include M depletion, TAM "re-education", 97 

antibody-mediated targeting of M-derived proteins.12-24 Targeting the CD47/SIRP 98 

"don't eat me" axis with the antibody Magrolimab® marked a major breakthrough for 99 

M-based immunotherapy,25 however the drug's discontinuation underscores the 100 
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ongoing challenges of using monotherapies. To overcome these multifactorial barriers, 101 

there is a critical need for next-generation, multifaceted immunotherapies that can 102 

simultaneously disable tumor defenses and actively stimulate localized immune 103 

attacks. This is also emphasized by the development of recent multi-targeting 104 

approaches.26-37 105 

To synergistically disrupt immunosuppression in the tumor microenvironment (TME) 106 

and drive robust tumor clearance, we developed Phagocytic Synapse Enhancers 107 

(PSEs), a novel class of low-molecular-weight (~15–20 kDa) bifunctional immune 108 

engagers. PSEs couple a de novo high-affinity PD-L1 binder with the macrophage-109 

activating peptide tuftsin. By simultaneously blocking the PD-L1 inhibitory axis and 110 

engaging macrophage neuropilin-1 (NRP1) via tuftsin, PSEs promote a pro-111 

inflammatory phenotype and dramatically strengthen effector-target cell interactions. 112 

Notably, our lead constructs, including the half-life-extended ABD-longPSE, outperform 113 

Magrolimab® in a syngeneic model of colorectal carcinoma and orthotopic model of 114 

pancreatic cancer. Ultimately, PSE treatment remodels the TME by depleting TAMs 115 

and regulatory T (Treg) cells, establishing a versatile platform for designing immune 116 

engagers against diverse tumor-associated antigens. 117 

 118 

 119 

Material and Methods 120 

Protein expression and purification. dnPDL1, ABD-dnPDL1, and dnEGFR were 121 

provided by the Institute of Protein Design, University of Washington. The recombinant 122 

proteins were obtained according to the literature protocol.38  123 

The recombinant plasmids for nbPDL1 were transformed into Shuffle T7 competent E. 124 

coli (New England Biolabs: C3026J; RRID:SCR_013517), and an overnight pre-125 

culture of these were grown in LB media (5 mL) containing ampicillin (50 g/mL). Pre-126 

cultures were used to inoculate 0.5 L of LB medium containing 50 g/mL of ampicillin 127 

in 2 L flasks to reach an initial OD600 of 0.02. These were incubated at 37ºC, 180 rpm 128 

until an OD600 of 0.8 was reached. At which point, expression was induced upon 129 

addition of IPTG (250 M). The temperature was reduced to 30°C, and the cultures 130 

were left to incubate overnight at 180 rpm. The expression media was subsequently 131 

collected after centrifugation at 8,000 rpm and 4ºC for 30 min. The pellet was 132 

discarded, and the supernatant filtered through a 0.45 m filter under moderate 133 
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vacuum to remove cellular debris. The supernatant was loaded onto Ni-NTA resin 134 

equilibrated with PBS (pH 7.4) and passed over the resin 3x before the bound protein 135 

was eluted with an imidazole gradient The imidazole gradient consisted of 10 mM (30 136 

mL), 40 mM (15 mL), 200 mM (5 mL) and 200 mM (10 mL) (all imidazole solutions 137 

were in PBS pH 7.4). The fractions were collected and analysed by SDS–PAGE before 138 

combining pure protein-containing fractions. Following the combination of fractions, all 139 

samples were desalted using HiPrepTM 26/10 Desalting column (Cytiva) eluting with 140 

PBS (pH 7.4). Protein concentrations were determined by absorbance at 280 nm using 141 

a NanoDrop 2000c UV-Vis spectrophotometer. All protein sequences are reported in 142 

the Supplementary Table S1. 143 

 144 

Bioconjugation. Fresh batches of cysteine-containing binders in PBS (pH 7.4) were 145 

reduced using tris(2-carboxyethyl)phosphine (TCEP) (2.0 equivalents) to remove 146 

glutathione and homocysteine capping that occurred during expression, followed by 147 

the addition of maleimide linkers (5.0 equivalents) to reach full conjugation, monitored 148 

by LC-MS analysis. After conjugation, purification was carried out by SEC using a 149 

HiLoad 10/300 Superdex 75 column (Cytiva, Little Chalfont, UK) and PBS (pH 7.4) as 150 

an elution buffer. 151 

 152 

SDS-PAGE gel. For SDS-PAGE gels, 2 g of conjugates with SDS dye were loaded 153 

onto a Bis-Tris 4–12% Criterion™ XT Bis-Tris Protein Gel, 18 well, (Bio-Rad 3450124) 154 

and run with XT-MES buffer at 180 V for 40 min. Proteins were stained with Aquastain 155 

(Bulldog Bio AS001000) for 10 min, followed by a 10 min destain in water.  156 

 157 

General LC-MS protocols. LC–MS analysis of protein samples was carried out using 158 

a Waters SQD2 mass spectrometer using inlet methods A and B, or a Waters Xevo 159 

G2-S TOF mass spectrometer using inlet method C, in combination with an Acquity 160 

UPLC system with an Acquity UPLC BEH300 C4 column (130 Å, 1.7 m, 2.1 X 50 161 

mm). The SQD2 mass spectrometer mobile phase consisted of solvent A (99.9% water 162 

with 0.1% formic acid), solvent B (71% acetonitrile, 28.9% water, and 0.1% formic 163 

acid), and the following gradients were programmed. Inlet method A: 100% A for 2 min, 164 

then 100% A to 100% B in 9 min, then 100% B for 5 min, followed by 100% A for 4min. 165 

Inlet method B: 100% A for 2min, then 85% A to 100% B in 6 min, then 100% B for 2.5 166 
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min, followed by 85% A for 3.5 min. The Xevo G2-S TOF mass spectrometer mobile 167 

phase consisted of solvent A (99.9% water with 0.1% formic acid), solvent B (95% 168 

MeCN and 5% water with 0.1% formic acid), and the following gradients were 169 

programmed. Inlet method C: 95% A for 0.93 min, then 95% A to 100% B in 4.28 min, 170 

then 100% B for 1.04 min, then 100% B to 95% A for 1.04 min. The capillary voltage 171 

of the electrospray source for the Waters SQD2 mass spectrometer was 3.0 kV with a 172 

cone voltage of 30 V, and the desolvation gas used was nitrogen, with a flow rate of 173 

800 L h−1. For the Waters Xevo G2-S TOF mass spectrometer, the capillary voltage 174 

of the electrospray source was 2.0 kV with a cone voltage of 40 V, and the desolvation 175 

gas used was nitrogen, with a flow rate of 850 L h−1. The ion series was obtained 176 

through integration of the major peaks of the chromatogram. Following this, the total 177 

mass spectra were reconstructed using the MaxEnt1 algorithm on the MassLynx 178 

software v. 4.1 (RRID:SCR_014271), according to the manufacturer’s guidelines. 179 

 180 

In vitro studies 181 

Cell culture. All cell lines were purchased from the American Type Culture Collection 182 

(ATCC) and were used within 1-30 passages after thawing for all described 183 

experiments. RAW 264.7 (RRID:CVCL_0493) and J774A.1 cells (RRID:CVCL_0358) 184 

were cultured in Dulbecco's Modified Eagle Medium (DMEM, Gibco) + 10% heat-185 

inactivated foetal bovine serum (FBS, Pan Biotech) with 1% Penicillin/Streptomycin 186 

(Gibco). MC-38 (RRID:CVCL_B288) colon carcinoma cells were cultured in DMEM + 187 

10% heat-inactivated FBS, supplemented with HEPES, 1 mM sodium pyruvate, 1X 188 

MEM NEAA (#11140-035, Gibco, USA), and 1% pen/strep. U87 cells 189 

(RRID:CVCL_0022) were maintained in MEM (#M4655, Sigma-Aldrich, USA) 190 

supplemented with 10% inactivated FBS, 1% pen/strep, 1X MEM NEAA (#11140-035, 191 

Gibco, USA), 2 mM GlutaMAX-I and 1 mM sodium pyruvate. Cell lines were not 192 

independently authenticated beyond the identity provided by the ATCC. Cell lines were 193 

cultivated in a humidified incubator at 5% CO2 and 37°C and tested negative for 194 

mycoplasma using a PCR-based assay. 195 

 196 

Isolation of peripheral blood mononuclear cells. Peripheral blood leukocytes from 197 

healthy donors were obtained from the Blood Donation Center of the University 198 

Hospital Basel, Switzerland. Written informed consent was obtained from all 199 
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participants before blood collection. Studies were conducted in accordance with the 200 

Declaration of Helsinki and approved by an institutional review board (University 201 

Hospital Basel). Peripheral blood mononuclear cells (PBMCs) were isolated using 202 

Ficoll Paque-PLUS (GE17-1440-02, Cytiva, Germany) and density centrifugation. 203 

After two rounds of ACK-lysis (#A10492-01, Gibco, USA) to remove erythrocytes, 204 

PBMCs were washed with PBS. Monocytes were magnetically separated from PBMCs 205 

by positive selection using human CD14 MicroBeads (#130-050-201, Miltenyi Biotec, 206 

Germany). Primary monocytes were taken fresh after magnetic separation from 207 

PBMCs and plated at 0.8 x 106 cells per mL in RPMI 1640 (#61870036, Gibco, USA) 208 

supplemented with 10% heat-inactivated FBS (#P30-3302, PAN-Biotech, Germany), 209 

5% human serum (#H4522, Sigma-Aldrich, USA), and 25 ng/mL Mcolony-stimulating 210 

factor (M-CSF, #400-25, PeproTech, USA). After 3-4 d at 37°C and 5% CO2, the 211 

medium was replaced with medium lacking human serum and refreshed every 2-3 d 212 

for a maximum of 14 d until use for downstream assays.  213 

 214 

Isolation and differentiation of bone-marrow derived M. After removing all 215 

muscles from the legs of ≥8-week-old mice, femur and tibia bones were isolated and 216 

flushed out with sterile PBS containing 2% FBS. Bone marrow cells were filtered 217 

through a 40 m strainer (#352340, Falcon) and spun down for 5 min at 500 g. Cell 218 

pellets were incubated in Red Cell Lysis Buffer (154 mM NH4Cl, 10 mM KHCO3, 0.1 219 

mM EDTA) for 3 min and then filled with PBS containing 2% FBS. After a 5-minute 220 

centrifugation at 500 g, cells were resuspended in Complete RPMI (10% FBS, 221 

Glutamax, Penicillin-Streptomycin (P/S). In the presence of 10-20 ng/mL Recombinant 222 

Mouse M-CSF (#576406, BioLegend). Bone marrow cells were differentiated into 223 

Bone Marrow-derived M (BMDMs). Differentiation was started at d0, the same 224 

amount of Complete RPMI containing M-CSF was added at d3, and at d6, 225 

differentiation medium was removed and exchanged. Macrophages were used on day 226 

6 or 7 for phagocytosis assays, or further polarised for 24 hours to M1-like (20 ng/mL 227 

Interferon gamma (IFN, 100 ng/mL LPS) or M2-like (20 ng/mL IL-4 and IL-13; # 214-228 

14 or #210-13, Peprotech) polarization started at d6 or 7.  229 

 230 

Surface Marker analysis of MDMs. Human monocyte-derived macrophages (MDMs) 231 

were generated by culturing isolated peripheral blood monocytes in the presence of 232 
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M-CSF (20 ng/mL, PeproTech; Cat# 310-02) for 6 days. Following specific treatments, 233 

