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An antibody–toxin conjugate targeting CD47 
linked to the bacterial toxin listeriolysin O for 
cancer immunotherapy
 

Benjamin R. Schrank    1,9, Yifan Wang    1,9, Annette Wu1, Nhat Tran2, 
DaeYong Lee3,4, Jared Edwards1, Kristin Huntoon    5, Shiyan Dong    1, 
JongHoon Ha1, Yifan Ma    1, Adam J. Grippin    1, Seong Dong Jeong6,7, 
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Antigen-presenting cells phagocytose tumor cells and subsequently 
cross-present tumor-derived antigens. However, these processes are impeded 
by phagocytosis checkpoints and inefficient cytosolic transport of antigenic 
peptides from phagolysosomes. Here, using a microbial-inspired strategy, we 
engineered an antibody–toxin conjugate (ATC) that targets the ‘don’t eat me’ 
signal CD47 linked to the bacterial toxin listeriolysin O from the intracellular 
bacterium Listeria monocytogenes via a cleavable linker (CD47–LLO).  
CD47–LLO promotes cancer cell phagocytosis by macrophages followed by 
LLO release and activation to form pores on phagolysosomal membranes 
that enhance antigen cross-presentation of tumor-derived peptides and 
activate cytosolic immune sensors. CD47–LLO treatment in vivo significantly 
inhibited the growth of both localized and metastatic breast and melanoma 
tumors and improved animal survival as a monotherapy or in combination 
with checkpoint blockade. Together, these results demonstrate that 
designing ATCs to promote immune recognition of tumor cells represents a 
promising therapeutic strategy for treating multiple cancers.

Continual progress toward the development of more powerful 
antibody–drug conjugates (ADCs) has driven innovation in pay-
load design ranging from cytotoxins to non-chemotherapeutics to 
immune-stimulating agents1–4. Targeting the cytosolic DNA sensor 
cGMP–AMP synthase (cGAS) and its downstream effector, the stimula-
tor of interferon (IFN) genes (STING), within antigen-presenting cells 
(APCs) is one therapeutic strategy for generating tumor-specific T cell 
immunity5–7. Several STING agonists are currently in clinical develop-
ment with varying degrees of success8–11. Nevertheless, at present, no 

ADCs in advanced development or approved for clinical use at this 
time specifically target cytosolic immune sensors or are designed to 
enhance APC functionalities.

Antibodies against the myeloid checkpoint CD47 may aug-
ment STING signaling in APCs via the escape of engulfed tumor 
double-stranded DNA from phagolysosomes12. Nevertheless, phago-
lysosomal escape is a highly inefficient, random process, and no spe-
cialized endogenous transporter has been identified that performs 
such a task13. Similarly, cross-presentation of neoantigens also requires 
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including anti-CD47 antibody and isotype-matched immunoglobu-
lin G (IgG)–LLO, consistently increased tumor cell phagocytosis by 
macrophages (Fig. 2a,b) and dendritic cells (DCs) (Extended Data 
Fig. 3a,b). The increase in CD47–LLO-driven phagocytosis was meta-
bolically dependent (Fig. 2c,d). Because protumoral tumor-associated 
macrophages (TAMs) are typically alternatively activated24, we asked 
whether BMDMs exposed to CD47–LLO could be reprogrammed to 
a pro-inflammatory state. We therefore compared CD86 and CD206 
expression in BMDMs co-cultured with EO771 cells and treated with 
CD47–LLO. We also included another control: a noncleavable version 
of CD47–LLO (CD47–LLO-NC) that renders LLO unable to dissociate 
into a pore-forming monomer. Relative to anti-CD47 antibody and 
IgG–LLO, CD47–LLO increased the percentage of BMDMs with CD86+ 
expression (Fig. 2e,f). By contrast, CD47–LLO-NC did not increase 
CD86+ polarization. These results directly show that the release of 
LLO from CD47–LLO is critical to enhance macrophage activation to 
a pro-inflammatory phenotype.

Inside phagolysosomes, LLO oligomerizes into arcs that self- 
assemble into functional pores measuring 300–500 Å in diameter25,26. 
We next determined whether CD47–LLO disrupts phagolysosome 
membranes by visualizing BMDMs with transmission electron micros-
copy and quantifying intact vacuoles by using Icy bioimaging soft-
ware and its HK-Means segmentation platform27,28. We also tracked the 
subcellular localization of internalized gold nanoparticles (Au-NPs) 
within BMDMs. Cross-sectional images of BMDMs revealed that, after 
anti-CD47 treatment, Au-NPs localized within double-membraned 
phagolysosomes (Fig. 2g). By contrast, after treatment with CD47–LLO, 
Au-NPs localized within the cytoplasm, BMDMs showed breaches in 
phagolysosome membranes and fewer intact vacuoles were quanti-
fied (Fig. 2h). To explore the effects of CD47–LLO on lysosomal pH, 
we stained BMDMs and BMDCs with LysoTracker Red and acridine 
orange (AO). Disruption of proton gradients decreases the efficiency of 
LysoTracker Red and AO lysosomal retention, which can be detected as 
a loss of LysoTracker Red staining and, in AO-stained cells, a metachro-
matic shift from red to green fluorescence. CD47–LLO decreased 
LysoTracker Red staining (Fig. 2i,j) and AO red staining (Fig. 2k–m and 
Extended Data Fig. 3c,d) in BMDMs and BMDCs. In sum, these results 
suggest that CD47–LLO disrupts APC lysosomes, providing a potential 
mechanism for the escape of endocytosed antigens.

To assess whether CD47–LLO can potentiate antigen presentation, 
we co-incubated BMDMs and BMDCs with EO771 cells that express the 
ovalbumin (OVA)-derived epitope SIINFEKL29. By using an antibody that 
recognizes SIINFEKL–H-2Kb complexes30, we found low levels of OVA 
peptide presentation on MHC class I molecules after treatment with 
IgG, IgG–LLO or anti-CD47 antibody (Fig. 2n,o, Extended Data Fig. 3e,f 
and Supplementary Fig. 1). By contrast, SIINFEKL–H-2Kb complexes 
were significantly increased in BMDMs and BMDCs treated with CD47–
LLO. To determine whether CD47–LLO can more efficiently prime 
antigen-specific T cells, we incubated BMDMs that had previously been 
co-cultured with OVA-expressing EO771 cells with CD8+ T cells from OT-I 
transgenic mice. CD47–LLO treatment of BMDM–EO771 co-cultures 
increased the proliferation of OT-I T cells, whereas treatment of BMDMs 
co-cultured with T cells alone did not (Fig. 2p,q). These results suggest 
that CD47–LLO promotes tumor cell phagocytosis and lysosomal 
permeability, thereby enhancing tumor antigen cross-presentation 
and tumor-specific T cell priming.

CD47–LLO activates cGAS–STING and downstream effectors
Because release of phagolysosomal contents might also activate cyto-
solic DNA-sensing pathways, we explored cGAS–STING signaling in 
TAMs. We started with a 4T1Br4 triple-negative breast carcinoma 
model in which tumor cells were implanted subcutaneously within 
the mouse mammary fat pad and treated with intratumoral injec-
tion 6 d later (Extended Data Fig. 4a). Tumors treated with anti-CD47 
antibody showed few TAMs and low levels of phosphorylated STING 

the release of cancer peptides from phagolysosomes into the cytosol, 
where they can be further processed by proteasomes and loaded onto 
major histocompatibility complex (MHC) molecules in the endoplas-
mic reticulum. Therefore, driving phagolysosomal escape of tumor cell 
components, whether they are nucleic acids or peptides, may stimulate 
a more robust and effective anti-tumor immune response.

L. monocytogenes survive phagolysosomal destruction to 
gain access to the cytosol by producing listeriolysin O (LLO), a 
non-enzymatic cytolysin activated by reducing agents and inhibited 
by oxidizing agents with maximum activity at pH 5.5 (refs. 14–16). 
In acidic phagosomes (pH ~5.9), LLO monomers oligomerize into 
arcs that fuse to form β-barrel channels in phagolysosome mem-
branes17. Upon entry into the cytosol, LLO monomers are deproto-
nated and inactivated, thereby preserving cellular integrity. Liberated  
L. monocytogenes form a replicative niche in the host cell. Phagosomal 
release of bacterial nucleic acids and proteins drives Toll-like receptor 
(TLR) signaling, cGAS–STING activation and antigen presentation, 
which collectively facilitate T cell mobilization for pathogen clearance 
and long-term immunity to reinfection18–20. We hypothesized that 
LLO could similarly release engulfed cancer cell components into the 
cytosol and promote antigen presentation and cGAS–STING pathway 
activation for tumor immunity.

In this work, we engineered an ATC linking the anti-CD47 antibody 
to LLO, which we term CD47–LLO. We demonstrate that CD47–LLO 
increases tumor cell phagocytosis by macrophages and the cytosolic 
delivery of tumor peptides and DNA from phagolysosomes. Against 
multiple solid tumor models, CD47–LLO enhances therapeutic effec-
tiveness compared with anti-CD47 antibody alone and shows synergis-
tic effects when combined with anti-programmed cell death protein 
1 (PD-1) therapy.

Results
Conjugation of LLO to anti-CD47 antibody
CD47–LLO is composed of the MIAP410 antibody modified with the 
click chemistry labeling reagent DBCO–PEG4–NHS ester, which we 
allowed to react with the LLO protein modified with the cross-linking 
reagent succinimidyl 3-(2-pyridyldithio)propionate (SPDP)–PEG11–
azide (Fig. 1a and Extended Data Fig. 1a–d). Unconjugated antibody 
and LLO proteins were removed by affinity and size exclusion chroma-
tographic methods, respectively (Fig. 1b,c). The coupling efficiency 
was determined by reducing 4–15% gradient sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS–PAGE) with 90% of the prod-
uct showing a molar ratio of 1 LLO per anti-CD47 antibody (Fig. 1d).