MDMs were washed once with sterile PBS and gently detached to preserve surface 234 

epitope integrity using Accutase (StemCell Technologies; Cat# 07920) for 15-20 235 

minutes at 37 °C. Detached cells were collected, centrifuged at 300 × g for 5 minutes, 236 

and resuspended in cold FACS buffer (PBS supplemented with 2% FBS and 2 mM 237 

EDTA). To exclude dead cells from the analysis, cells were first incubated with a fixable 238 

viability dye (Zombie Aqua™ Fixable Viability Kit, BioLegend, Cat# 423101) for 15 239 

minutes at room temperature in the dark, followed by a wash in FACS Buffer. To 240 

prevent non-specific antibody binding cells were subsequently incubated with Human 241 

TruStain FcX™ (Fc Receptor Blocking Solution, BioLegend; Cat# 422301) for 10 242 

minutes at 4°C. Without washing off the Fc block, cells were stained with a multiplexed 243 

panel of fluorophore-conjugated primary antibodies targeting key macrophage surface 244 

antigens, including but not limited to: CD45, CD11b, CD274, CD80, CD304, HLA-DR, 245 

CD163, and CD206 (see Supplementary Table S2 for comprehensive list of antibody 246 

clones, fluorophores, and RRIDs). Staining was performed for 30 minutes at 4°C in 247 

the dark. Following incubation, cells were washed twice with FACS buffer to remove 248 

unbound antibodies and resuspended in FACS buffer for acquisition. 249 

 250 

Cytokine and Chemokine Profiling. Supernatants from cultured macrophages 251 

treated with media or PSE constructs for 24 hours were collected and centrifuged to 252 

remove debris. Cytokine and chemokine levels were evaluated using the Proteome 253 

Profiler Human Cytokine Array Kit (Bio-Techne / R&D Systems; Cat# ARY005B) 254 

according to the manufacturer's protocol. Array membranes were imaged via 255 

chemiluminescence, and the mean pixel density of each spot was quantified using 256 

ImageJ (RRID: SCR_003070). Raw values were background-subtracted and 257 

normalized to the internal positive reference spots on each respective array. 258 

 259 

Cell binding avidity assays. Tumor cells were attached to poly-L-lysine-coated chips 260 

for at least 3h prior to testing on the z-Movi Cell Avidity Analyzer (Lumicks). CellTrace 261 

Far Red labelled (ThermoFisher Scientific) M treated with GRD peptide (50 M), were 262 

flown inside the chip and, in the presence of the PSEs, incubated with the target tumor 263 

cells for 3 min prior to application of acoustic force linearly from 0 to 1000pN. 264 

Experiments were performed with RAW 264.7 M and IFN treated MC-38 cells. Cell 265 
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detachment was analysed using Ocean software. Experiments and analyses were 266 

conducted according to manufacturer recommendations. 267 

 268 

PD-L1 competition assays: PD-L1 binding assays were performed with the 269 

constitutive PD-L1 expressing tumor cell line MDA-MB-231 (RRID:CVCL_0062). Cells 270 

(100,000) were harvested and placed in a U-bottom 96-well plate (TPP, 92697). 271 

Checkpoint inhibitors (dnPDL1, longPSE, Atezolizumab) in PBS (100 L) were added to 272 

the wells in a range 0.39-50 nM by serial dilutions together with a fixed concentration 273 

of APC-conjugated antibody (aPDL1-APC, Clone: 10F.9G2, RRID:AB_10612935, 1:500 274 

dilution, 133 ng/ml) and incubated for 30min on ice. After staining the cells were 275 

harvested and washed twice with MACS buffer. Finally, cells were incubated with DAPI 276 

(1mg/mL in DMSO, 1:3,000 dilution) for 10min, washed twice then resuspended in 277 

FACS buffer and analysed by flow cytometry (Cytoflex, Beckman Coulter) to determine 278 

histograms and the fluorescence intensity of the cells. Data were analysed with FlowJo 279 

software (BD Biosciences, RRID:SCR_008520). The IC50 for each molecule was 280 

determined by Non-linear fit log (inhibitor) vs. response (three parameters) on 281 

GraphPad Prism v10 (RRID:SCR_002798).  282 

 283 

T-Cell Checkpoint Reporter Assay Functional blockade of the PD-1/PD-L1 axis was 284 

evaluated using a cell-based bioluminescent reporter assay. Engineered Jurkat T cells 285 

(RRID:CVCL_0065) expressing human PD-1 and an NFAT-driven luciferase reporter 286 

were co-cultured with CHO-K1 target cells (RRID:CVCL_0214) stably expressing 287 

human PD-L1 and a TCR activator (Promega; Cat# J1250). Co-cultures were treated 288 

with titrations of Atezolizumab, Peptide, ABD-dnPDL1 or ABD-longPSE. After 8 hours, 289 

Bio-Glo™ Luciferase Assay System reagent (Promega; Cat# G7940) was added, and 290 

luminescence was measured using a microplate reader Synergy H1 microplate reader 291 

(BioTek/Agilent). The EC50 for each molecule was determined by Non-linear fit log 292 

(inhibitor) vs. response (three parameters) on GraphPad Prism v10 293 

(RRID:SCR_002798).  294 

 295 

Immunofluorescence staining assay. MC-38 cells were cultured as mentioned 296 

above. According to the type of assay, the cells were plated in a 96-well plate (20,000 297 

cells, 100 L) and stimulated with IFN (20 ng/mL) 24h prior to the assay. After 298 
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stimulation, the fluorescent probes (100 nM) are added to the well and incubated for 299 

1h at 37C. At the endpoint, the cells are washed with PBS buffer (100 L x 3) and the 300 

cells lifted with TrypLE, centrifuged, resuspended in FACS buffer, and analysed by 301 

flow cytometry (Cytoflex, Beckman Coulter) to determine histograms and the 302 

fluorescence intensity of the cells. Data were analysed with FlowJo software (BD 303 

Biosciences). For confocal microscopy analysis, cells were added to poly-L-lysine-304 

coated 96-well plates, and at the endpoint, the cells were washed with PBS buffer (100 305 

L x 3) and fixed with 4% PFA. Cells were then imaged with a Leica Stellaris confocal 306 

microscope. Data were acquired from a 63× oil immersion objective lens, a green 307 

fluorescence channel (ex: 460 ± 10, em: 524 ± 10, acquisition time: 300 ms) or a 308 

yellow-orange fluorescence channel (ex: 565 ± 10, em: 578 ± 10). 309 

 310 

Characterization of PSEs’ binding affinity to PD-L1 by biolayer interferometry. 311 

All BLI experiments were performed on an Octet QKe (ForteBio) at 25°C. Proteins for 312 

analysis were prepared in sample buffer (PBS, pH 7.4, 0.02% (v/v) Tween-20, and 313 

0.05% (w/v) bovine serum albumin (BSA). The sensorgrams were obtained with a 60 s 314 

baseline, 100 s loading, 60 s baseline, 180 s association, and 200 s dissociation. 315 

Biotinylated PD-L1-Fc fusion protein (Invitrogen) was diluted to 2 g/ml in sample 316 

buffer and loaded onto Octet Streptavidin biosensors (Sartorius). Individual purified 317 

nbPDL1/dnPDL1-conjugates were diluted in sample buffer to between 400 nM and 318 

12.5 nM. Raw data were corrected with double referencing and analysed using Prism 319 

v10.0 (GraphPad). The dissociation constants (KD) for PD-L1 binding were derived 320 

from steady-state equilibrium analysis of the sensorgrams using the maximum 321 

response observed during association of the PSEs binding to PD-L1 Fc. The binding 322 

curves were fitted in Prism to a one-site specific-binding model. Additional kinetic 323 

analysis was performed on the sensorgrams to determine kon, koff, and KD values, 324 

using the global analysis model for association kinetics within the Prism9 software. 325 

 326 

Characterization of PSEs affinity to NRP1 by BLI. Direct binding interactions 327 

between neuropilin 1 (NRP1) and tuftsin derivatives were analysed using a GatorPlus 328 

instrument (GatorBio) equipped with SA XT streptavidin biosensors (PN 160011), 329 

following the manufacturer’s recommendations. All measurements were performed at 330 

30°C with shaking at 1,000 rpm. Biosensors were pre-equilibrated in PBST buffer (PBS 331 
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supplemented with 0.05% Tween-20) for 600 s prior to use. Biotinylated NRP1 (Acro 332 

Biosystems, Cat# NR1-H82E3; RRID:SCR_012550) was immobilized at 10 g mL⁻¹ 333 

for 30 min at 1,000 rpm as a separate loading step, followed by a 2 min rinse in PBST 334 

to remove unbound ligand. For kinetic assays, NRP1-loaded sensors were 335 

sequentially exposed to serial dilutions of analyte in PBST. Each binding cycle 336 

consisted of a 60 s baseline, 80 s association, and 60 s dissociation step, all conducted 337 

at 1,000 rpm. Analyte concentrations were as follows: ABD-longPSE and longPSE: 100, 338 

50, 25, 12.5, and 6.25 nM; Peptide: 2 M, 1 M, 500 nM, 250 nM, 125 nM, and 62.5 339 

nM; dnPDL1 and ABD-dnPDL1: 4 µM, 2 M, 1 M, 500 nM, 250 nM, 125 nM, 62.5 nM, 340 

31.25 nM, 15.625 nM, 7.8125 nM, and 3.90625 nM. All analyte solutions were freshly 341 

prepared in PBST immediately prior to measurement. Sensorgrams were reference-342 

subtracted and globally fitted to a 1:1 Langmuir binding model using GatorOne 343 

software (v2.10.4) to derive kinetic parameters (kon, koff) and the equilibrium 344 

dissociation constant (KD). 345 

 346 

SPR analysis and characterization of PSEs binding to FcRs. The SPR method 347 

was performed on a Biacore™ 8K+ system (Cytiva), and recombinant receptors 348 

bearing a His tag were purchased from AcroBiosystems. Anti His-tag antibodies from 349 

the His Capture Kit (Cytiva) were covalently attached to the Series S sensor chip CM5 350 

according to the provider’s instructions, with a density of ~10,000 RU. Binding analysis 351 

of test samples was performed using the multi-cycle kinetics (MCK) titration method 352 

with capture of Fc receptors on the surface of the sensor chip covered by antibody. In 353 

the MCK method, each cycle consists of 3 steps: i) injection of the respective Fc 354 

receptor, ii) injection of a single concentration of test sample, and iii) injection of 355 

regeneration solution. Receptors were diluted in HBS-EP assay buffer (10mM Hepes, 356 

150mM NaCl, 3mM EDTA, 0.05% P20) to a concentration of 0.4 g/ml and injected 357 

into separate channels of the SPR chip before each concentration of test sample using 358 

60-second contact time and a flow rate of 5 l/min. The average density of receptors 359 

achieved 100RU. Test sample serial dilutions were prepared in HBS-EP assay buffer 360 

with a concentration range of 10 – 0.01 M, half-log dilution. The assay running buffer 361 

was injected before and after the test sample as a blank (zero concentration of 362 

analyte). Test samples were injected from lowest to highest concentration in separate 363 

cycles with 60s association and 90s dissociation time, and a flow rate of 30 l/min. At 364 
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the end of each cycle, a surface is regenerated by injection of 10 mM Glycine, pH 1.5, 365 

to remove captured Fc receptor bound to the test sample. After each regeneration, the 366 

surface of the chip is flashed in the system with assay running buffer before a new 367 

portion of the receptor is captured. Experiments were performed at pH 7.4 for Fc 368 

gamma receptors and at pH 6.0 for the neonatal receptor. Four gamma receptors were 369 

captured on different channels of a sensor chip, and test samples were analysed on 370 

each receptor one after another. The neonatal receptor was immobilized on two 371 

channels, and test samples were analysed in parallel. The assay for Fc gamma 372 

receptors was performed at pH 7.4, and for the neonatal receptor at pH 6.0. 373 

Integrity of the receptors was evaluated by injection of serial dilutions of the internal 374 

control (monoclonal antibody) within each experiment.  375 

Concentration-dependent responses were monitored in the form of sensorgrams, and 376 

data were analysed using the Insight Evaluation Software (Cytiva). The response 377 

signal of the analyte on the empty chip surface and the response signal of the blank 378 

(assay buffer) are subtracted from the total signal, and double-referenced 379 

sensorgrams are presented in figures. 380 

 381 

Phagocytosis assays. M were washed with PBS and lifted by mechanical pipetting 382 

with cold PBS buffer to avoid enzymatic digestion of the surface receptors. M were 383 

pelleted by centrifugation at 300 × g for 5 min and resuspended in PBS buffer 384 

containing CMFDA Green and incubated at 37°C for 30 min.  Stained M (20,000 cells, 385 

100 L) were added to a 96-well flat-bottom plate (Corning) and incubated in a 386 

humidified incubator. Meanwhile, target cells were washed 1x with PBS, detached with 387 

TryplE (1 mL), and centrifuged at 300 x g for 5 min. Then, target cells are resuspended 388 

in PBS buffer containing Cell Trace Far Red dye (N. C34564, Invitrogen, RRID: 389 

SCR_018334) in PBS at 37°C for 30 min, washed with PBS, centrifuged at 300 x g for 390 

5 min, and resuspended in growth medium. The stained tumor cells (100 L, 20,000 391 

cells) are then added to the 96-well plate containing M and allowed to attach for 30 392 

min before treatment. Finally, the media was gently removed from the wells, and a 393 

solution of PSEs or relative controls (100 L, 100 nM) in serum-free medium was 394 

added to the co-culture and incubated at 37°C for 4 h. For phagocytosis assays with 395 

target cells expressing fluorescent reporters: macrophages were labelled with Cell 396 

Trace Far Red dye.  397 
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PD-L1 Knockout cell line generation. Mouse glioma 261 (GL-261, 398 

RRID:CVCL_Y003) cells were provided by A. Fontana (Institute of Experimental 399 

Immunology, University of Zurich, Switzerland). Cd274 (PD-L1) targeting was 400 

performed using a tracr:crRNA approach (Alt-R CRISPR, iDT) with the same guide 401 

design previously reported (5’ GTATGGCAGCAACGTCACGA- 3'),39 but aiming at a 402 

non-homologous end joining (NHEJ) approach by omitting the ssDNA template. 403 

Ribonucleoproteins (RNPs) with Streptococcus Pyogenes Cas9 (iDT, 1081058) were 404 

generated according to the manufacturer's instructions and transfected via 405 

electroporation (NEPA21, Nepagene, Japan). After recovery, PD-L1 (CD274) PE 406 

(#155404, BioLegend, RRID: AB_2728222) negative cells were sorted into single 407 

wells of multiwell plates with conditioned media using BD FACSAria III (BD 408 

Biosciences) sorter and individual clones expanded. The knockout clones were 409 

confirmed against the parental GL-261 cell line by flow cytometry. 410 

 411 

Confocal microscopy for phagocytosis assays. Cells in co-culture were fixed with 412 

4% PFA after 4 h of incubation. Images of fixed cells were taken with a Leica Stellaris 413 

5 confocal microscope. Data were acquired from a 63× oil immersion objective lens at 414 

1x magnification, a green fluorescence channel (ex: 460 ± 20, em: 524 ± 20, 415 

acquisition time: 300 ms), and a far-red fluorescence channel (665 ± 40, acquisition 416 

time: 400 ms). Two images per well were acquired at the endpoint. Tiles were acquired 417 

using a z-stack of 35 m and images processed by ImageJ (Fiji, RRID:SCR_002285). 418 

The number of phagocytised cancer particles and the average MFI were calculated by 419 

processing the images on QuPath (Cell detection: Channel 1; requested pixel size: 0.5 420 

m; Background radius: 8 m; sigma: 1.5; minimum area: 10 m; maximum area 400 421 

m2; Threshold: 13.49. Channel 2: Threshold: 22.78). 422 

 423 

Flow cytometric analysis for phagocytosis assays. Quantitative analysis of the 424 

phagocytosis assay was performed by flow cytometry (Cytoflex, Beckman Coulter). 425 

The phagocytosis assay was stopped at the endpoint by adding cold FACS buffer to 426 

the wells and placing the 96-well plate on ice. The cells were transferred to an 427 

Eppendorf tube and acquired. FlowJo software (RRID:SCR_008520) was used to gate 428 

on intact cells and single cells to determine the percentage of double positives, M 429 

PE+APC-750+. Phagocytic index is calculated by gating on M only and analysing the 430 
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ratio of PE+APC-750+ M against total M (PE+ M + PE+APC-750+ M. Data analysis 431 

was performed on Prism v10 (GraphPad, USA). Note: CMFDA was too bright on the 432 

FITC channel, we used PE channel to gate M as CMFDA green is co-emitting in the 433 

PE channel.  434 

 435 

Imaging flow cytometry analysis. THP-1 cells (RRID:CVCL_0006) were differentiated 436 

to M with PMA (50 nM) for 48h in a cell culture-treated 24-well plate. After 437 

differentiation, PD-L1 expression was induced for 24h with IFN (20 ng/ml), and cells 438 

were treated with the PSEs or relative controls and incubated at 37C. At the end of 439 

the time point, cells were washed three times with PBS and stained for PD-L1 with 440 

aPD-L1-APC (BioLegend, #329707, RRID:AB_940360) antibody for 30 min at 4C). 441 

Finally, cells were washed twice, stained with DAPI for 10 min at 4C, washed twice 442 

with PBS and the single-cell suspensions transferred to 1.5 mL Eppendorf tubes for 443 

analysis by Amnis Imagestream (RRID:SCR_018589). For co-localisation with the 444 

lysosomes, M were pre-treated with Lysobrite Red (AAT Bioquest, 22645) following 445 

the manufacturer’s protocol. Acquisition settings: Illumination intensity: 405 (20 mW), 446 

488 (100 mW), 561 (50 mW), 642 (50 mW); Magnification: 40X; Speed: low. Cells were 447 

gated on the Scatter plot of Area vs Aspect Ratio of Brightfield. Live cells were gated 448 

on Scatter plots of channel 7 relative to DAPI. 449 

 450 

RNA Isolation and Quantitative Real-Time PCR. Total RNA was extracted from 451 

treated cell lysates using the Allprep DNA/RNA/Protein Mini Kit (Qiagen; Cat# 80004) 452 

according to the manufacturer’s instructions. RNA concentration and purity 453 

(A260/A280 and A260/A230 ratios) were assessed using a NanoDrop™ 454 

Spectrophotometer (Thermo Fisher Scientific). Equivalent amounts of high-quality 455 

total RNA (1g/sample) were reverse-transcribed into complementary DNA (cDNA) 456 

using the High-Capacity cDNA Synthesis Kit (Bio-Rad; Cat# 1708891) under the 457 

following thermal cycling conditions: 25°C for 5 minutes, 46°C for 20 min, and 95°C 458 

for 1 min. Quantitative real-time PCR was performed using SsoFast Eva Green 459 

Supermix (BioRad, Cat# 172-5201). The reaction mixture contained 2 L of diluted 460 

cDNA, 10 L of Master Mix, and 2 L of forward and reverse primers (100 M) and 461 

nuclease-free water in a total volume of 20 L. The specific primer sequences used 462 

for human targets were as follows: PD-L1 (CD274): Forward 5'- TGG CAT TTG CTG 463 
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AAC GCA TTT-3'; Reverse 5'- TGC AGC CAG GTC TAA TTG TTT T-3'; 464 

Housekeeping Control (GAPDH): Forward 5'CTC CTC CAC CTT TGA CGC TG-3'; 465 

Reverse 5'-CAT ACC AGG AAA TGA GCT TGA CAA-3'. Thermocycling conditions 466 

(Bio-Rad CFX96) consisted of an initial denaturation at 95°C for 30 seconds, followed 467 

by 40 cycles of 95°C for 5 seconds and 58°C for 5 seconds. For SYBR Green assays, 468 

a melt curve analysis was performed immediately following amplification to verify 469 

primer specificity and the absence of primer-dimers. All samples were run in technical 470 

triplicates. Relative mRNA expression levels were calculated using the comparative 471 

threshold method (single Threshold). The expression of the target gene (CD274) was 472 

normalized to the endogenous reference gene (GAPDH) to calculate the Ct, and fold 473 

changes were determined relative to the media-treated control condition. 474 

 475 

Western Blot analysis. 1x106 THP-1 cells were plated 24h before the experiment. 476 

Cells were incubated with complete growth medium supplemented with IFN(20 477 

ng/ml). On the day of the experiment, cell media were replaced with serum-free media 478 

containing the PSE, dnPDL1, or PBS and incubated for 0, 4, 16, 24, 48 hours. At the 479 

end of the assay, the supernatant was removed and the cells were lysed using RIPA 480 

cell lysis buffer supplemented with protease inhibitors cocktail and phosphatase 481 

inhibitors on ice for 30 min.  The cells were centrifuged at full speed (13,000 rpm) for 482 

15 min at 4°C. The supernatant was collected, and the protein concentrations were 483 

quantified using the BCA assay. The supernatants for each condition were split into 484 

equal amounts and supplemented with Laemmli buffer (4x). An equal amount of 485 

protein (about 30 g, determined by BCA assay) was loaded per lane and separated 486 

on SDS-PAGE gels (SurePage Bis-Tris, 4-20%, 15-well, Tris-MOPS- SDS running 487 

buffer), and then transferred onto nitrocellulose membrane (BioRad TransBlot Turbo 488 

Transfer pack). Membranes were blocked for 1h with 5% non-fat dry milk in TBS 489 

supplemented with 0.05% Tween-20 (TBST) at room temperature for 1h and then 490 

probed with the primary antibody (anti-PD-L1, Cell Signaling Technology, N.13684, 491 

RRID:AB_2687655 or anti-Actin, BD Biosciences, N. 612657, RRID:AB_399901, 492 

1:1,000 in blocking buffer) at 4°C overnight. After three times washing with TBST, 493 

secondary antibody (anti-goat, RRID: AB_2307391, or anti-rabbit, RRID: 494 

AB_2307391, IgG HRP-conjugated, 1:15,000 dilution in blocking buffer) is added to 495 

the membrane for 1h at room temperature. All membranes were washed three times 496 
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and exposed using ECL substrate (West) and imaged at the Fusion X Vilber 497 

(RRID:023580). 498 

 499 

Zebrafish Studies 500 

Zebrafish Husbandry and Transgenic Lines. Danio rerio (zebrafish) models were 501 

maintained in accordance with the Champalimaud Fish Platform protocols and 502 

standard European Animal Welfare Legislation (Directive 2010/63/EU). All 503 

experimental protocols received ethical approval from the Champalimaud Animal 504 

Ethical Committee and Portuguese regulatory organizations, specifically ORBEA and 505 

DGAV. Depending on the specific experimental aims, double transgenic zebrafish 506 

models were utilized, which included the lines Tg(fli1:eGFP), Tg(mpeg1:mcherry-F), 507 

and Tg(mpeg1:mcherryF, tnfa:eGFP-F). 508 

Cell Culture Conditions. The triple-negative breast cancer (TNBC) cell line Hs578T 509 

(RRID:CVCL_0332) was cultured in High Glucose DMEM (Biowest). The basal 510 

medium was supplemented with 10% fetal bovine serum (Sigma-Aldrich), 1% 511 

penicillin/streptomycin (10,000 U/mL, Hyclone), and 10 g/mL insulin (Sigma-Aldrich). 512 