In contrast to other pore-forming toxins, LLO is expressed by 
intracellular bacteria and preferentially accumulates within phago-
somes by interacting with adaptor proteins involved in endocyto-
sis21. However, extracellular LLO can induce pleiotropic effects on 
cholesterol-containing target membranes, including the formation of 
Ca2+ channels and large hemolytic pores22,23. We tested the β-hemolytic 
activity of CD47–LLO relative to unconjugated LLO and found that 
CD47–LLO triggered negligible levels of hemolysis (Fig. 1e). However, 
under reducing conditions, which allow disulfide bond reduction and 
LLO dissociation, the β-hemolytic activity of CD47–LLO approximated 
that of unconjugated LLO. Relative to unconjugated LLO, CD47–LLO 
did not induce cellular apoptosis or necrosis of bone marrow-derived 
macrophages (BMDMs) or various solid cancer cell lines (Fig. 1f and  
Extended Data Fig. 2a–h). These findings suggest that cross-linking 
anti-CD47 antibody with LLO via SPDP limits LLO activities to phago-
lysosomes, where the reducing and acidic environment allows 
disulfide bond cleavage and LLO activation (Fig. 1g).

CD47–LLO drives tumor phagocytosis and antigen presentation
To explore how CD47–LLO affects the effector functions of APCs, we 
co-cultured BMDMs and bone marrow-derived dendritic cells (BMDCs) 
with breast cancer cells. CD47–LLO, relative to corresponding controls 
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(p-STING; Fig. 3a,b). By contrast, CD47–LLO increased infiltration 
of TAMs, which expressed p-STING at high levels (Fig. 3c). We veri-
fied that the expression of cGAS and p-STING was also upregulated 

in BMDMs and BMDCs co-cultured with EO771 breast carcinoma 
cells exposed to CD47–LLO (Fig. 3d–f, Extended Data Fig. 3g,h and  
Supplementary Fig. 2).
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Fig. 1 | Conjugation and purification of anti-CD47 antibody with LLO.  
a, Schematic of antibody–toxin conjugation. The anti-CD47 antibody and LLO 
were modified by using the click chemistry labeling reagent DBCO–PEG4–NHS 
ester and the cross-linking reagent SPDP–PEG11–azide, respectively. The 
modified LLO protein was mixed with the antibody and allowed to react  
overnight at room temperature. Unconjugated antibody and LLO proteins were 
removed by affinity and size exclusion chromatographic methods, respectively. 
b, SDS–PAGE results of azide-labeled LLO, DBCO-labeled anti-CD47, the 
conjugation reaction, the affinity column passthrough and the size exclusion 
input sample. Experiment was repeated independently three times with similar 
results; a representative result is shown. c, Size exclusion chromatogram of 
conjugate (solid line) and anti-CD47 antibody alone (dashed line). Experiment 
was repeated independently three times with similar results; a representative 
result is shown. BSA, bovine serum albumin; mAU, milli-absorbance units.  
d, Representative SDS–PAGE results of conjugate in reductive and non-reductive 
loading buffers from n = 3 independent experiments. e, Hemolysis assay of LLO, 

CD47–LLO and CD47–LLO treated with reducing agent (5 mM dithiothreitol 
(DTT), 30 min) from n = 3 independent experiments. Hemolysis percentage 
was normalized to values from 0.1% Triton X-100. f, Apoptosis assay by flow 
cytometry of mouse BMDMs treated with CD47–LLO or LLO for 24 h from n = 3 
independent experiments. g, Proposed mechanism of action of CD47–LLO. 
Tumor cells sidestep phagocytosis by amplifying expression of the ‘don’t eat 
me’ signal, CD47 (red boxes, left). The anti-CD47 antibody promotes tumor 
cell phagocytosis by APCs (macrophages or DCs). Inside phagolysosomes, 
LLO monomers dissociate from anti-CD47 antibodies and form membrane 
permeations that allow tumor DNA and antigenic peptides to escape into the 
cytosol (inset, right). This in turn activates cGAS–STING to produce type I 
IFNs and enhance cross-presentation of neoantigens. SIRPα, signal regulatory 
protein α. Data shown represent mean ± s.d. (e,f) analyzed by one-way analysis of 
variance with Tukey’s multiple-comparison test. n = 3 biologically independent 
experiments. Panel g created by modifying graphics from Servier Medical Art 
(https://smart.servier.com) licensed under CC BY 4.0 and BioRender.com.
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Fig. 2 | CD47–LLO promotes phagocytosis, lysosomal permeabilization and 
antigen presentation in vitro. a, Representative images of BMDM phagocytosis 
of EO771 cells (white arrowheads). Scale bars, 20 µm. DAPI, 4,6-diamidino-2-
phenylindole. b, Quantification of BMDMs containing EO771 cells per field of 
view (n = 20 for IgG, n = 18 for IgG–LLO, n = 27 for anti-CD47 antibody, n = 26 for 
CD47–LLO from n = 3 independent experiments). c,d, Flow cytometry analysis (c) 
and quantification (d) of BMDM phagocytosis. n = 4 independent experiments 
for IgG, IgG–LLO, CD47–LLO (4 °C) and CD47–LLO (NaN3). n = 5 for anti-CD47 
antibody and n = 6 for CD47–LLO. CFSE, carboxyfluorescein succinimidyl 
ester. e,f, Flow cytometry analysis (e) and quantification (f) of CD86 and 
CD206 expression in BMDMs. n = 4 independent experiments. g, Transmission 
electron microscopy images of BMDMs with Au-NPs inside phagolysosomes 
(green arrows) or within the cytoplasm (red arrows). Yellow arrow shows wall 

perforation. h, Quantification of intact vacuoles; n = 5 independent experiments. 
i, Confocal images of BMDMs (white arrowheads) stained with LysoTracker Red. 
Scale bars, 20 µm. j, Quantification of LysoTracker Red puncta per BMDM (n = 114 
for anti-CD47 antibody, n = 119 for CD47–LLO. n = 3 independent experiments). 
k, Flow cytometry analysis of BMDMs stained with AO. l,m, Quantification of 
acridine red (l) and acridine green (m) from n = 4 independent experiments.  
n,o, Flow cytometry analysis (n) and quantification (o) of SIINFEKL–H-2Kb 
peptide cross-presentation on BMDMs (n = 3 for IgG-LLO, n = 5 for IgG, n = 4 for 
other treatment groups). p,q, Flow cytometry analysis (p) and quantification (q) 
of OT-I CD8+ T cell proliferation with (n = 5) or without (n = 3) EO771 cells. Data 
shown represent mean ± s.d. (b,d,f,j,l,m,o,q) or mean ± s.e.m. (h) analyzed by 
two-sided unpaired Student’s t-tests (h,j) or one-way analysis of variance with 
Tukey’s multiple-comparison test (b,d,f,l,m,o,q).
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We next sought to determine the functional consequences of 
cGAS–STING activation after CD47–LLO treatment. We explored the 
production of pro-inflammatory cytokines in BMDMs co-cultured 
with EO771 tumor cells and found that levels of IFN-α, IFN-β and 
tumor necrosis factor (TNF) were increased in BMDMs after CD47–
LLO treatment (Fig. 3g–i). Next, we explored the extent to which the 
double-stranded DNA-sensing cGAS–STING pathway contributed to 
CD47–LLO’s anti-tumor activity. We treated wild-type (WT) or STING–/– 
mice bearing orthotopically implanted EO771 tumors with CD47–LLO 
via intratumoral injection. STING depletion significantly reduced 
but did not completely abrogate the anti-tumor effect of CD47–LLO, 
emphasizing the contribution of complementary pathways including 
tumor cell phagocytosis and antigen presentation in driving CD47–LLO 
anti-tumor activity (Fig. 3j,k).

CD47–LLO drives antigen-specific anti-tumor immunity in vivo
To decouple the anti-tumor effect of the myeloid checkpoint inhibitor 
anti-CD47 antibody from CD47–LLO, we elected to focus on syngeneic 
orthotopic breast cancer models and the D4M.3A syngeneic orthotopic 
melanoma model, which harbors a Braf mutation31. In both the 4T1Br4 
and EO771 breast cancer models, intratumoral delivery of CD47–LLO 
significantly enhanced primary tumor control relative to anti-CD47 
antibody (Fig. 4a,b, Extended Data Fig. 4b and Supplementary Fig. 3). 
Notably, EO771 breast tumors were resistant to treatment with IgG–LLO 
and the noncleavable version of CD47–LLO, again demonstrating the 
distinct requirement for phagocytosis and LLO release in our model 
system. In the D4M.3A model, treatment with CD47–LLO also led to 
greater local tumor control (Fig. 3c) and improved survival in compari-
son with mice treated with anti-CD47 antibody (Fig. 3d).
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Fig. 3 | CD47–LLO activates STING signaling in vitro and in primary breast 
cancer in vivo. a, WT mice were inoculated with 4T1Br4 breast tumors and 
treated with intratumoral anti-CD47 antibody or CD47–LLO as described in 
Extended Data Fig. 4a. Representative images show levels of p-STING and 
macrophages (F4/80+). Arrows show F4/80+ and p-STING+ co-labeled cells. 
Scale bar, 20 µm. b, Quantification of F4/80+ cells per DAPI+ cells per field of 
view (n = 16 for anti-CD47 antibody, n = 12 for CD47–LLO from n = 3 biologically 
independent tumors per condition). c, Distribution of p-STING fluorescence 
(FLU) intensity within F4/80+ cells. n = 3 biologically independent tumors  
per condition. d, Western blotting of proteins in the cGAS–STING pathway  
from BMDMs. A representative result is shown from n = 3 independent 
experiments. HSP90, heat shock protein 90. e,f, Flow cytometry analysis (e) and 
quantification (f) of p-STING levels in BMDMs isolated from EO771 co-cultures.  