The cells were maintained in a humidified incubator at 37°C with an atmosphere of 5% 513 

CO2. Cell line authenticity was confirmed via short tandem repeat (STR) profile 514 

analysis, and cultures were routinely screened to ensure they remained free of 515 

mycoplasma contamination. 516 

Cell Labelling and Preparation. Once the Hs578T cells reached 70% confluence, 517 

they were washed with 1X Dulbecco’s phosphate-buffered saline (DPBS, Biowest) and 518 

detached by scraping in 1 mM EDTA. The collected cell suspension was transferred 519 

into a 1.5 mL Eppendorf tube for staining. Cells were labeled with the lipophilic dye 520 

Deep Red Cell Tracker (Life Technologies) using 1 L/mL of the dye in 1X DPBS 521 

(diluted from a 10 mM stock). The staining mixture was incubated in the dark for 10 522 

minutes at 37°C. After incubation, the cells were washed with DPBS to remove excess 523 

dye and centrifuged at 250 × g for 4 minutes at 4°C. The resulting cell pellet was 524 

resuspended in DMEM. Cell viability was confirmed using the trypan blue exclusion 525 

method, and total cell counts were measured using a hemocytometer. Following 526 

quantification, the cells were resuspended in standard growth medium to achieve a 527 

precise final concentration of 0.5 × 10^6 cells/L. 528 

 529 
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Zebrafish Xenograft Injection and Treatment. Fluorescently labelled Hs578T cells 530 

were microinjected into the perivitelline space of 2 days post-fertilization zebrafish 531 

embryos (anesthetized with 1X Tricaine, Sigma-Aldrich) using borosilicate glass 532 

microcapillaries, a Zeiss Axio Zoom V16 microscope, and a PV820 Pneumatic Pico 533 

pump (World Precision Instruments). After a 10-minute recovery in 1X Tricaine, 534 

xenografts were maintained in E3 medium at 34°C. At 1 day post-injection, embryos 535 

with off-target cells or debris were discarded. Successful xenografts were size-536 

matched (relative to eye size) and treated with E3 medium (control), dnPDL1, or 537 
longPSE, with all media and compounds refreshed daily. At 1 or 4 days post-injection, 538 

xenografts were sacrificed, fixed overnight at 4°C in 4% (v/v) formaldehyde (Thermo 539 

Fisher Scientific), and preserved in 100% (v/v) methanol at –20°C. To optimally 540 

preserve fluorescence, the Tg(mpeg1:mcherry-F) transgenic line was exclusively fixed 541 

using PIPES buffer rather than formaldehyde. 542 

 543 

Confocal imaging and analysis of zebrafish xenografts. Mounted xenografts were 544 

imaged with an Andor BC43 spinning disk confocal microscope (20× objective, 5 m 545 

z-stack intervals). Cells were manually counted using the ImageJ/Fiji Cell Counter 546 

plugin. Tumor size, utilized as a proxy for total DAPI nuclei, was estimated from three 547 

representative slices (top/Zfirst, middle/Zmiddle, bottom/Zlast) per z-stack using the 548 

following formula: 549 

𝑡𝑢𝑚𝑜𝑢𝑟 𝑠𝑖𝑧𝑒 = (
𝑍𝑓𝑖𝑟𝑠𝑡 + 𝑍𝑚𝑖𝑑𝑑𝑙𝑒 + 𝑍𝑙𝑎𝑠𝑡

3
× 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑙𝑖𝑐𝑒𝑠)/1.5 550 

 551 

The 1.5 correction factor accounts for human nuclei averaging 10-12 m in diameter. 552 

Additionally, TNF-positive and negative macrophages were quantified across every 553 

slice and expressed as a percentage relative to the calculated tumor size. 554 

Statistical analysis was performed using the GraphPad Prism 10.0 software. Data 555 

normality was assessed via D’Agostino-Pearson and Shapiro-Wilk tests. Normal 556 

datasets were evaluated using an unpaired parametric t-test, whereas non-normal 557 

datasets were analyzed with a nonparametric unpaired Mann–Whitney test. Fisher’s 558 

exact test was exclusively applied to clearance datasets. All tests were two-sided with 559 

a confidence interval of 95%. Statistical significance was defined as *p<0.05, **p<0.01, 560 

***p<0.001, ****p<0.0001. The bars indicate the results as AVG ± standard deviation 561 

of the mean (STDEV). 562 
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Mouse Studies 563 

Cell culture for the MC-38 murine model. C57BL/6 murine colon adenocarcinoma 564 

cell line MC-38 was purchased from Kerafast (ENH204-FP). The cell was cultured in 565 

DMEM (Gibco) with 10% FBS (Gibco, Thermo Fisher Scientific), 1x GlutaMAX (Gibco, 566 

Thermo Fisher Scientific), and 1x penicillin/streptomycin solution (Gibco, Thermo 567 

Fisher Scientific). The cell was cultured at 37ºC in humidified conditions with 5% CO2. 568 

 569 

In vivo MC-38 colorectal cancer mouse studies. All animal experiments were 570 

conducted at the Gulbenkian Institute for Molecular Medicine (GIMM, Lisbon). Animal 571 

work was performed in strict accordance with Portuguese Law (Portaria 1005/92) and 572 

the European Guideline 86/609/EEC, and followed the Federation of European 573 

Laboratory Animal Science Associations guidelines and recommendations concerning 574 

laboratory animal welfare. All animal experiments were approved by the Portuguese 575 

official veterinary department for welfare licensing – Direção Geral de Alimentação e 576 

Veterinária (DGAV) and the GIMM Animal Ethics Committee (authorization 577 

AWB_2021_03_GB_TargCancerDrugs). 578 

Female C57BL/6J mice (8-10 weeks old; Charles River) were subcutaneously 579 

inoculated in the right flank with 1×10^6 MC-38 cells suspended in a 1:1 mixture of 580 

PBS and Matrigel (Corning). Tumor growth was monitored over time by performing 581 

bilateral vernier caliper measurements every day, and mean tumor volumes were 582 

calculated using the formula (length x width2) /2. Treatments were initiated 583 

approximately 7-8 days post-induction once tumor volumes reached 90-100 mm³. For 584 

the initial efficacy study, MC-38 tumor-bearing mice were randomized to receive 10 585 

mg/kg longPSE, 8.5 mg/kg dnPDL1, 1 mg/kg Peptide, 50 g/mouse Magrolimab, or 586 

Vehicle (PBS) as control. The doses of dnPDL1 and Peptide were matched to the molar 587 

concentration of the longPSE group, while the Magrolimab dose was selected based on 588 

previously reported studies.40 Treatments were administered intratumorally (i.t.) on 589 

days 7, 10, and 13 after tumor inoculation, with the mice being randomly assigned to 590 

receive longPSE, dnPDL1, Magrolimab, Peptide, and PBS as controls. For the 591 

evaluation of next-generation half-life extended constructs, mice were randomly 592 

assigned to Vehicle (PBS), 1 mg/kg Peptide, 50 g/mouse Magrolimab, 8.5 mg/kg 593 

dnPDL1, 10 mg/kg longPSE, 12.8 mg/kg ABD-dnPDL1, or 13.8 mg/kg ABD-longPSE, and 594 

received three doses of i.t. injections on days 7, 10, and 13 (in all groups, the functional 595 
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domains were used in equimolar amounts for direct, fair efficacy comparisons). To 596 

assess pharmacological safety, animals were treated intravenously (i.v.) with a single 597 

dose on day 7 of Vehicle (PBS), 1 mg/kg Peptide, 50 g/mouse Magrolimab, 12.8 598 

mg/kg ABD-dnPDL1, or 13.8 mg/kg ABD-longPSE. Body weight, tumor size, plasma AST 599 

activity (day 0 and day 5), full blood counts, and histology of heart, lung, liver, kidney, 600 

and spleen were evaluated at the indicated time points. Finally, in the repeated-dose 601 

i.v. survival study, mice were randomized to Vehicle (PBS), 1 mg/kg Peptide, 12.8 602 

mg/kg ABD-dnPDL1, or 13.8 mg/kg ABD-longPSE, and treated i.v. on days 7 and 10 (two 603 

total doses). Animals were monitored daily for tumor growth and body weight. Mice 604 

were euthanized if tumor volume reached 1,000 mm³, body weight loss exceeded 605 

20%, or if tumors ulcerated. Housing consisted of individually ventilated cages with 606 

HEPA-filtered air, maintaining a maximum of five mice per cage to minimize social 607 

isolation. Environmental conditions were set to 20-24°C with 55 ± 10% relative 608 

humidity and a 14h/10h light/dark cycle (lights on at 07:00). Autoclaved RM3A (P) diet 609 

pellets (SDS Special Diets Services, 801030) and sterile reverse-osmosis water were 610 

provided ad libitum. The data collected was analysed using GraphPad Prism v10.0. 611 

 612 

Haematotoxicity, liver function, and histopathology. AST activity was determined 613 

using an Aspartate Aminotransferase Activity Assay Kit (abcam, ab105135), and 614 

complete blood counts [WBC (White Blood Cell Count), RBC (Red Blood Cell Count), 615 

HGB (Haemoglobin), PLT (Platelet Count), HCT (Haematocrit), MCV (Mean 616 

Corpuscular Volume), PDW (Platelet Distribution Volume), MPV (Mean Platelet 617 

Volume)] were obtained using a PocH-100iV - Haematology Analyzer. For histological 618 

evaluation, organs were harvested, fixed in 10% formalin, embedded in paraffin, 619 

sectioned into 3 m-thick sections, and stained with Haematoxylin and Eosin (H&E). 620 

Whole sections were acquired with the NanoZoomer-SQ Digital slide scanner 621 

(Hamamatsu), and pathology assessment was performed by an experimental 622 

pathologist (PF) at GIMM’s Histopathology Facility. Scale bars: 100 m. 623 

 624 

Cell Culture for KPC cell. Murine pancreatic ductal adenocarcinoma KPC cells 625 

(RRID:CVCL_M532) were cultured in high glucose with pyruvate DMEM (Gibco, 626 

Thermo Scientific) supplemented with 10% v/v FBS (Gibco, Thermo Scientific) and 1% 627 
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v/v P/S (Gibco, Thermo Scientific). Cells were maintained at 37°C in a humidified 628 

incubator equilibrated with 5% CO2. 629 

 630 

Animals. Female C57BL/6J mice (7-8 weeks old) were purchased from Charles River 631 

(RRID:IMSR_JAX:000664) and housed in the animal facility of the Faculty of 632 

Pharmacy at the University of Lisbon. All procedures were conducted in compliance 633 

with the Faculty of Pharmacy, University of Lisbon guidelines and approved by the 634 

Portuguese competent authority for animal protection, Direção-Geral de Alimentação 635 

e Veterinária (Reference 0421/000/000/2021). Mice were housed under a 12h 636 

light/12h dark cycle with food and water provided ad libitum, and all handling complied 637 

with NIH and European Union guidelines for laboratory animal care (Directive 638 

2010/63/EU). Body weight was monitored three times per week. Animals were 639 

euthanized according to ethical protocol when showing signs of distress or with rapid 640 

weight loss (above 10% within a few days or 20% from the initial weight).  641 

 642 

In vivo KPC mouse study. On day 0, female C57BL/6J mice were orthotopically 643 

inoculated in the pancreas. Prior to inoculation, animals were anesthetized with 644 

ketamine and xylazine according to body weight (100 L/10 g), a ~1 cm longitudinal 645 

incision was made on the left flank, at the level of the spleen projection. Carefully, the 646 

pancreas was pulled out of the incision and injected with 40 L of a cell suspension 647 

containing 2.5×105 KPC cells (mycoplasma-free) in PBS mixed 1:1 with growth factor–648 

reduced Matrigel (Corning). After tumor injection, the organs were carefully 649 

repositioned, and the peritoneum and skin were sutured. Analgesia (buprenorphine 650 

hydrochloride, Bupaq) was administered subcutaneously according to body weight. 651 