n = 4 independent experiments. g, Real-time PCR results of Ifna expression levels  
in BMDMs. n = 3 independent experiments. h, Real-time PCR results of Ifnb  
expression levels in BMDMs. n = 3 independent experiments. i, TNF levels in  
cell culture supernatants (n = 3). j,k, WT or STING−/− mice were inoculated with  
EO771 breast tumor cells and treated with intratumoral IgG or CD47–LLO.  
Growth curves for EO771 breast tumors (j) and comparison of tumor volumes at 
day 12 (k) after intratumoral injection are shown (j). n = 7 for CD47–LLO-treated 
and n = 6 for IgG-treated WT mice; n = 5 for CD47–LLO-treated and n = 4 for IgG-
treated STING−/− mice. Data shown represent mean ± s.e.m. (b,j) or mean ± s.d. 
(f–i,k) analyzed by two-sided unpaired Student’s t-tests (b), one-way analysis 
of variance with Tukey’s multiple-comparison test (f–i,k), two-way analysis of 
variance with Tukey’s multiple-comparison test (j) or unpaired two-tailed Mann–
Whitney U-test of the median value of p-STING intensity within F4/80+ cells (c).
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Fig. 4 | CD47–LLO drives tumor antigen-driven T cell responses in vivo.  
a,b, WT female mice were inoculated with EO771 breast tumors and treated  
with intratumoral anti-CD47 antibody, CD47–LLO, IgG–LLO or a noncleavable 
CD47–LLO-NC conjugate (Supplementary Fig. 3a). Tumor volumes were 
monitored and analyzed for the indicated periods (a) and quantified at day 12 
after tumor inoculation (b). n = 6 for IgG–LLO, n = 6 CD47–LLO-NC and n = 7 for  
all remaining groups. c, D4M.3A tumor volumes (Supplementary Fig. 3b). 
n = 6 for all groups. d, Survival curves for each treatment group. n = 6 for 
CD47–LLO and n = 7 for anti-CD47 antibody. e,f, Flow cytometry analysis (e) and 
quantification (f) of CD86+ and CD206+ TAMs in 4T1Br4 tumors. n = 4 biologically 
independent experiments. g,h, Quantification of CD4+ (g) and CD8+ (h) cells in 
EO771 tumors. n = 4 biologically independent tumors per condition. i, Schematic 
illustrating the mechanism of SIINFEKL–H-2Kb tetramer+CD8+ T cell expansion. 
j,k, Flow cytometry analysis (j) and quantification (k) of SIINFEKL–H-2Kb 

tetramer+CD8+ T cells (n = 4 biologically independent tumors per condition). 
l,m, Flow cytometry analysis (l) and quantification (m) of SIINFEKL–H-2Kb 
tetramer+CD8+ T cells within the spleen (n = 3 for anti-CD47 and n = 4 for CD47-
LLO). n, Schematic illustrating the bilateral breast tumor model. o, Treated and 
untreated tumor growth curves. n = 7 for anti-CD47; n = 8 for CD47-LLO treated 
tumors; n = 6 for all remaining groups. p,q, Flow cytometry analysis (p) and 
quantification (q) of SIINFEKL–H-2Kb tetramer+CD8+ T cells within the untreated 
tumor (n = 4 biological replicates). Data shown represent mean ± s.e.m.  
(a,c,o) or mean ± s.d. (b,f–h,k,m,q) analyzed by two-sided unpaired Student’s 
t-test (d,f,m,q), one-way analysis of variance with Tukey’s multiple-comparison 
test (b,g,h,k), two-way analysis of variance with Tukey’s multiple-comparison test 
(a,c,o) or two-sided log-rank (Mantel–Cox) test (d). Figure 3j is reproduced in a to 
enable direct comparison of the data. Panels i,n created by modifying graphics 
from BioRender.com.
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We next explored the innate and adaptive immune cells mobilized 
by CD47–LLO treatment. Noting our observed increases in CD86+ 
polarized macrophages after CD47–LLO treatment in vitro (Fig. 2e,f), 
we found significant enrichment in CD86+ tumor-infiltrating mac-
rophages in vivo (Fig. 4e,f). Further analyses of T cell subsets revealed 
that numbers of tumor-infiltrating CD4+ (Fig. 4g and Extended Data 
Fig. 4c) and CD8+ (Fig. 4h and Extended Data Fig. 4d) T cells were 
elevated after CD47–LLO therapy compared with IgG, IgG–LLO or 
anti-CD47 treatment. Analysis of the OVA tetramer in CD8+ T cells 
showed that CD47–LLO treatment promoted the generation of 
antigen-specific CD8+ T cells within the tumor and spleen (Fig. 4i–m 
and Extended Data Fig. 4e). To assess whether CD47–LLO treatment 
could evoke systemic anti-tumor immunity, we established bilat-
eral breast tumors in C57BL/6 mice and compared untreated tumors 
with tumors treated directly with anti-CD47 antibody or CD47–LLO 
(Fig. 4n). Bilateral tumors grew rapidly despite anti-CD47 treatment 
(Fig. 4o). By contrast, CD47–LLO suppressed the growth of both 
treated and untreated tumors, which were enriched in OVA-specific 
CD8+ T cells (Fig. 4p,q). The biodistribution of fluorophore-tagged 
CD47–LLO confirmed that the near-infrared fluorescence signal of 
CD47–LLO was retained within the treated tumor for long periods 
without passively accumulating in the untreated tumor (Extended 
Data Fig. 5a–d). Collectively, these findings demonstrate that CD47–
LLO promotes pro-inflammatory macrophage polarization and the 
robust intratumoral accumulation of tumor-specific T cells.

Transcriptomics reveals anti-tumor macrophage signatures
To define the identities of innate and adaptive immune cells that accu-
mulate in tumors upon CD47–LLO treatment, we performed single-cell 
RNA sequencing (scRNA-seq) on CD45+ cells isolated from EO771 
tumors. CD45+ cells were rare in IgG- or anti-CD47-treated animals 
(Fig. 5a,b). By contrast, we observed a 30-fold increase in CD45+ cells 
upon CD47–LLO treatment. After rigorous quality control (Supple-
mentary Fig. 4 and the Methods), we used our previously published 
methods32 to annotate cells and interpret changes in their abundance 
and gene expression (n = 13,891 cells in total). We projected the data 
into two dimensions using uniform manifold approximation and pro-
jection (UMAP) mapping. Unsupervised clustering revealed 18 clusters 
of cells (Extended Data Fig. 6). We found that the CD45+ population in 
IgG- and anti-CD47-treated tumors contained mostly macrophages, 
whereas CD47–LLO-treated tumors showed an increase in granulocytes 
(Fig. 5c,d). Tumor-associated neutrophil enrichment was validated 
by positive Ly6G and CD11b staining (Extended Data Fig. 7a,b). To 
characterize granulocyte expression signatures and population het-
erogeneity with higher resolution, we reanalyzed the data, performed 
unsupervised reclustering and obtained six populations (Extended 
Data Fig. 7c–g). In clusters 1–3, we observed distinct transcriptional 
signatures with genes supporting increased tumor-associated neu-
trophil functions including granule production (Lcn2), NO synthesis 
(Nos2) and IFN signaling (Irf1, Sell). In cluster 6, we further noted an 
increased MHC-II signature including Cd74, H2-Ab1 and H2-Eb1. These 
results are in line with recent observations that immunotherapies that 

specifically target adaptive immune checkpoints can also recruit and 
activate neutrophils33–35.

Given that proportionally low numbers of macrophages were rep-
resented in the CD45+ population in the CD47–LLO treatment groups 
and to further define differences in macrophage populations important 
for EO771 tumor elimination, we reanalyzed the data, performed unsu-
pervised reclustering and obtained ten TAM populations (Fig. 5e). We 
used prior published references36,37 to identify clusters closely aligned 
with classical tumor-infiltrating macrophages (Ccr2hi, Fn1hi, Cxcl10hi), 
regulatory macrophages (Arg1hi, Apoehi, C1qahi), nonclassical mono-
cytes (Acehi, Adgre4hi, Cd300ahi) and resolution-phase macrophages 
(H2-Aahi, H2-Ab1hi, H2-Eb1hi, Cd74hi) within IgG-, anti-CD47- and CD47–
LLO-treated tumors (Fig. 5f,g and Extended Data Fig. 8a). Consistent 
with the dual functionality of CD47–LLO as a myeloid checkpoint inhibi-
tor and activator of cytosolic nucleic acid sensors, CD47–LLO TAMs in 
clusters 1–3, and 5–10 were highly enriched in phagocytosis and type 
I IFN-related genes (Fig. 5h,i). We further observed that most of the 
macrophages in the CD47–LLO group were grouped in a distinct cluster, 
‘cluster 9’, which represented fewer than 5% of cells in the anti-CD47 
and IgG groups (Fig. 6a,b). Cluster 9 showed preferential expression 
of genes involved with neutrophil chemotaxis as well as lymphocyte 
recruitment, activation and antigen presentation including Cxcl2, 
Ccl3, S100a8, S100a9, H2-Ab1, H2-Aa, Cd86 and Cd80 (Extended Data 
Fig. 8b). Cluster 9 also showed an enrichment in gene ontology path-
ways including TLR signaling, NOD-like receptor signaling and lym-
phocyte activation (Fig. 6c and Extended Data Fig. 8c). These results 
suggest that, in addition to activating the cGAS–STING pathway and 
phagocytosis, CD47–LLO promotes a distinct TAM population most 
closely resembling inflammatory macrophages that bridge innate and 
adaptive immune responses.

CD47–LLO drives APC–T cell clustering and cross-talk
Professional APCs generate tumor-specific adaptive immune responses 
by directly engaging CD4+ and CD8+ T cells38,39. Because CD47–LLO 
enhanced tumor antigen presentation by BMDMs and BMDCs, we moni-
tored APC recruitment and intratumoral localization with lymphocytes. 
In situ confocal microscopy revealed that F4/80+, CD11c+, CD4+ and 
CD8+ cells were diffusely scattered in the breast tumor parenchyma 
after anti-CD47 treatment (Figs. 3a,b and 6d–g). By contrast, CD47–LLO 
induced the influx of these cells, with CD11c+, CD4+ and CD8+ cells form-
ing spatially positioned triad clusters. CD8+ and CD4+ T cell localiza-
tion within CD11c+ triads was significantly increased with CD47–LLO 
treatment relative to anti-CD47 treatment, suggesting more efficient 
lymphocyte cooperation (Fig. 6h).

To explore cell type-specific immunomodulatory interactions 
between APCs and adaptive immune cells, we followed prior published 
references40 to annotate functional subtypes of tumor-associated lym-
phocytes in terms of their gene expression signatures (Fig. 6i). By using 
CellChat, we analyzed our scRNA-seq data to identify ligand–receptor 
pairs, allowing us to infer putative cell-to-cell cross-talk41,42. Analysis of 
the immune populations involved in this study revealed both incom-
ing and outgoing interactions between lymphocytes, macrophages 

Fig. 5 | Transcriptome analysis reveals CD47–LLO TAM pro-inflammatory 
signatures. a–i, EO771 tumors were collected on day 3 after intratumoral 
treatment with IgG (n = 3), anti-CD47 antibody (n = 4) or CD47–LLO (n = 4) 
and subjected to fluorescence-activated cell sorting of CD45+ cells. Cells were 
fixed, and 100,000 CD45+ cells per tumor were pooled into the respective 
treatment groups and subjected to scRNA-seq. a,b, Flow cytometry analysis (a) 
and quantification (b) of CD45+ cells isolated from EO771 tumors treated with 
intratumoral IgG, anti-CD47 antibody or CD47–LLO. n = 3 biological replicates. 
FITC, fluorescein isothiocyanate. c, UMAP mapping of 13,891 single cells from 
three treatment groups shows the composition of different cell types. UMAP 
projections are shown by assignment (c) and by sample (d). NK, natural killer. 
e, UMAPs of only macrophages color coded by cluster. f, Top 20 differentially 

expressed genes in ten macrophage clusters ranked by false discovery rate.  
Gene expression values were centered, scaled and transformed to a scale of  
−2 to 2. g, UMAP projection of macrophage populations showing the distribution 
of transcriptional signatures of predefined macrophage and monocyte subsets. 
Inset shows a dot plot depicting the average expression and percent expression 
of signature genes per macrophage cluster. h, Heatmap depicting expression of 
cGAS–STING pathway-related genes in macrophage clusters by treatment group 
and cluster. i, Heatmap depicting expression of phagocytosis-related genes in 
macrophage clusters by treatment group and cluster. Data shown represent 
mean ± s.d. (b) analyzed by one-way analysis of variance with Tukey’s multiple-
comparison test.
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Fig. 6 | CD47–LLO facilitates innate and adaptive cell clustering and signaling 
in vivo. a, UMAP of macrophage populations isolated from EO771 tumors after 
intratumoral treatment with IgG (n = 3), anti-CD47 antibody (n = 4) or CD47–
LLO (n = 4). b, Fraction of cells (y axis) from each cluster (x axis) color coded by 
sample. c, Heatmap displaying select upregulated and downregulated pathways 
from Kyoto Encyclopedia of Genes and Genomes gene set enrichment analysis. 
JAK, Janus kinase; STAT, signal transducer and activator of transcription.  
d, CD11c+ cells (arrowheads), CD4+ cells (arrows) and CD8+ cells (asterisks) in 
4T1Br4 tumors. Scale bar, 10 µm. e–g, Percentage of CD11c+ cells (e), CD4+ cells  
(f) and CD8+ cells (g) per field of view from n = 3 biologically independent  

tumors per condition. h, Quantification of percentages of cells that colocalized 
in triad clusters from n = 3 independent experiments. i, UMAP projection of 
lymphocyte populations showing the distribution of predefined T cell subsets 
from the three treatment groups. Activ, activated; TFH, follicular helper T cell;  
TH1, type 1 helper T cell; Treg, regulatory T cell; Tpex, progenitor exhausted T cell;  
Tex, exhausted T cell. j, Cell-to-cell communication networks inferred with 
CellChat software. The strength of cell-to-cell interactions is represented in 
the edge width. Inflam, inflammatory; macs, macrophages; mono, monocytes; 
reg, regulatory. Data shown represent mean ± s.d. (e–h) analyzed by two-sided 
unpaired Student’s t-test (e–h).
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and DCs within EO771 tumors (Fig. 6j). This included strong outgoing 
CD86 signaling from inflammatory macrophages and DCs to CD8+ and 
CD4+ T cells in CD47–LLO-treated tumors, corroborating our prior 
observations (Fig. 4e,f). Inflammatory macrophages further showed 
increased interleukin (IL)-1 and IL-12 signaling in CD47–LLO-treated 
tumors relative to ones treated with anti-CD47 antibody, highlighting 
potential axes contributing to CD4+ and CD8+ T cell accumulation and 
activation. We also observed increased CD40 outgoing signals from 
T cells to APCs, suggesting reciprocal feedback that enhances APC 
functionalities such as cytokine production and antigen presentation.

To investigate whether the anti-tumor effect of CD47–LLO was 
a consequence of bridging between innate and adaptive immune 
responses, we depleted intratumoral macrophages in vivo using an 
anti-CSF1R antibody (Fig. 7a,b). Relative to WT animals, tumors in 
macrophage-depleted mice grew rapidly despite CD47–LLO treatment 
(Fig. 7c,d). Similarly, depletion of intratumoral CD8+ T cells with an 
anti-CD8 antibody also significantly diminished the anti-tumor effect 
of CD47–LLO (Fig. 7e–g). These observations collectively demonstrate 
the requirement for TAMs and CD8+ T cells for effective tumor cell 
elimination by CD47–LLO.

CD47–LLO curbs the metastasis of aggressive breast tumors
We next elected to focus on the development of metastases in a highly 
aggressive model of triple-negative breast cancer. We treated mice bear-
ing orthotopically implanted, spontaneously metastatic 4T1Br4 tumors 
with anti-CD47 antibody or CD47–LLO via intratumoral injection. Mice 
treated with anti-CD47 antibody rapidly grew distant metastases 
despite primary tumor resection, as evidenced by bioluminescence 

imaging (Fig. 8a,b). By contrast, we found that CD47–LLO decreased 
systemic disease progression. Only mice that received intratumoral 
CD47–LLO had extended survival (Fig. 8c), with complete tumor eradi-
cation observed in four of the seven mice.

Given that IFN production is known to induce the expression of 
immune checkpoints, we measured the expression of PD-1 in T cells 
and programmed cell death ligand 1 (PD-L1) in tumor cells. We found 
that, in CD47–LLO-treated mice, intratumoral CD8+ T cells showed 
elevated expression of PD-1 (Fig. 8d,e) and increased expression of 
PD-L1 in tumors (Fig. 8f,g). We therefore asked whether the use of 
CD47–LLO in combination with immune checkpoint blockade would 
improve systemic disease progression. When delivered by intraperi-
toneal injection, combined CD47–LLO and anti-PD-1 antibody drove 
significant enrichment of CD8+ T cells in 4T1Br4 tumors with decreased 
PD-1 expression (Fig. 8h,I and Extended Data Fig. 9a–c). All groups 
of mice except those treated with CD47–LLO and anti-PD-1 antibody 
rapidly grew distant metastases (Fig. 8j,k). In contrast to intratumoral 
injection, our assessment of CD47–LLO biodistribution showed that 
most of the CD47–LLO conjugate delivered by intraperitoneal injec-
tion accumulated in the liver, which probably contributed to a more 
modest therapeutic response (Extended Data Fig. 5e–g). Only mice that 
received combined CD47–LLO and anti-PD-1 antibody had an increase 
in survival (Fig. 8l), with complete tumor eradication observed in four 
of the six mice.

Administration of CD47–LLO by intraperitoneal injection was 
found to have mild toxicity, with stable body weight gain and no 
long-term hematologic, renal or hepatic toxicities (Extended Data 
Fig. 10a–e). Hematoxylin- and eosin-stained paraffin sections of major 

CD47–LLO

CD47–LLO

Anti-CD47
Anti-CD47 

Tu
m

or
 v

ol
um

e 
(m

m
3 )

+αCSF1R

P = 0.001

0

An
ti-

C
D4

7

An
ti-

C
D4

7
+ 
αC

SF
1R

C
D4

7–
LL

O

C
D4

7–
LL

O
+ 
αC

SF
1R

C
D4

7–
LL

O

C
D4

7–
LL

O
+ 
αC

D8 Ig
G

αC
D8

C
D4

7–
LL

O

C
D4

7–
LL

O
+ 
αC

D8

500

1,000

1,500

2,000

P = 0.01

P = 0.036

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Tu
m

or
 v

ol
um

e 
(m

m
3 )

1 4 7 10
0

200

400

600

800

Time (d)

P < 0.0001

0

400

800

1,200

P = 0.008

Tu
m

or
 v

ol
um

e 
(m

m
3 ) P = 0.01

1 4 7 10
0

300

600

900

1,200

1,500

Time (d)

0

5

10

15

20

25

Tu
m

or
-in

fil
tr

at
in

g 
F4

/8
0+

ce
lls

 (p
er

ce
nt

 o
f C

D4
5+  c

el
ls

) P = 0.67

P = 0.0005

d e f g

cba

0

5

10

15
P < 0.0001

Sp
le

ni
c 

C
D8

+  T
 c

el
ls

 (%
)

Tumor
inoculation

i.t. treatment
1 i.t. treatment

2
i.t. treatment

3

10 11 13 15 17 19 21 23

Tumor-bearing 
mice are 

randomized

Antibody
1

Antibody
2

Antibody
3

Antibody
4

Antibody
5

Antibody
6

Antibody
7

Day 0

CD47–LLO + αCD8

CD47–LLO
IgG

αCD8

An
ti-

C
D4

7

An
ti-

C
D4

7
+ 
αC

SF
1R

C
D4

7–
LL

O

C
D4

7–
LL

O
+ 
αC

SF
1R

Fig. 7 | CD47–LLO requires macrophages and CD8+ T cells for tumor cell 
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antibody and anti-CSF1R antibody (n = 4) or CD47–LLO and anti-CSF1R antibody 
(n = 6). c,d, Tumor volumes were monitored and analyzed for the indicated 
periods (c) and quantified at 10 d after treatment initiation (d). For anti-CSF1R 
(αCSF1R)-treated animals, n = 6 for anti-CD47 antibody and n = 8 for CD47–LLO. 