Mice were placed on a heated pad until fully awake and active. On day 5 after tumor 652 

inoculation, animals were randomized into different groups (N = 10): Vehicle (PBS), 653 

Magrolimab (50 g/mouse), ABD-dnPDL1 (12.8 mg/kg), Peptide (1.0 mg/kg), and ABD-654 
longPSE (13.8 mg/kg). Treatments were administered via intravenous (tail vein) 655 

injection. On day 15, four mice per group were sacrificed for tumor and spleen 656 

collection to analyse tumor-infiltrating and systemic immune cell populations. The 657 

remaining animals were monitored for survival. Mice were euthanized upon exhibiting 658 

signs of distress or significant weight loss as described above. 659 

 660 
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Characterization of Tumor-Infiltrating Immune Populations and Spleen Immune 661 

Populations. Tumors and spleens were isolated from four animals per group, directly 662 

after euthanasia and systemic PBS perfusion, and placed in cold sterile PBS (pH 7.4). 663 

Tumor single-cell suspensions were obtained by mechanical dissociation followed by 664 

enzymatic digestion for 30 min at 37°C. Enzymatic digestion solution was prepared in 665 

HBSS (Gibco, Thermo Scientific) with 2 mg/mL collagenase type II (Worthington 666 

Biochemical Corporation) and DNAse (Worthington Biochemical Corporation). The 667 

digested suspension was filtered through a 70 m cell strainer, centrifuged at 300 x g 668 

for 5 min at 4°C, and resuspended in cold PBS (pH 7.4). Spleens were mechanically 669 

dissociated, and erythrocytes were lysed using ACK buffer for 5 min at 37°C. The 670 

resulting suspension was filtered through a 70 m strainer, centrifuged at 300 x g, 5 671 

min, 4°C, and resuspended in cold PBS (pH 7.4). 672 

For both tissues, cells were seeded into 96-well plates (5×106 cells/well). Live/dead 673 

discrimination was performed using Ghost Dye® Red 780 (Cytek) (1:5,000). Fc 674 

receptors were blocked with TruStain FcX™ PLUS CD16/32 (BioLegend) for 10 min 675 

at room temperature. Surface staining was performed with fluorochrome-labeled anti-676 

mouse antibodies, followed by fixation and permeabilization using the eBioscience 677 

Foxp3/Transcription Factor Staining Buffer Set (Thermo Scientific). Intracellular 678 

staining was then conducted according to the manufacturer’s instructions. The 679 

samples were acquired using the Cytek Aurora flow cytometer (Cytek). Data were 680 

analysed using FCS Express (De Novo Software).  681 

Antibody panels for flow cytometry. For the analysis of T, B, and NK cells, the 682 

following panel of anti-mouse antibodies was used: anti-CD45 (RY703, clone 30-F11, 683 

1:150, RRID: AB_3686544); anti-CD3 (RB744, clone 17A2, 1:160, RRID: 684 

AB_3685764); anti-CD4 (PerCP-Cy5.5, clone GK1.5, 1:80, RRID: AB_3685412); anti-685 

CD8 (AF700, clone 53-6.7, 1:50, RRID: AB_493702); anti-CD19 (BV650, clone 6D5, 686 

1:50, RRID: AB_11204087); anti-B220 (APC-Fire 810, clone RA3-6B2, 1:300, RRID: 687 

AB_2860603); anti-CD25 (PE-Cy5, clone PC61, 1:80, RRID: AB_312859); anti-CD44 688 

(Pe-Cy7, clone IM7, 1:80, RRID: AB_830786); anti-CD107b (AF647, clone M3/84, 689 

1:200, RRID: AB_493311); anti-PD-1 (PE, clone 29F.1A12, 1:50, RRID: AB_1877121); 690 

anti-MHCII (BV510, clone M5/114.15.2, 1:30, RRID: AB_2741133); anti-NK1.1 691 

(BV570, clone PK136, 1:40, RRID: AB_2563286); and anti-FoxP3 (eFluor450, clone 692 

FJK-16s, 1:333, RRID: AB_1518812).  693 
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For the analysis of myeloid cells, the following panel of anti-mouse antibodies was 694 

used: anti-CD45 (RY703, clone 30-F11, 1:150, RRID: AB_3686544); anti-CD11b 695 

(BV785, clone M1/70, 1:80, RRID: AB_2561373); anti-CD11c (PE-Cy5, clone N418, 696 

1:80, RRID: AB_493566); anti-CD103 (BV605, clone 2E7, 1:30, RRID: AB_2872685); 697 

anti-CD80 (RB705, clone 16-10A1, 1:80, RRID: AB_3685835); anti-CD86 (AF700, 698 

clone GL-1, 1:80, RRID: AB_493720); anti-F4/80 (BV650, clone BM8, 1:40, RRID: 699 

AB_2564589); anti-PD-L1 (APC/Cy7, clone 10F.9G2, 1:50, RRID: AB_10612935); 700 

anti-CD206 (BV711, clone C086C2, 1:40, RRID: AB_2565822); anti-CD31 (PE-701 

eFluor610, clone 390, 1:158, RRID: AB_312902); anti-Ly6C (PE, clone HK1.4, 1:300, 702 

RRID: AB_1186133); anti-Ly6G (APC, clone 1A8, 1:300, RRID: AB_1877163); and 703 

anti-MHCII (BV510, clone M5/114.15.2, 1:30, RRID: AB_2561397). See 704 

Supplementary Tables S3 and S4. 705 

 706 

Sample size determination. Sample size was determined according to the prior work 707 

executed in the laboratory or from published reports of similar scope within the 708 

appropriate fields.41 709 

 710 

Statistical Analysis. Statistical analyses were performed using GraphPad Prism 711 

software (v10; GraphPad Software; RRID: SCR 002798). Data are presented as mean 712 

± standard error of the mean (SEM) or standard deviation (SD) as indicated. 713 

Comparisons between two groups were performed using a two-tailed Student’s t-test. 714 

Multiple group comparisons were analyzed using ANOVA followed by Tukey’s or 715 

Sidak’s post-hoc tests. Survival data were analyzed using the Kaplan-Meier method, 716 

and differences evaluated using the log-rank test. A p-value of < 0.05 was considered 717 

statistically significant. 718 

 719 

Replication. The number of biological replicates (typically n ≥ 3) is indicated in the 720 

figure legends. Key findings were replicated in at least two independent experiments. 721 

 722 

Data availability. Raw data are available upon request. Correspondence and 723 

requests for materials should be addressed to V.S. valerio.sabatino@unibas.ch, 724 

and/or G.J.L.B. gb453@cam.ac.uk.725 
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RESULTS 726 
 727 
Phagocytic synapse enhancers (PSEs) are modular, bifunctional molecules 728 

designed to target the tumor microenvironment. To engage macrophages in 729 

proximity of cancer cells, the bifunctional PSE construct uses maleimide chemistry and 730 

a PEG linker to connect a de novo PD-L1 binder38 (dnPDL1) to tuftsin (Thr-Lys-Pro-731 

Arg, TKPR), an IgG-derived immunomodulatory peptide that enhances phagocytosis 732 

(Fig. 1a, b). 42-51 733 

Tuftsin was conjugated to an nPEG3-maleimide linker (n=1 or 3) via its lysine -amino 734 

group, yielding two bifunctional molecules: shortPSE and longPSE (Fig. 1c-d). Both 735 

constructs were characterized by mass spectrometry, while Octet biolayer 736 

interferometry (BLI) confirmed high-affinity PD-L1 binding (Fig. 1c-d) by retaining low-737 

nanomolar affinity (shortPSE: KD = 5.7 nM, longPSE: KD = 5.8 nM). To confirm PSE 738 

binding to PD-L1+ cells, we developed a fluorescent probe FITCPSE that successfully 739 

stained IFN-stimulated MC-38 cells overexpressing PD-L1 (Fig. 1e-f), with target 740 

engagement further validated through microscopy (Supplementary Fig. 1a) and 741 

competitive assays showing that the PSE blocks anti-PD-L1-APC staining in various 742 

tumor lines (Supplementary Fig. 1b-c). 743 

 744 

PSEs bind macrophages through the tuftsin binding partner, neuropilin-1, and 745 

induce a pro-inflammatory response  746 

We evaluated tuftsin’s M-stimulating activity by treatment with NeutrAvidin Oregon 747 

Green 488 (NOG488) complexed with biotinylated TKPR, which resulted in increased 748 

fluorescence uptake in RAW 264.7 M (Fig. 2a-c). The uptake is suppressed when 749 

the tuftsin antagonist (TKPPR) is present, confirming the tuftsin-mediated uptake 750 

(Supplementary Fig. S2a-c). To validate the activity of tuftsin in the context of the 751 

PSEs, we assessed the binding to its previously reported putative receptors, 752 

neuropilin-1 (NRP1) and FcRs.45,47,48,50 BLI analysis (Fig.2d-f) showed similar NRP1 753 

binding kinetics for the peptide and longPSE (KD longPSE= 72 nM; KD Peptide= 102 nM), 754 

while unconjugated dnPDL1 did not bind NRP1. Therefore, tuftsin acts through NRP1 755 

both as a free peptide and as a conjugate. We then assessed FcRs binding by surface 756 

plasmon resonance (SPR) analysis against FcRIa, FcRIIa, FcRIIb, and FcRIIIa 757 

(Supplementary Fig. S2d). Both dnPDL1 and longPSE displayed unspecific binding 758 

with the antibody used to immobilize the FcRs. However, and more importantly, the 759 
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peptide alone did not bind any of the FcRs, excluding any FcR-mediated activity of 760 

tuftsin. 761 

To evaluate the effect of the PSE on macrophages, the expression of classical 762 

polarization surface markers was analyzed across four independent biological donors 763 

(n=4) and normalized to a baseline control (Fig. 2g-h). At 24 hours treatment, the M 764 

shift toward a pro-inflammatory state, with an increase in CD86 and MHC-II and a 765 

robust upregulation of PD-L1. Concurrently, the treatment induced a consistent 766 

suppression of classical anti-inflammatory markers, CD163 and CD206, and 767 

downregulation of NRP1. Quantification of the culture supernatant (Fig. 2i) confirmed 768 

that the treatment induces a robust pro-inflammatory secretome, characterized by 769 

upregulated cytokines (TNFα, IL-6, and IL-8) and chemokines (CCL2, CCL3, CCL5, 770 

CXCL1, CXCL10), alongside downregulated IL-1ra. We confirmed these findings in 771 

vivo using a double-transgenic zebrafish xenograft model Tg(mpeg1:mCherry-F; 772 

tnfa:eGFP-F)52-54, where TNF secretion distinguishes M populations (M1-like/pro-773 

inflammatory = mpeg+/tnf+; M2-like/anti-inflammatory = mpeg+/tnf-, (Supplementary 774 