For IgG-treated animals, n = 4 for anti-CD47 antibody and n = 7 for CD47–LLO. 
e, Efficiency of CD8+ T cell depletion was evaluated ex vivo in mouse spleens 
after treatment with CD47–LLO with and without anti-CD8 antibody. Data show 
n = 3 C57BL/6 mice per treatment group. f,g, Tumor volumes were monitored 
and analyzed for the indicated periods (f) and quantified at 10 d after treatment 
initiation (g). n = 5 for all treatment groups. Data shown represent mean ± s.e.m. 
(c,f) or mean ± s.d. (b,d,e,g) analyzed by one-way analysis of variance with Tukey’s 
multiple-comparison test (b,d,e,g) or two-way analysis of variance with Tukey’s 
multiple-comparison test (c,f).

http://www.nature.com/natcancer


Nature Cancer | Volume 6 | March 2025 | 511–527 521

Article https://doi.org/10.1038/s43018-025-00919-0

 R
ad

ia
nc

e 
(p

 s
−1

 c
m

−2
 s

r−1
)

Anti-CD47 (i.t.) CD47–LLO (i.t.)
12 d 28 d 32 d 36 d12 d 16 d 20 d 28 d

16 20 24 28 32
105
106
107
108
109

1010

Time (d)

Anti-CD47 (i.t.)
CD47–LLO (i.t.)

P = 0.0060

Pr
ob

ab
ili

ty
 o

f s
ur

vi
va

l

P = 0.0031

+Anti-PD-1

Anti-CD47 (i.p.)

CD47–LLO (i.p.)

CD47–LLO (i.p.) + anti-PD-1

Anti-CD47 (i.p.) + anti-PD-1

Anti-PD-1

0 20 40 60
0

50

100

Time (d)

0

10

20

30

40
P 

= 
0.

00
40

P = 0.0016

Tu
m

or
 C

D8
+  T

 c
el

ls

0

Anti-C
D47

CD47–
LL

O

5

10

15

20

25

Pe
rc

en
t

PD
-L

1+ DA
PI

+  (%
) P = 0.0367

0

20

40

60

80

100

Pe
rc

en
t C

D8
+ PD

-1
+  (%

)

P = 0.0104

C
D8

 P
D-

1

Anti-CD47 CD47–LLO

PD
-L

1

Anti-CD47 CD47–LLO

12 d 16 d 20 d 28 d 32 d 36 d 40 d

Anti-CD47
CD47–LLO

5

2

1

5

2

1

5

2

1

5

2

1

5

2

1

3,000

1,000

300

5

2

1

5

2

1

Anti-CD47 (i.t.)
CD47–LLO (i.t.)

105Ra
di

an
ce

 (p
 s

−1
 cm

−2
 s

r−1
)

106

107

108

109

Time (d)
16

Anti-C
D47

CD47–
LL

O

Anti-C
D47

CD47–
LL

O

20 24 28 32 36

CD47–LLO (i.p.) 

Anti-CD47 (i.p.) + anti-PD-1

P = 0.0248

P = 0.0488

Anti-CD47 (i.p.) 

Anti-PD-1 P = 0.0203

CD47–LLO (i.p.) + anti-PD-1

Time (d)

Pr
ob

ab
ili

ty
 o

f s
ur

vi
va

l

Anti-CD47 (i.p.) 
CD47–LLO (i.p.) 

Anti-CD47 (i.p.) + anti-PD-1
CD47–LLO (i.p.) + antiPD-1

P = 0.0007

Anti-PD-1

0 20 40 60 80
0

50

100

CD8–PE

Th
y1

.2
–A

PC

Anti-CD47 (i.p.) CD47–LLO (i.p.)

Anti-CD47 (i.p.) CD47–LLO (i.p.)

+Anti-PD-1

103
104
105

102

106

4T
1B

r4
EO

77
1

EO77
1

EO77
1

4T1B
r4

0

20

40

60

80

Sp
ot

s 
pe

r w
el

l

P = 0.0458

P > 0.9999

4T1B
r4

4T
1 t

um
or

 v
ol

um
e 

(m
m

3 )

Time (d)

Treatment naive
i.t., CD47–LLO, survivor
i.p., CD47–LLO, survivor

8 11 14 16 20 24 28
0

200

400

600

800

1,000

4T1Br4
survivor

IFN-γ

4T1Br4
naive

4T1Br4 survivor
4T1Br4 tumor naive

Long-term survivor of 4T1Br4
tumor rechallenge

Splenic 
CD8+ cells

IFN-γ release

b ca

j

i

f g
d e

k l

h

m

o

n

p

+Tumor cells

3,000

1,000

300

Radiance (108) (p s−1 cm−2 sr−1)

3.0 12

8.2 20

3,000

1,000

300

3,000

1,000

300

3,000

1,000

300

3,000

1,000

300

3,000

1,000

300

Radiance (108) (p s−1 cm−2 sr−1)

103

104

105

102

106

10
4

10
5

103
104
105

102

10
3

10
2

10
1

106

10
6

10
4

10
5

103

104

105

102

10
3

10
2

10
1

106

10
6

10
4

10
5

10
3

10
2

10
1

10
6

10
4

10
5

10
3

10
2

10
1

10
6

http://www.nature.com/natcancer


Nature Cancer | Volume 6 | March 2025 | 511–527 522

Article https://doi.org/10.1038/s43018-025-00919-0

organs revealed no changes in tissue morphology, necrosis or inflam-
mation after administration of CD47–LLO, either as monotherapy or 
in combination with anti-PD-1 antibody (Extended Data Fig. 10f). How-
ever, inflammatory cytokines including IL-6 and IL-1β were elevated in 
mouse serum in the hours after intraperitoneal CD47–LLO administra-
tion (Extended Data Fig. 10g,h). We also noted an increase in anti-LLO 
antibodies in the serum of some mice weeks after treatment completion 
(Extended Data Fig. 10i). These findings suggest that, although systemi-
cally delivered CD47–LLO synergizes with T cell checkpoint blockade, 
it also carries risks of systemic inflammation and an anti-drug antibody 
(ADA) response. Overall, CD47–LLO effectively sensitized poorly immu-
nogenic tumors to PD-1 blockade, thereby providing a rationale for the 
use of CD47–LLO in combination with immune checkpoint inhibitors 
to generate systemic anti-tumor responses.

To verify the generation of tumor-specific memory in CD47–
LLO-treated tumor-free animals, we rechallenged treatment-naive 
(unimmunized) mice and mice with long-term survival. Long-term 
survivors were found to be resistant to 4T1Br4 tumor cell rechallenge, 
suggesting that CD47–LLO produced anti-tumor memory responses 
(Fig. 8m). We collected T cells from the spleens of CD47–LLO-treated 
mice that survived 4T1Br4 tumor rechallenge and then rechallenged 
them with EO771 or 4T1Br4 cells in vitro (Fig. 8n). Only 4T1Br4 cells 
elicited a robust IFN-γ response (Fig. 8o,p). Together, these results pro-
vide compelling evidence that CD47–LLO enhances local and systemic 
immune activation to drive tumor-specific memory in vivo.

Discussion
The adoption of bacteria as nonspecific immune stimulants dates 
back over a century, when Coley toxins were found to retard the 
growth of malignant tumors43. LLO operates by permeabilizing 
cholesterol-rich phagolysosome membranes, facilitating the escape  
of L. monocytogenes into the cytosol13–15. This life cycle exposes 
Listeria-derived proteins to both MHC class II presentation after 
lysosomal degradation and MHC class I presentation after cytosolic 
release. These unique characteristics have led to investigations of  
L. monocytogenes as a delivery vector for antiviral and tumor antigens, 
including DNA vaccines with LLO fusion proteins and chemical conju-
gates combining LLO with external antigens44–49. These systems have 
been used to immunize against tumor challenge with varying degrees 
of success. However, LLO has not yet been exploited to enhance the 
cytosolic immune detection or presentation of engulfed tumor cargo. 
Based on its effects of increasing phagocytosis and the cytosolic deliv-
ery of tumor peptides and DNA, CD47–LLO demonstrates enhanced 
therapeutic effectiveness against a variety of solid tumors compared 
with anti-CD47 antibody alone and shows synergistic effects when 
combined with anti-PD-1 therapy. These results together support 
CD47–LLO’s potential to join an expanding platform of ADCs that 
leverage immune-stimulating strategies, including TLR7 and TLR8 
agonism50, to enhance APC functionalities.

Intratumoral delivery of CD47–LLO produced a systemic anti- 
tumor response that bridged innate and adaptive immunity. Pre-
vious clinical trials employing bacterial toxins and immune ago-
nists have identified nonspecific immune stimulation and dose 
frequency-dependent ADA titers as factors affecting drug tolerability, 
pharmacokinetics and systemic exposure51,52. We also detected signals 
of broader immune activation with systemic delivery of CD47–LLO. 
Cytokine levels in animal serum increased hours after intraperitoneal 
administration, and ADAs arose weeks after the animals completed 
treatment. Image-guided intratumoral injection of ADCs is being widely 
evaluated and, given these mentioned concerns, may be a better-suited 
administration route for CD47–LLO53. Future CD47–LLO derivatives, 
including conjugates with optimized anti-CD47 Fc domains54, may 
further enhance its therapeutic efficacy and potential toxicity. The 
versatility of click chemistry-empowered protein–antibody assembly 
will also enable exploration of LLO conjugates with other phagocyto-
sis checkpoint inhibitors55. These investigations will improve tumor 
targeting efficiency and toxin payload delivery and thereby advance 
ATCs for cancer immunotherapy applications.