Fig. S3a). Treatment with longPSE and Peptide increased the abundance of pro-775 

inflammatory M while treatment with the unconjugated binder (dnPDL1) was 776 

comparable to control (mpeg+/tnf+, Supplementary Fig. S3b-c). As zebrafish embryos 777 

at 2 days post-fertilization lack a mature adaptive immunity, the observed effects can 778 

be entirely attributed to innate immune modulation. Together, these results indicate 779 

that PSE treatment overrides baseline cellular suppression to establish a tuftsin-driven 780 

pro-inflammatory profile. 781 

 782 

PSEs boost PD-L1 endocytosis and lysosomal trafficking in PD-L1+ 783 

macrophages 784 

Previous studies have shown that PD-L1 is broadly expressed within the TME, not 785 

only by tumor cells, but also by immunosuppressive M.55-58 We used PD-L1-786 

expressing M to investigate the effect of the PSE when both targets are present on 787 

the same cell. Using FITCPSE, we tracked both PSE (by FITC staining) and PD-L1 (by 788 

anti-PDL1-APC staining) after 30-min and 4-hour incubations (Fig. 3a-c). After 4 789 

hours, FITCPSE (green channel) internalised and co-localised with PD-L1 (red channel) 790 

in the lysosomes (yellow channel). Moreover, treatment with both dnPDL1 and longPSE 791 

markedly reduced surface PD-L1 staining after 4 hours incubation due to competitive 792 
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blockade/internalization of the target (Fig. 3d). Co-localization analysis further 793 

revealed that longPSE induced a 2-fold increase in PD-L1 lysosomal localization 794 

compared to dnPDL1, whereas untreated controls (media only) showed no PD-L1 795 

internalization, with staining restricted to the cell surface (Fig. 3e-f).  796 

These results suggest that the PSE favors a 'cis-targeting' setup in PD-L1+ M, which 797 

internalize and direct PD-L1 into the lysosomes.59 798 

Tracking the his-tagged PSE revealed striking cell-specific differences in 799 

internalization dynamics: while PD-L1+ M rapidly internalized >50% of PSE within 4 800 

hours and subsequently lost surface PD-L1 (Supplementary Fig. S4a-d), tumor cells 801 

retained PSE almost entirely on their surface with minimal (~7%) internalization even 802 

after 24 hours (Supplementary Fig. S4e-h). This discrepancy, driven by the inherently 803 

higher membrane turnover of macrophages, results in two distinct modes of action 804 

within the tumor microenvironment: sustained surface blockade on cancer cells versus 805 

an internalizing "sink" activity in macrophages. Although this sink effect diverts PSE 806 

from direct tumor binding, it potentially enhances broader anti-tumor immunity by 807 

targeting immunosuppressive PD-L1+ Mand preventing PD-L1/CD80 cis-808 

heterodimerization, freeing CD28 to effectively activate T cells.60 809 

Analysis of the M lysates demonstrated a reduction of total PD-L1 following longPSE 810 

treatment over 48-hour (Supplementary Fig. S4i). Importantly, steady-state protein 811 

quantification underestimates absolute degradation due to PSE-driven upregulation 812 

(~2-fold vs control) of PD-L1 mRNA (Supplementary Fig. S4j). To prove that rapid 813 

lysosomal turnover was counteracting this transcriptional surge, we co-administered 814 

the lysosomal inhibitor chloroquine (CQ). Blocking the lysosomal activity unmasked 815 

this dynamic clearance, leading to a 74% increase of total PD-L1 in PSE-treated cells 816 

versus inhibitor-only control (Supplementary Fig. S4k). Overall, longPSE treatment 817 

increases PD-L1 lysosomal trafficking by more than 7-fold compared to basal turnover. 818 

These findings validate that the PSE accelerates PD-L1 turnover in PD-L1+ M and 819 

directs surface PD-L1 into the lysosomal compartment. 820 

 821 

PSEs promote the endocytosis of soluble extracellular targets in macrophages 822 

We sought to verify whether the PSE also promotes the internalization of soluble 823 

extracellular PD-L1 via tuftsin-dependent mechanism in macrophages with low or 824 
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absent PD-L1 expression. We used a biotinylated PD-L1 (Biot-PDL1) complexed to 825 

NOG488 to generate NOG-PDL1 fluorescent complex, which was incubated with 826 
longPSE or controls in the presence of non-polarized M(Fig. 3g). longPSE induced 827 

strong internalization of NOG-PDL1, attributable to the tuftsin-mediated endocytosis 828 

(Fig. 3h-i). This approach was further extended to target EGFR, using a de novo 829 

EGFR binder (dnEGFR) to assemble EGFR-targeting PSEs (Supplementary Fig. 830 

S5a-d). Similarly, incubation of EGFR-longPSE with Mresulted in the internalization of 831 

the NOG-EGFR complex (Supplementary Fig. S5e-f). Because these findings 832 

suggest that M internalize PSE-targeted antigens via a tuftsin-dependent mechanism 833 

even without the target antigen present on their membrane, we envision this approach 834 

can be further tuned to direct proteins of interest to specific macrophage 835 

compartments, such as lysosomes, dedicated to protein degradation.61-66  836 

 837 

The intercellular activity of the PSEs increases the avidity between 838 

macrophages and tumor cells, thereby enhancing phagocytosis. 839 

Having established the effects of PSEs in monocultures, we transitioned to co-culture 840 

systems to determine whether the bifunctional molecules could bridge M and cancer 841 

cells, thereby promoting the cell-to-cell proximity needed to initiate phagocytosis. For 842 

this purpose, we synthesized an expanded PSE library for screening activity 843 

(Supplementary Fig. S6). First, we used acoustic force spectroscopy to measure 844 

intercellular avidity in a co-culture of PD-L1-overexpressing MC-38 tumor cells and 845 

non-polarized, PD-L1-deficient M, a setup designed to favor PSE trans-targeting 846 

(Fig. 4a). After optimizing the concentration range, we observed that binding strength 847 

increased from 12.5 nM to 1.25 M but dropped at 12.5 M, indicating a classic Hook 848 

effect67 (Supplementary Fig. S6d). We therefore performed avidity experiments at 849 

125 nM. Both shortPSE and longPSE induced higher avidity than the peptide alone (Fig. 850 

4a, Supplementary Fig. S6e), indicating that antigen binding is essential for 851 

strengthening effector–target interactions. This study establishes a first methodology 852 

for quantifying avidity using Mas effector cells, providing a framework for future 853 

optimization and systematic screening of Mengaging molecules. 854 

The observed increase in avidity directly correlated with enhanced phagocytosis. Both 855 

confocal microscopy and flow cytometry confirmed that longPSE induced a more than 856 

2-fold increase in phagocytic activity compared to media controls (Fig. 4b-d). 857 
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Increasing the concentration from 100 nM to 1 M did not further enhance 858 

phagocytosis (Fig. 4e), while the phagocytic efficacy of longPSE was comparable to 859 

Magrolimab® (Fig. 4f). 860 

Screening activity of the PSE library (Supplementary Fig. S6a-c) revealed that 861 
longPSE consistently yielded the highest phagocytic index (Supplementary Fig. S6f-862 

g). Notably, the enhanced effect was abolished when tumor cells were not pre-treated 863 

with IFN (Supplementary Fig. S6h), confirming that PD-L1 expression is essential 864 

for establishing the phagocytic synapse. 865 

We validated the PD-L1-dependent PSE activity using GL-261 tumor cells and its 866 

engineered PD-L1 knockout variant, GL-261 PDL1KO (Supplementary Fig. S6i-j). In 867 

GL-261 cells, longPSE enhanced phagocytosis (Supplementary Fig. S6i), whereas no 868 

differences were observed among treatments in GL-261 PDL1KO cells, apart from an 869 

elevated basal phagocytic rate in the absence of PD-L1 (Supplementary Fig. S6j). 870 

To assess whether macrophage polarization influences PSE efficacy, THP-1 M were 871 

pre-treated with IFN/LPS or IL-4 (Supplementary Fig. S6k-l). In co-cultures with 872 

engineered U87 tumor cells expressing a blue fluorescent reporter (PB450+ cells), 873 
longPSE successfully drove phagocytosis regardless of baseline macrophage 874 

polarization, demonstrating significant efficacy in both pro-inflammatory and anti-875 

inflammatory M states (Supplementary Fig. S6k-l). Collectively, these data 876 

demonstrate that PSEs enhance M-mediated phagocytosis across diverse co-culture 877 

systems. The efficacy of PSEs depends on target expression, yet the enhancement of 878 

phagocytosis occurs independently of macrophage polarization state. Therefore, even 879 

when PD-L1 is targeted on both tumor cells and M the phagocytic activity is 880 

enhanced. 881 

 882 

In vivo PSE treatment in a syngeneic colorectal carcinoma improves survival 883 

with modest effect  884 

We used longPSE in efficacy studies with a syngeneic mouse model of colorectal 885 

carcinoma (CRC) (Fig. 4g). Most solid tumors overexpress immune checkpoints such 886 

as PD-L1 (“don’t find me”) and CD47 (“don’t eat me”) to evade immune detection,68 887 

and the MC-38 subcutaneous model is well established for investigating these immune 888 

checkpoints.69,70 The TME of the engrafted mice upregulates PD-L1 on both tumor 889 

cells and myeloid cells, anticipating a more favorable outcome when the PSE targets 890 
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both populations.60,71 We treated the mice intratumorally (i.t.) and daily monitored their 891 

body weight and tumor size (Fig. 4h-i). The longPSE treatment delayed tumor 892 

progression and extended overall survival, although the improvement was modest 893 

relative to Magrolimab® or tuftsin peptide alone (Fig. 4j). The short half-life of dnPDL1 894 

(t1/2 ≈ 15 min) likely limits PSE efficacy, suggesting that extending binder half-life in 895 

circulation could improve therapeutic outcomes. 896 

 897 

Next-generation PSEs with extended half-life lead to a greater improvement of 898 

in vivo efficacy. 899 

To overcome this limitation, we developed an improved binder, ABD-dnPDL1, by fusing 900 

dnPDL1 to an albumin-binding domain (ABD) to extend PSE’s half-life (t1/2 ~12 h, Fig. 901 

5a).72 The resulting bifunctional ABD-longPSE (~20 kDa) retained PD-L1 binding activity 902 

equivalent to longPSE and the unconjugated binder (Fig. 5b-c). The fusion constructs 903 

were tested in co-culture with engineered Jurkat T cells expressing PD-1 together with 904 

a luciferase reporter driven by NFAT, and CHO-K1 target cells expressing PD-L1 and 905 

a TCR activator (Fig. 5d). Atezolizumab was used as positive control to follow PD-906 

1/PD-L1 blockade by bioluminescence analysis (Fig. 5e). Both engineered constructs 907 

ABD-dnPDL1 and ABD-longPSE efficiently inhibited PD-1/PD-L1 signaling, reaching full 908 

blockade at 30 nM (EC50= 3nM). 909 

In a syngeneic CRC model, i.t. administration of ABD-longPSE markedly improved 910 

survival compared to all other groups, including the phagocytosis enhancer 911 

Magrolimab (Fig. 5f). The extended-half-life binder (ABD-dnPDL1) also outperformed 912 

dnPDL1 and exhibited comparable efficacy to longPSE, confirming that half-life 913 

extension boosts tumor control. Subsequent experiments using intravenous (i.v.) 914 

administration confirmed that ABD-longPSE achieves superior tumor control with a 915 

single injection compared to all other conditions (Supplementary Fig. S7a). The 916 

treatment was well-tolerated, with no indications of hepatic damage or broader 917 

systemic toxicity observed upon histo/haematological evaluation (Supplementary 918 

Fig. S7b-d). Repeated dosing on days 7 and 10 further delayed tumor growth and 919 

extended survival (Fig. 5g), highlighting the superior efficacy of ABD-longPSE across 920 

different administration routes.  921 

 922 

PSE treatment improves survival and modulates immunity in an orthotopic 923 

pancreatic cancer model. 924 
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We tested the translational potential of ABD-longPSE in an aggressive model of 925 

pancreatic cancer characterized by a dense stroma that prevents effective drug 926 

delivery and immune cell infiltration. Pancreatic cancer often shows poor antigenicity 927 

and is dominated by immunosuppressive cells, such as myeloid-derived suppressor 928 

cells (MDSCs) and regulatory T cells (Tregs), which neutralize anti-tumor immunity.73-75 929 

KPC tumors (Kras^LSL-G12D/+; Trp53^LSL-R172H/+; Pdx1-Cre)73 were implanted 930 

orthotopically and treated i.v. (Fig. 6a-b). ABD-longPSE significantly reduced tumor 931 

burden and prolonged survival, while Magrolimab®, ABD-dnPDL1, and the peptide 932 

alone showed modest effects (Fig. 6b).  933 

Flow cytometric analysis revealed immune modulation within the TME (Fig. 6c-d). All 934 

treatment groups increased CD45+ infiltration versus vehicle (Fig. 6c). ABD-longPSE 935 

treatment reduced total T cells, particularly Tregs, while NK cells increased (Fig. 6c, 936 

panels i-iv). Interestingly, CD4+ and CD8+ T cells in ABD-longPSE-treated tumors 937 

expressed lower PD-1 levels than those in the ABD-dnPDL1 group (Fig. 6c, panels vii-938 

viii). ABD-longPSE treatment drove profound changes in the myeloid compartment, 939 

specifically reducing the frequency of MDSCs and TAMs over 2-fold compared to 940 

vehicle (Fig. 6d, panels i-v). Furthermore, the remaining TAMs undergo phenotypic 941 

shift as they display higher CD80 and lower CD206 compared to vehicle (Fig. 6d, 942 

panels vi-viii). Interestingly, ABD-dnPDL1 treatment increased PD-L1 expression on 943 

TAMs and dendritic cells, whereas ABD-longPSE prevented this upregulation, 944 

suggesting tuftsin conjugation mitigates compensatory immunosuppression. Together, 945 

these results demonstrate that ABD-longPSE effectively modulates both myeloid and 946 

lymphoid compartments, leading to improved tumor control and survival in a more 947 

aggressive cancer model.  948 

 949 

Discussion 950 

To overcome the challenges of tumor heterogeneity and complex immune-tumor 951 

interactions, we developed a strategy that combines PD-L1 blockade with innate 952 

immune engagement. While conceptually related to bispecific macrophage engagers 953 

(BiMEs), our PSEs i) do not engage myeloid cells via FcRs, ii) are small enough (~15-954 

20 kDa) to penetrate the dense stroma, iii) display a natural “eat me” signal, and iv) 955 
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actively clear immunosuppressive checkpoints by driving cis-targeted PD-L1 956 

endocytosis in macrophages. 957 

The therapeutic efficacy of the PSE platform relies on the balance of target antigens 958 

and effector cells within the TME. Tumors characterized by high PD-L1 expression 959 

and dense myeloid infiltration are optimal candidates for this approach. Moreover, the 960 

PSEs can potentially prime "cold," immune-excluded tumors that historically resist PD-961 

L1 blockade. Because PSE treatment initiates a localized pro-inflammatory cytokine 962 

cascade that boosts target expression, the therapy can remodel the suppressive 963 

architecture of the TME even when tumor-intrinsic PD-L1 expression is modest.  964 

Our study highlights the translational potential of the PSEs, demonstrated by profound 965 

in vivo TME remodeling, though key steps remain for clinical development. First, 966 

current efficacy relies on PD-L1 expression, although the platform’s modularity allows 967 

it to be adapted for PD-L1-negative tumors. Second, the exact interplay between 968 

innate and adaptive immune responses must be further decoupled. Most crucially, 969 

while murine models showed no acute toxicity, the intentional induction of a robust 970 

pro-inflammatory secretome (IL-6, IL-8, TNF raises the risk of "on-target, off-tumor" 971 

cytokine release syndrome. Advancing this therapy to the clinic requires 972 

comprehensive pharmacokinetic, biodistribution, and toxicology studies in higher-973 

order species to define a safe therapeutic index and ensure immune activation 974 

remains localized to the tumor. 975 

This study represents a first step toward the therapeutic application of PSEs in cancer 976 

immunotherapy. The modular approach provides a versatile, highly tunable platform 977 

of immune engagers capable of targeting diverse tumor-associated antigens, 978 

ultimately reprogramming the TME and boosting anti-tumor immunity. 979 
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Figure Legends 

Figure 1. Synthesis, characterization and functional PD-L1 binding of the 

PSEs. 

a, Schematic of a phagocytic synapse enhancer (PSE) consisting of a de novo PD-L1 

binder, PEG linker, and an immunomodulating peptide (tuftsin) designed to engage 

simultaneously macrophage and cancer cell in the TME. Created in BioRender. 

Sabatino, V. (2026) https://BioRender.com/ix948w7. b, The binder (dnPDL1) is a 

cysteine-bearing mini protein with high affinity for PD-L1 conjugated to a maleimide-

nPEG3-Tuftsin to yield the PSE. Created in BioRender. Sabatino, V. (2026) 

https://BioRender.com/ep30wix. c, Characterization of shortPSE and d, longPSE by LC-

MS and PD-L1 binding assays by biolayer interferometry. Dissociation constants are 

calculated by non-linear regression analysis (shortPSE: KD = 5.7 nM; longPSE KD = 5.8 

nM). Created in BioRender. Sabatino, V. (2026) https://BioRender.com/ep30wix. e, 

Structure of a FITC-maleimide probe displaying the TKPR peptide for the synthesis of 

FITCPSE. Created in BioRender. Sabatino, V. (2026) https://BioRender.com/ep30wix. f, 

PD-L1 expression on MC-38 cells in the absence or presence of IFN. Histograms of 

the probe FITCPSE bound to MC-38 cells determined by flow cytometry. Cells pre-

treated with IFN upregulate PD-L1 causing higher shift in fluorescence intensity of 

the bound FITCPSE. Created in BioRender. Sabatino, V. (2026) 

https://BioRender.com/9ciw9rz.  

Figure 2. M-stimulating peptide tuftsin acts via NRP-1 and triggers the PSE-

mediated pro-inflammatory phenotype 

a, Schematic representation of the tuftsin-mediated uptake of a fluorescent protein. 

Neutravidin Oregon Green488 (NOG488) is complexed to the biotinylated peptide (Biot-

TKPR), enhancing fluorescent uptake in RAW 264.7 M. Created in BioRender. 

Sabatino, V. (2026) https://BioRender.com/9ciw9rz. b, Microscopy images of 

fluorescence uptake. From left to right: NOG488, NOG488-Biot-TKPR (10, 20, 50 M). 

Scale bar: 5 m. Created in BioRender. Sabatino, V. (2026) 

https://BioRender.com/9ciw9rz. c, Relative quantitative analysis of the mean 

fluorescence intensity (MFI) of intracellular NOG488. (NOG488 vs Biot-TKPR 10 M: 

p=0.3016; NOG488 vs Biot-TKPR 20 M: p=0.0007; NOG488 vs Biot-TKPR 50 M: 

p<0.0001). d, BLI analysis displaying the binding curves to NRP1 with Peptide (62.5-

2,000 nM, KD = 102 nM), e, longPSE (6.25-100 nM, KD = 75 nM) and f, dnPDL1 (3.9-
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4,000 nM, KD = n/a). Sensorgrams were reference-subtracted and globally fitted to a 

1:1 Langmuir binding model using GatorOne software (v2.10.4) to derive kinetic 

parameters (kon, koff) and the equilibrium dissociation constant (KD). g, schematic of 

monocyte-derived macrophages (MDMs) treated for 24 hours with longPSE and 

subjected to flow cytometry and cytokine analysis. Created in BioRender. Sabatino, V. 

(2026) https://BioRender.com/9ciw9rz. h, Bar graphs display the surface markers (PD-

L1, MHC-II, CD86, CD163, NRP1, CD206) expression levels of PSE-treated 

macrophages vs control (Log2FC, p-values for each marker are displayed on the 

graph). i, Bar graphs display cytokine and chemokine analysis of the supernatant of 

PSE-treated macrophages vs control (Log2FC CCL2 p= 0.029; CCL3, p=0.0001; 

CCL5, p<0.0001; CXCL1, p=0.049; CXCL10, p=0.003; IL-1ra, p=0.029; 

TNFp=0.001; IL-6, p=0.001; IL-8, p=0.255; MIF, p=0.046; Nexin, p=0.001). 

Statistical analysis was performed on Prism v10 using one sample t and Wilcoxon test.  

 

Figure 3. PSEs mediate the endocytosis of membrane and soluble extracellular 

target proteins in macrophages 

a, Imaging analysis and co-localization studies of PD-L1+ M treated with FITCPSE. 

Created in BioRender. Sabatino, V. (2026) https://BioRender.com/ml06lft. b, Single-

cell imaging at 30 min and 4h after. Cells were pre-treated with Lysobrite Red 

(lysosomes), treated with FITCPSE and post-stained with anti-PD-L1-APC. Displayed 

channels include: brightfield (grey, cells), FITC (green, FITCPSE), Lysobrite (yellow, 

lysosomes), APC (red, PD-L1), and a green/yellow/red merge. c, Bright Detail 

Similarity (BDS) histograms (IDEAS 6.2 software) quantifying colocalization between 

FITCPSE and Lysobrite. At 30 min (top, blue), a low peak BDS (~1.0) indicates minimal 

spatial correlation. By 4 h (bottom, red), the peak shifts right (~1.8), demonstrating 

high correlation. d, Flow cytometric analysis of PD-L1+ THP-1 M. PD-L1 staining was 

measured by the MFI of APC+ M and normalised to the fluorescence of untreated 

APC+ cells (control). (Control vs Peptide: ns, Control vs dnPDL1: p=0.0003, Control vs 

longPSE: p<0.0001, n=3). e, Co-localization analysis of PD-L1+ THP-1 M treated with: 

Media, dnPDL1, longPSE. Bar graphs represent the percentage of co-localized dyes 

measured by the BDS score of double positive M (Lysobrite+APC+). Quantitative 

analysis was performed on IDEAS 6.2 software. f, Representative flow cytometric 

images of PD-L1+ THP-1 M after 4h treatment with longPSE (100 nM). M were stained 

D
ow

nloaded from
 aacrjournals.​org/​cancerres/​article-pdf/​doi/​10.​1158/​0008-5472.​C

AN
-25-5578/​3827263/​can-25-5578.​pdf by U

niversity of W
ashington user on 07 Septem

ber 2026



 42

with aPDL1-APC after treatment. Cells were pre-gated as live single cells. From left to 

right, each image displays channels for Brightfield (BF), Lysobrite Red (lysosome 

stain), APC (aPD-L1-APC), Lysobrite/APC (merged). Scale bar: 10 m. Image 

analysis was performed on IDEAS 6.2 software.  

g, Schematic representation for the enhanced uptake of extracellular PD-L1 PSE-

mediated. NOG-PDL1 is bound by the PSE, which triggers uptake in M determined 

by increased fluorescence intensity of the chromophore. Created in BioRender. 

Sabatino, V. (2026) https://BioRender.com/9ciw9rz. h, Confocal analysis of the 

enhanced uptake. Panels from left to right display: RAW 264.7 M treated with 

NOG488; NOG-PDL1 + dnPDL1; NOG-PDL1 + dnPDL1 + tuftsin; NOG-PDL1 + longPSE. 

Images contain the merged channels of i) blue channel – DAPI (nuclei); ii) green 

channel – NOG488. Created in BioRender. Sabatino, V. (2026) 

https://BioRender.com/9ciw9rz. i, Quantitative fluorescence measurements of the 

intracellular uptake of the complex NOG488-PDL1. (NOG-PDL1 + dnPDL1 vs NOG-

PDL1 + longPSE: p<0.0001, NOG-PDL1 + dnPDL1 vs NOG-PDL1 + dnPDL1 + Peptide: 

p=0.0089, NOG-PDL1 + dnPDL1 + Peptide vs longPSE: p=0.0014). The average MFI 

was calculated by processing the images on QuPath. Statistical analysis was 

performed on Prism v10 using ordinary one-way ANOVAs, followed by Tukey’s 

multiple comparison test to compare treatment groups. In every instance, the asterisk 

* indicates a p<0.05, ** indicates p<0.01, *** indicates p<0.001, and **** indicates 

p<0.0001. 