Methods
Ethics statement
All mouse experiment protocols were reviewed and approved by the 
Institutional Animal Care and Use Committee of the University of Texas 
MD Anderson Cancer Center (00002163) and the University of Texas 
Southwestern Medical Center (2018-102602).

CD47–LLO and IgG–LLO antibody conjugation
The MIAP410 antibody (Bio X Cell, BE0283) was dialyzed against PBS 
buffer, pH 7.2. The dialyzed antibody was then modified with the click 
chemistry labeling reagent DBCO–PEG4–NHS ester (Conju-Probe, 
CP-2028) for 30 min at room temperature. Excess cross-linker was 
removed by dialysis against PBS buffer, pH 7.2. The buffer of LLO protein 
(GenScript) was exchanged for PBS buffer, pH 7.2 with a PD-10 column 
(GE Healthcare, 17085101), followed by modification with the click 
chemistry cross-linking reagent SPDP–PEG11–azide (BroadPharm, 
BP-25143). Excess click reagent was removed by buffer exchange, and 
then the modified LLO protein was mixed with antibody and allowed to 
react overnight at room temperature. Unconjugated antibody and LLO 
proteins were removed by affinity and size exclusion chromatographic 
methods, respectively. The coupling efficiency was determined by 
reducing 4–15% gradient SDS–PAGE, and the major products had a molar 
ratio (LLO protein/antibody) of ~1–2 to 1. The conjugate was concen-
trated to 2 mg ml−1 in PBS buffer, pH 7.2 and stored at 4 °C. Mouse IgG1 
(Bio X Cell, BE0083) was conjugated to LLO by using similar methods.

Transmission electron microscopy
Samples with protein A Au-NPs (Nanocs, GP20-PA-1) were fixed with 
a solution containing 3% glutaraldehyde plus 2% paraformaldehyde 

Fig. 8 | CD47–LLO drives systemic anti-tumor immunity to inhibit breast 
cancer metastasis. a,b, Representative IVIS spectrum images (a) and quantified 
signal intensity (b) of Luc-4T1Br4 breast tumors before tumor debulking (that 
is, on day 12 after tumor inoculation) and after tumor debulking (that is, days 
16–36). n = 7 for CD47–LLO and n = 7 for anti-CD47 antibody. c, Survival curves 
for each treatment group. d, Arrowheads show CD8+ cells (red) co-labeled with 
anti-PD-1 antibody (green). Scale bar, 20 µm. e, Quantification of CD8+ cells that 
co-labeled with anti-PD-1 (n = 3 biologically independent experiments). f, PD-L1 
protein expression levels in frozen tissue tumor sections. Scale bar, 20 µm.  
g, Quantification of DAPI+ cells that co-labeled with anti-PD-L1 (n = 3 biologically 
independent experiments). h,i, Flow cytometry analysis (h) and quantification 
(i) of CD8+ T cells isolated from 4T1Br4 tumors treated with intraperitoneal 
(i.p.) CD47–LLO (n = 5), anti-CD47 antibody (n = 5), anti-CD47 plus anti-PD-1 
antibody (n = 6) or CD47–LLO and anti-PD-1 antibody (n = 8). j,k, Representative 
IVIS spectrum images (j) and quantified signal intensity (k) of Luc-4T1Br4 breast 

tumors. n = 4 for intraperitoneal CD47–LLO, n = 7 for anti-CD47 antibody.  
For mice treated with anti-PD-1 antibody, n = 6 for anti-PD-1 antibody alone, 
n = 8 for anti-CD47 antibody and n = 6 for CD47–LLO. l, Survival curves for each 
treatment group. CD47-LLO, n = 5; anti-CD47 antibody, n = 7; anti-PD-1 antibody, 
n = 5; other treatment groups, n = 6. m, Tumor volumes were monitored for the 
indicated periods. n = 5 tumor-naive animals, n = 3 intratumoral CD47–LLO 
animals, n = 4 intraperitoneal CD47–LLO animals. n, Schematic illustrating 
the establishment of splenic CD8+ T cell tumor co-cultures. o,p, IFN-γ ELISPOT 
assay, scale bar, 1 mm (o) and quantification (p). n = 3 biologically independent 
samples. Data shown represent mean ± s.e.m. (b,e,g,k,m) or mean ± s.d. (i,p) 
analyzed by two-sided unpaired Student’s t-test (e,g,p), Welch analysis of 
variance with Dunnett’s multiple-comparison test (i), two-way analysis of 
variance with the Benjamini, Krieger and Yekutieli multiple-comparison test 
(b,k) or two-sided log-rank (Mantel–Cox) test (c,l). Panel n created by modifying 
graphics from BioRender.com.
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in 0.1 M cacodylate buffer, pH 7.3 and then washed with 0.1 M 
sodium cacodylate buffer and treated with 0.1% Millipore-filtered 
cacodylate-buffered tannic acid, postfixed with 1% buffered osmium 
tetroxide and stained en bloc with 1% Millipore-filtered uranyl ace-
tate. The samples were dehydrated with increasing concentrations 
of ethanol, infiltrated and embedded in LX-112 medium. The samples 
were polymerized in an oven at 60 °C for approximately 3 d. Ultrathin 
sections were cut in a Leica Ultracut microtome (Leica), placed on 
Formvar-coated single-slot copper grids, stained with uranyl acetate 
and lead citrate and examined in a JEM 1010 transmission electron 
microscope ( JEOL) at an accelerating voltage of 80 kV. Digital images 
were obtained with an AMT Imaging System (Advanced Microscopy 
Techniques).

To quantify numbers of intact vacuoles within BMDMs, images 
were converted to grayscale and processed with Icy Software (version 
3.0, Institut Pasteur, Quantitative Image Analysis Unit; http://www.icy.
bioimageanalysis.org). Intact cytoplasmic vacuoles were detected and 
quantified per BMDM by using the HK-Means segmentation platform27.

Mice
C57BL/6J, C57BL/6J-Sting1gt/J, BALB/cJ and OT-I (C57BL/6-Tg(TcraTcrb)-
1100Mjb/J) rodents were procured from Jackson Laboratory and main-
tained at the animal facility of the University of Texas MD Anderson 
Cancer Center in a pathogen-free environment, with an ambient tem-
perature of 22 °C and a humidity content of 50%. These mice were 
sustained on a regular diet and hydration schedule, under a cycle of 
12 h of light followed by 12 h of darkness. For orthotopic breast cancer 
models, tumors were inoculated into the mammary fat pad of female 
rodents aged 6 to 8 weeks. For orthotopic melanoma models, tumors 
were inoculated into the right flank of male C57BL/6J mice aged 6 to 
8 weeks. For the depletion of CD8+ T cells, each rodent was given an 
intraperitoneal injection of 300 µg of anti-CD8 antibody, dispensed 
24 h before other interventions (InVivoMAb, BE0117). Similarly, for 
the elimination of F4/80+ cells, an intraperitoneal injection of 300 µg 
of anti-CSF1 antibody was given to each mouse, also 24 h in advance 
of further treatments (InVivoMAb, BE0213). These injections were 
replicated every 72 h until the end of the study. All procedures involving 
animals were authorized and performed according to the standards of 
the Institutional Animal Care and Use Committee of the University of 
Texas MD Anderson Cancer Center. In line with animal ethics guide-
lines, the mice were humanely euthanized when the tumor diameter 
reached 20 mm or when the animals displayed indicators of distress 
that aligned with the established institutional standards for initiating 
early euthanasia in all experiments of tumor inhibition. Signs for eutha-
nasia include labored breathing, abnormal movement, hypothermia, 
hunched posture and more than 20% of body weight loss compared 
with baseline. Maximal tumor diameter was not exceeded in this study.

Cell cultures
The 4T1 mouse mammary carcinoma cell line was obtained from the 
American Type Culture Collection. The Luc-4T1Br4 variant, incorpo-
rating the red-shifted firefly luciferase (Red-FLuc) gene from Luciola 
italica, was measured for bioluminescence with an in vivo imaging 
system (IVIS) to evaluate luminescent intensity56. The EO771 mouse 
mammary carcinoma cell line was acquired from CH3 BioSystems. The 
mouse melanoma D4M3A cell line was a gift from D. Fisher (Massachu-
setts General Hospital). The mouse KPC cell line was a gift from D. Jiang 
(MD Anderson Cancer Center). Mouse BMDMs and BMDCs were iso-
lated from the femoral bone marrow of the posterior limbs of C57BL/6J 
mice and established according to previous protocols. BMDMs were 
proliferated and activated with macrophage colony-stimulating factor 
(M-CSF, 50 ng ml−1) by standardized methods. For BMDC differentia-
tion, monocytes from bone marrow were differentiated in cell culture 
medium including granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF, 20 ng ml−1) and IL-4 (10 ng ml−1) for 10 d. The authenticity 

of these cultivated cells was confirmed by flow cytometry, identi-
fying BMDMs as CD45+CD11b+ and BMDCs as CD45+CD11c+MHC-II+. 
The 4T1Br4, KPC, D4M.3A and EO771 cultures were propagated in 
RPMI 1640 medium, whereas BMDMs and BMDCs were propagated in 
DMEM medium. All growth media were supplemented with 10 mmol l−1 
HEPES, 10% FBS, 1% sodium pyruvate, 100 U ml−1 penicillin G sodium 
and 100 µg ml−1 streptomycin sulfate. Cells were incubated at 37 °C 
in a humid atmosphere with a 5% CO2 balance. All employed cell cul-
tures were regularly examined and validated as free of Mycoplasma 
by biochemical testing with Hoechst staining. Flow cytometry gating 
strategies are shown in Supplementary Fig. 5.