 

Figure 4. PSEs boost avidity and phagocytic activity in co-cultures and extend 

overall survival in the CRC syngeneic model.  

a, Schematic representation of effector-target cell interaction and increase in avidity 

triggered by PSEs. PSEs (125 nM) with different linker lengths were incubated for 3 

min in co-culture before application of acoustic force (0 to 1000 pN). Avidity assays 

show overall increased avidity with the PSEs compared to the control Peptide (n=4). 

Statistical analysis was performed using unpaired two-tailed t test to compare PSEs 

to control Peptide. Created in BioRender. Sabatino, V. (2026) 

https://BioRender.com/8rwthy1. b, Confocal imaging of co-culture assays. RAW 264.7 

M (stained with CMFDA green) were co-cultured with MC-38 cancer cells (stained 

with CellTrace Far Red proliferation kit) and treated for 4h with the respective 
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molecules. Panels (A-C) correspond to co-cultures treated respectively with: Peptide, 

shortPSE, longPSE. Scale bar: 100 m. c, Flow Cytometric analysis after 4h incubation 

with different PSEs and controls showed an increase in the amount of double-positive 

PE+ APC750+ M. Cells were co-cultured in 1:1 ratio in tissue culture-treated 96-well 

plates. (Control vs shortPSE: p=0.0087; linear peptide vs longPSE: p<0.0001, n = 8 or 

12). d, Phagocytic index of RAW 264.7 Min co-culture with MC-38 cells treated with 

the PSEs. The molecules were tested in co-culture (1:1 ratio) during 4h incubation. To 

determine the phagocytic index, double-positive M were pre-gated as PE+ M. e, FC 

analysis after 4h incubation with different concentrations of PSE. Cells were co-

cultured in a 1:1 ratio in tissue culture-treated 96-well plates. (dnPDL1 vs 1 M longPSE: 

p=0.0008; dnPDL1 vs 100 nM PSE: p=0.0004, dnPDL1 vs Control: p=0.0082; peptide 

vs 1 M longPSE: p<0.0001, n = 4). Gating strategy and representative histograms for 

each condition are shown. f, FC analysis after 2h incubation of longPSE or Magrolimab 

as benchmark control. Phagocytic index (%) is shown as the amount of double-positive 

PE+ APC750+ M pre-gated on PE+ M. Assay medium is used as a control. Cells were 

co-cultured in 1:1 ratio in tissue culture-treated 96-well plates. (Control vs PSE: 

p<0.0001; Control vs Magrolimab: p<0.0001; n = 8 or 12). Representative histograms 

for each condition are shown. g, Experimental design of the in vivo study with a 

syngeneic model of CRC. 1x106 MC-38 tumor cells were inoculated subcutaneously 

into C57BL/6J mice on d 0. Then, different treatments (longPSE, dnPDL1, peptide, 

Magrolimab, or PBS) (n=6 per group) were administered i.t. on d7, 10, and 13. Mice 

were sacrificed when tumor volume reached ~1000 mm3. Created in BioRender. 

Sabatino, V. (2026) https://BioRender.com/v17d531. h, body weight changes during 

treatment with longPSE, peptide, dnPDL1, Magrolimab, and vehicle (PBS). The body 

weight of each group of mice was measured every day; i, tumor growth curve. Data 

represent mean ± SEM of n=6. Multiple unpaired t-test. *p<0.05; j, overall survival of 

treated mice. Log-rank (Mantel-Cox) test indicates a statistically significant difference 

between the treated mice and the vehicle group. (PBS vs longPSE: p=0.001; Peptide: 

p=0.0095; Magrolimab: p=0.0036).  

 
Figure 5. Half-life extended PSEs improve survival of CRC-bearing mice by 

intratumoral or intravenous injections.  
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a, Fusion protein ABD-dnPDL1 with extended half-life (t1/2 ~12h) is used for the 

synthesis of the bifunctional ABD-longPSE. Created in BioRender. Sabatino, V. (2026) 

https://BioRender.com/t97aa2l. b, SDS-PAGE of longPSE, ABD-longPSE, and their 

respective unconjugated binders dnPDL1 and ABD-dnPDL1. c, Competition assay with 

PD-L1+ cancer cells (MDA-MB-231). All molecules (dnPDL1, ABD-dnPDL1, longPSE, 

ABD-longPSE) were used in a concentration range (1000-0 nM) together with a fixed 

concentration of APC-conjugated PD-L1 antibody. d, PD-1/PD-L1 blockade assay 

schematic: Jurkat T cells expressing PD-1 and a luciferase reporter driven by NFAT) 

are co-cultured with target cells, CHO-K1, expressing PD-L1 and a TCR activator. The 

PD-1/PD-L1 interaction inhibits T cell activation resulting in low luminescence (left 

panel). In the presence of a blocking antibody, inhibition of PD-1/PD-L1 axis allows the 

TCR signaling pathway to activate NFAT and trigger the expression of luciferase (right 

panel). Created in BioRender. Sabatino, V. (2026) https://BioRender.com/va3kxl3. e, 

Relative Potency curves of PD-L1 blockers. The Y-axis represents Relative Light Units 

(RLU) generated by the luciferase signal. The X-axis represents the drug 

concentration. Atezolizumab: EC50=0.294, ABD-longPSE: EC50=2.346, ABD-dnPDL1: 

EC50=2.352. Luminescence was measured as Relative Light Units (RLU) using a 

Synergy H1 multi-mode microplate reader (BioTek). Data were analyzed using 

GraphPad Prism software v10. The dose-response curves were generated by plotting 

the RLU against the log10 of the effector concentration, and EC50 values were 

determined using a non-linear regression (three-parameter logistic fit) model. 

f, i.t. treatment of CRC-bearing mice. Tumor cells were inoculated subcutaneously 

onto C57BL/6J mice on d 0. Then, different treatments (longPSE, ABD-longPSE, dnPDL1, 

ABD-dnPDL1, Peptide, Magrolimab or PBS, n=6 per group) were administered i.t. on 

d7, 9, 11, and 13. Mice were sacrificed when tumor volume reached ~1000 mm3. Left 

panel (i): body weight change was measured daily during the treatment period. middle 

panel (ii): tumor growth curve. Data represent mean ± SEM of n=6. Multiple unpaired 

t-test. (PBS vs longPSE: p<0.05; PBS vs ABD-longPSE: p<0.01; right panel (iii): overall 

survival of treated mice. Log-rank (Mantel-Cox) test with statistically significant 

differences between the treated mice and the control group: PBS vs ABD-longPSE: 

p=0.0008; ABD-dnPDL1: p=0.0061; longPSE: p=0.0008; dnPDL1: p=0.029; Magrolimab: 

p=0.0055; Peptide: p=0.1765. Created in BioRender. Sabatino, V. (2026) 

https://BioRender.com/v17d531.  g, i.v. treatment of CRC-bearing mice, from left to 

right, i) body weight changes during treatment with ABD-longPSE, ABD-dnPDL1, 
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Peptide, Vehicle (PBS). The body weight of each group of mice was measured every 

day; ii) tumor growth curve. Data represent mean ± SEM of n=6. Multiple unpaired t-

test. PBS vs ABD-longPSE: p=0.049; iii) overall survival of treated mice. Statistical 

analysis performed with Log-rank test (PBS vs ABD-longPSE: p=0.0033).  

 

Figure 6. PSE-treatment improves survival in an orthotopic model of pancreatic 

cancer and leads to immune modulation of the TME. 

a, KPC cells were inoculated orthotopically into C57BL/6J mouse pancreas on d 0. 

Treatments (ABD-longPSE, ABD-dnPDL1, Peptide, Magrolimab or PBS, n=10 per 

group) were administered i.v. on d5, 7, 9 and 12. At d15, 4 mice/group were sacrificed 

for tumor immune profiling, while the remaining 6 mice/group were kept for survival 

analysis. Created in BioRender. Sabatino, V. (2026) https://BioRender.com/svswoel. 

b, Panels from left to right, i) Analysis of tumor burden at d15 using unpaired two-tailed 

t test. (PBS vs ABD-longPSE: p=0.011). Data represent mean ± SEM of n=4; ii) Daily 

body weight changes during treatment with ABD-longPSE, ABD-dnPDL1, Peptide, 

Magrolimab, Vehicle (PBS); iii) Overall survival analysis. Log-rank (Mantel-Cox) test 

statistical analysis of treatment vs control group (n=6): PBS vs ABD-longPSE: 

p=0.0002. c, Flow cytometric analysis of the lymphoid compartment. Upper panels, 

percent of live cells from left to right: i) CD45+ (Vehicle vs Magrolimab p=0.005; Vehicle 

vs ABD-longPSE p=0.066), ii) T cells (CD45+CD3+, Magrolimab vs ABD-longPSE 

p=0.03), iii) T regs (CD45+CD3+CD4+CD25+FoxP3+, Vehicle vs ABD-dnPDL1 p=0.037, 

Vehicle vs ABD-longPSE p=0.005, Vehicle vs Peptide p=0.021); iv) NK cells (CD45+ 

NK1.1+, Vehicle vs Magrolimab p=0.042, Vehicle vs ABD-longPSE p=0.056); lower 

panels, from left to right: v) CD4 T cells (CD45+CD3+CD4+), vi) CD8 T cells 

(CD45+CD3+CD8+), vii) PD-1+ CD4 T cells (CD45+CD3+CD4+PD-1+, Magrolimab vs 

ABD-dnPDL1 p=0.026, ABD-dnPDL1 vs ABD-longPSE p=0.004) viii) PD-1+ CD8 T cells 

(CD45+CD3+CD4+PD-1+, ABD-longPSE vs ABD-dnPDL1 p=0.04, Vehicle vs ABD-

longPSE p=0.01). d, Flow cytometric analysis of myeloid cells. Upper panels: percent 

of live cells from left to right: i) Neutrophils/MDSCs (CD45+CD11b+Ly6G+, Vehicle vs 

ABD-longPSE p=0.0005), ii) DCs (CD45+CD11b+CD11c+MHCII+), iii) CD103+ DCs 

(Vehicle vs ABD-longPSE p=0.015); iv) PDL1+ DCs (CD45+CD11b+CD11c+MHCII+PD-

L1+, Vehicle vs ABD-dnPDL1 p=0.006, ABD-dnPDL1 vs ABD-longPSE p=0.043). Lower 

panels: percent of live cells from left to right: v) TAMs (CD45+CD11b+F4-80+, Vehicle 

vs ABD-longPSE: p=0.001; Magrolimab vs ABD-longPSE: p=0.008), vi) CD206+ TAMs 
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(CD45+CD11b+F4-80+CD206+,Vehicle vs ABD-dnPDL1 p=0.007, Vehicle vs ABD-

longPSE p=0.012), vii) MFI PD-L1+ TAMs (CD45+CD11b+F4-80+PD-L1+, ABD-longPSE 

vs ABD-dnPDL1 p=0.0004, ABD-dnPDL1 vs Peptide p=0.0007) viii) MFI CD80+ TAMs 

(CD45+CD11b+F4-80+CD80+, Vehicle vs ABD-longPSE: p=0.002). Statistical analysis 

was performed using unpaired t test to compare treatments to Vehicle or ordinary one-

way ANOVAs followed by Tukey’s multiple comparison test to compare all treatment 

groups. 
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