Macrophage and dendritic cell phagocytosis assay
EO771 cells were labeled with CFSE dye according to the supplier’s 
instructions (Invitrogen, C34554) and then seeded (1.5 × 105 cells per 
12-well plate) overnight. Cells were treated with 2 µg ml−1 IgG, IgG–
LLO, anti-CD47 antibody or CD47–LLO for 3 h before the addition of 
BMDMs or BMDCs (4.5 × 105 cells) and incubated at 37 °C or at 4 °C in 
the presence or absence of 0.02% sodium azide for 12 h. The combined 
cell populations were gathered and fixed with 4% paraformaldehyde. 
BMDMs were stained for CD11b, and BMDCs were stained for CD11c and 
MHC-II. Flow cytometry analysis was used to evaluate the phagocytosis 
of CFSE+ EO771 cells by BMDMs and BMDCs.

T cell activation and proliferation
CD8+ T cells were collected from the spleens of OT-I transgenic mice 
and isolated according to the manufacturer’s guidelines (CD8a+ T Cell 
Isolation Kit, mouse, Miltenyi Biotec). BMDMs co-cultured with cancer 
cells were treated with IgG, anti-CD47 antibody or CD47–LLO for 1 d 
before the addition of Far Red-stained OT-I cells. Cells were incubated 
for 3 d to allow T cell proliferation and activation. The cells were then 
isolated and stained with fluorophore-tagged antibodies and a cell 
viability dye. The Invitrogen CellTrace Far Red kit was used to monitor 
distinct generations of proliferating cells by dye dilution.

Confocal laser scanning microscopy for phagocytosis
To visualize phagocytosis, EO771 cells pre-stained with CFSE were 
seeded on confocal chamber slides (eight-chamber slide systems, 
Lab-Tek II), and then BMDMs stained with Far Red Cell Proliferation 
Dye (Invitrogen, C34572) were added to the chamber. The cells were 
incubated for 12 h in the presence of 2 µg ml−1 CD47–LLO, anti-CD47 
antibody, IgG–LLO or IgG and then fixed with 4% paraformaldehyde 
solution. The chamber slides were mounted, and cell images were 
obtained by confocal microscopy (FV3000, Olympus).

Enzyme-linked immunosorbent assay for cytokines
For supernatant collection in vitro, EO771 cells were co-cultured with 
BMDMs and 2 µg ml−1 CD47–LLO, anti-CD47 antibody, IgG–LLO or IgG 
for 24 h. Cytokines were quantified with mouse ELISA kits according 
to the manufacturer’s instructions: mouse TNF (ELISA MAX Deluxe Set 
Mouse TNF-α, BioLegend), mouse IFN-γ (ELISA MAX Deluxe Set Mouse 
IFN-γ, BioLegend), IL-6 (ELISA MAX Deluxe Set Mouse IL-6, BioLegend), 
mouse IL-1β (ELISA MAX Deluxe Set Mouse IL-1β, BioLegend).

Western blotting
Cells were lysed with RIPA Lysis and Extraction Buffer (Thermo Fisher) 
enriched with 1% protease inhibitor mixture (Thermo Fisher, 78429) 
in accordance with the manufacturer’s guidelines. Protein isolates 
were acquired from the supernatants, and their concentrations were 
measured with a BCA protein assay. The extracts were then boiled for 
10 min, and equal amounts from each sample were loaded onto 10% 
SDS–PAGE minigels for gel electrophoresis (80 V in the stacking gel and 
120 V in the resolving gel). After electrophoresis, the proteins in the gels 
were transferred to polyvinylidene difluoride membranes (Bio-Rad) 
and blocked using a 5% milk solution for 1 h at room temperature. 
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These membranes were then incubated with primary antibodies at 
4 °C overnight and subsequently with secondary antibodies accord-
ing to the protocol provided by the manufacturer (p-STING (Ser366) 
pAb (PA5-105674, Thermo Fisher Scientific, dilution of 1:200), STING 
(D2P2F) rabbit mAb (13647, Cell Signaling Technology, dilution of 
1:200), cGAS (D3O8O) rabbit mAb (31659, Cell Signaling Technology, 
dilution of 1:200). The protein signals were detected using X-ray film 
for band intensity analysis. β-actin (4967, Cell Signaling Technology, 
dilution of 1:500) was used as a benchmark for the loading control.

Real-time qPCR
RNA was isolated from cells by using TRIzol Reagent (Invitrogen) in 
accordance with the manufacturer’s guidelines. For mRNA target iden-
tification, RNA strands were converted into complementary DNA 
using a cDNA Synthesis supermix kit (Bio-Rad). The synthesized cDNA 
was then amplified and assessed using real-time PCR supermix kits 
(Bio-Rad) with CFX Manager Software. The expression levels of each 
gene were calibrated against the expression of the gene encoding 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers for 
mouse IFN and GAPDH genes were procured from Bio-Rad (mouse 
Gapdh, qMmuCED0027497; mouse Ifna1, qMmuCED0041680; mouse 
Ifnb1, qMmuCED0050444).

Tumor models
Orthotopic mammary fat pad tumors were established by injecting 
mouse breast cancer cells (EO771 in C57BL/6J mice for the primary 
tumor model, 4T1Br4 in BALB/cJ mice for the metastatic tumor model) 
at 1 × 106 cells in 50 µl PBS per mouse. Orthotopic melanoma models 
were established by injecting D4M.3A mouse cancer cells into the 
right flank at 1 × 106 cells in 50 µl PBS per mouse. Tumors were meas-
ured with calipers, and tumor volumes were calculated according to 
an ellipsoid formula (1/2 × length × width2). Mice with 90–150-mm3 
tumors were randomly assigned into different treatment groups at 
10 d (EO771 C57BL/6J tumor models, D4M.3A C57BL/6J tumor models) 
or 6 d (4T1 BALB/cJ tumor models) after tumor inoculation. For the 
EO771 C57BL/6J and D4M.3A C57BL/6J tumor models, 25 µg of IgG, 
anti-CD47, IgG–LLO, CD47–LLO and CD47–LLO-NC treatments were 
given intratumorally on days 10, 12 and 14. For the 4T1Br4 BALB/cJ 
animals receiving intratumoral injection, all groups were treated on 
days 7, 9 and 11. For the 4T1Br4 BALB/cJ animals given intraperitoneal 
injections, 100 µg of anti-CD47 antibody or CD47–LLO was given on 
days 8 and 10. The anti-PD-1 groups were given anti-PD-1 antibody 
(200 µg per mouse, InVivoMAb, BE0146) intraperitoneally on days 
7, 9, 11, 14, 16 and 18.

In the metastasis model, primary 4T1Br4 tumors were surgically 
resected at day 13 after tumor inoculation to allow for the development 
of spontaneous metastases. Briefly, anesthetized mice were restrained 
on the operating table and given preemptive analgesia. A 3–4-mm inci-
sion was made around the tumor mass, exposing the skin covering the 
tumor and the mammary fat pad. Once the primary tumor was exposed, 
the tumor was carefully removed. Skin flaps were sutured closed. The 
mice were kept warm until recovery from anesthesia and were allowed 
to move around freely thereafter. Mice were imaged by biolumines-
cence to identify any residual tumor remaining after surgery.

For the tumor rechallenge experiments, mice that received intra-
tumoral CD47–LLO and survived >80 d after 4T1Br4 inoculation were 
re-inoculated with 1 × 106 4T1Br4 cells. Mice that received intraperito-
neal CD47–LLO and survived >80 d after 4T1Br4 inoculation were also 
re-inoculated with 1 × 106 4T1Br4 cells. Procedures in tumor growth 
experiments were consistent across all the tumor models.

Flow cytometry in vivo
Tumors and spleens were excised from tumor-bearing mice 1 or 2 d 
after the final treatment. Tumors were dissociated into single-cell 
suspensions by using a mouse tumor dissociation kit (Miltenyi Biotec).  

CD45+ cells were enriched by using a CD45-positive selection method 
(CD45 MicroBeads, mouse, Miltenyi Biotec). Splenocytes were obtained 
by grinding the spleens and then lysing red blood cells. Both types of 
cells were stained with the corresponding antibodies for analysis by 
flow cytometry. Data were collected using BD Accuri C6 software ver-
sion 227. Supplementary Table 1 provides information on antibody 
dilutions and amounts, company names, catalog numbers and clone 
numbers for all antibodies used in the study.

OVA tetramer assay
EO771-cOVA cells (1 × 106) were inoculated into the mammary pad 
of C57BL/6 mice. Intratumoral injections of CD47–LLO, anti-CD47 
antibody, IgG–LLO and IgG were given to tumor-bearing mice from 
day 10 to day 14. Tumors collected on day 16 were dissociated, and 
tumor-infiltrating lymphocytes were isolated by the CD45+ enrichment 
method described above. Cells were stained with Aqua cell viability 
dye, PE-Cy7 anti-CD45 antibody, APC anti-Thy1.2 antibody, PE anti-CD8 
antibody and BV421 OVA tetramer (MBL) to verify OVA tetramer+CD45+

Thy1.2+CD8+ populations. Antibodies for surface staining were used at 
a 1:100 dilution and for intracellular staining at a 1:50 dilution.

Preparation of single-cell suspensions for scRNA-seq
Tumor tissues were prepared for single-cell fixed RNA profiling accord-
ing to the manufacturer’s instructions (10x Genomics, 1000414). 
Briefly, EO771 tumor-bearing C57BL/6 female mice were treated with 
25 µg of IgG, anti-CD47 antibody or CD47–LLO via intratumoral injec-
tion on days 10, 12 and 14 after tumor inoculation. On day 16, mice 
were euthanized, and tumors were excised, cut into small pieces and 
digested for 10 min with collagenase D into a single-cell suspension 
according to the manufacturer’s instructions (Roche Applied Sci-
ence). Single-cell suspensions were filtered through a 30-µm strainer, 
labeled with Aqua and anti-CD45–PE antibody and fixed according 
to the manufacturer’s instructions. Fluorescence-activated cell sort-
ing was used to collect 100,000 Aqua-negative CD45–PE+ cells per 
tumor. For scRNA-seq analysis, CD45+ cells were pooled into three 
samples (CD47–LLO, anti-CD47 antibody and IgG), with n = 4 for CD47–
LLO-treated tumors, n = 4 for anti-CD47-treated tumors and n = 3 for 
IgG-treated tumors.

scRNA-seq library preparation for 10x Genomics single-cell 3′ 
sequencing
Single-cell gene expression libraries for each of the three samples were 
prepared separately by following the protocols for Chromium Fixed 
RNA Profiling Reagent Kits for Multiplexed Samples (10x Genomics, 
User Guide, CG000527) To generate fixed RNA gene expression librar-
ies, fixed single-cell suspensions were mixed with probes (PN-1000456) 
and hybridized overnight (16–24 h) at 42 °C. Cells with unique bar-
codes were pooled and mixed with the single-cell master mix, and the 
resulting cell suspensions were loaded on a 10x Chromium X system 
to capture. Gene expression libraries were generated by using a Single 
Cell Fixed RNA Hybridization & Library Kit (PN-1000415). All libraries 
were sequenced on an Illumina NovaSeq 6000 platform.

Single-cell RNA-seq analysis
Cell Ranger 7.1.0 (RRID:SCR_017344) was used to align the reads with 
the mouse reference genome GRCm39. For quality control, doublets 
were identified using Scrublet (RRID:SCR_018098) with a doublet score 
of >0.1, and cells were identified with number of features <200 and 
percentage of mitochondrial RNA >5. After the removal of low-quality 
data and doublets, single cells were normalized to the library size and 
log2 transformed by using Seurat version 4.3.0.1 (RRID:SCR_016341). 
Next, principal-component analyses based on the 2,000 most variably 
expressed genes was used for dimensional reduction. Principal compo-
nents were used as input for Louvain-based graphing with a resolution 
of 0.2. Clustered-specific gene expression was used for cell annotation.
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Gene set enrichment analysis
Differentially expressed genes were generated by using a fast  
Wilcoxon rank-sum test (presto package version 1.0.0, https://github.
com/immunogenomics/presto). The gene list was used as input for 
the fgsea version 1.24.0 (RRID:SCR_020938) R package to identify 
enrichment of gene sets from the Kyoto Encyclopedia of Genes and 
Genomes (RRID:SCR_012773).

CellChat
CellChat version 1.6.1 (RRID:SCR_021946) and the CellChat mouse 
database of ligands and receptor pairs were used to identify changes 
in cell-to-cell communication patterns in CD47–LLO-treated tumors. 
We included ligands and receptors expressed in at least 10% of the 
population (default cutoff) and excluded any population with less than 
a minimum of 20 cells. CellChat then calculated the communication 
probability at the signaling pathway level, using a P-value threshold of 
0.5 to determine significant interactions. Finally, plots were generated 
by using the built-in functions within CellChat and significant com-
munications identified between cell types.

Immunohistochemical analysis
Tumor tissues were embedded in OCT, frozen, cryosectioned into 
20-µm slices and mounted on slides. Slides were fixed, washed with 
TBS-T and blocked in TBS-T containing 3% BSA and 10% goat serum 
for 1 h. Slides were incubated with primary antibodies overnight and 
then washed and stained with appropriate secondary antibodies. 
Slides were then washed, mounted with coverslips, and analyzed by 
confocal or wide-field microscopy. To quantify numbers of immune cell 
populations within tumors, images were converted to grayscale and 
processed with Icy Software (version 3.0; Institut Pasteur, Quantitative 
Image Analysis Unit; http://www.icy.bioimageanalysis.org). Individual 
fluorescent cell populations were detected and quantified per field of 
view by using the HK-Means segmentation platform27.

To measure p-STING fluorescence intensity within F4/80+ tumors, 
p-STING fluorescence (mean intensity of signal) was detected by using 
the ROI Statistics plugin from Icy Bioimaging Software. Individual 
F4/80+ cells were identified with the HK-Means segmentation platform.

Hematoxylin and eosin staining
Paraffin sections were prepared by fixing tissue samples in 4% formalin 
for >24 h. After fixation, the samples were dehydrated with graded 
ethanol solutions and embedded in paraffin blocks. Sections of 4–5 µm 
in thickness were cut from the paraffin blocks by using a microtome 
and mounted onto glass slides. The sections were subsequently depar-
affinized and rehydrated for staining with hematoxylin and eosin to 
visualize the cellular and tissue structures. The deparaffinized sec-
tions were incubated in a hematoxylin solution to stain the nuclei, 
followed by a brief rinse in running water. Next, the sections were 
differentiated in acid alcohol to remove excess hematoxylin, rinsed 
and counterstained with an eosin solution to highlight the cytoplasm 
and extracellular components. The stained sections were dehydrated 
with ethanol, cleared with xylene and mounted with a coverslip with 
mounting medium.

Anti-drug antibody assay
Recombinant LLO protein (40 µg ml−1) was coated onto assay plates 
(MSD, L15XA-3) at 4 °C overnight. The next day, the plates were blocked 
with blocking buffer (MSD, R93AA-1) at room temperature for 1 h. 
The positive control antibody (anti-listeriolysin antibody, Abcam 
ab200538) and the mouse serum were diluted in blocking buffer 
and added to the plate. After a 1-h incubation at room temperature, 
plates were washed three times with PBS containing 0.05% Tween. 
The sulfo-tag secondary antibodies (MSD, R32AC-1 and R32AB-1) were 
diluted to 1:500 in blocking buffer and incubated with the plates for 1 h 
at room temperature. After three washes with PBS containing 0.05% 

Tween, read buffer (MSD, R92TC-2) was added and the plates were read 
with a MESO SECTOR S 600MM reader. The concentration of anti-LLO 
antibody in each serum sample was calculated based on the linear 
regressed standard curve generated by the positive control antibody.

Biodistribution assays
CD47–LLO and IgG1 (Bio X Cell, BE0083) were labeled with IR800CW–
NHS ester (LI-COR) and conjugated according to the manufacturer’s 
protocol. Briefly, IR800CW-tagged CD47–LLO or IgG1 was intratumor-
ally or intraperitoneally injected into EO771 tumor-bearing mice. For 
biodistribution studies, IVIS images were obtained at predetermined 
time points. At 24 h after intratumoral injection or at 36 h after intra-
peritoneal injection, the mice were euthanized, organs and tumors 
were collected and then IVIS was used to quantify the fluorescence 
signals. Data were collected using Living Image Software 4.7.

Apoptosis assay
EO771, 4T1Br4, KPC, D4M.3A (at 2 × 105 cells per 12-well plate) and 
BMDMs (at 5 × 105 cells per 12-well plate) were treated with CD47–LLO 
or LLO for 24 h, as described in the main text. The cells were stained 
with FITC–annexin V and PI according to the manufacturer’s protocol 
(Dead Cell Apoptosis Kits with Annexin V for Flow Cytometry, Thermo 
Fisher Scientific). Apoptotic events were measured by flow cytometry.

Evaluation of systemic toxicity
Six-week-old female C57BL/6J mice were intraperitoneally injected with 
CD47–LLO and anti-PD-1 antibody, CD47–LLO, anti-CD47 antibody or 
IgG. The body weights of the mice in each group were measured on days 
2 and 9 after injection. On day 9, blood samples were collected from 
each mouse via cardiac puncture, and alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), blood urea nitrogen and creatinine 
levels were evaluated from blood plasma and blood cells were used 
to assess the population of leukocytes. To measure serum cytokine 
levels following CD47–LLO treatment, serum from 6-week-old female 
C57BL/6J mice was collected 4 h following intraperitoneal injection. 
In a separate cohort of animals, organs including heart, liver, spleen, 
kidney and lungs were collected 2 d after intraperitoneal injection and 
stained with hematoxylin and eosin to determine toxicity via histologic 
analysis.

Hemolysis assay
Red blood cells were obtained by centrifuging blood samples from 
C57BL/6 mice and then treated with PBS, CD47–LLO or 10% Triton 
X-100 for 2 h at 37 °C. The red blood cells were then centrifuged to 
collect supernatant. The absorbance (A) at 540 nm of each sample was 
detected with a multireader. Hemolysis was calculated as hemolysis 
(%) = (Asample − APBS)/(ATriton X − 100 − APBS) × 100 (%).

Statistics and reproducibility
Data distribution was assumed to be normal, but this was not formally 
tested. No effect size was predetermined. No statistical method was 
used to predetermine sample size. Group sizes for in vivo experiments 
were determined empirically based on prior results of intragroup 
variability in tumor growth upon similar treatments. For in vitro 
experiments, group sizes were selected based on previous publica-
tions and prior knowledge of variation and were replicated at least 
three times in accordance with previously published studies56,57. 
For mouse tumor treatment experiments, mice that spontaneously 
rejected tumors were excluded from randomization and treatment. 
No other data were excluded. All experiments were repeated biologi-
cally, and all results were reproducible. In mouse tumor treatment 
experiments, mice were randomized to different treatment groups 
when the tumor reached a certain size (as described in the Methods). 
The investigators were not blinded to allocation during experiments 
and outcome assessment.
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Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Data supporting the findings of this study are available within the arti-
cle and its Supplementary Information. The sequencing data have been 
deposited in the National Center for Biotechnology Information Gene 
Expression Omnibus database under the publicly available accession 
number GSE255937. The GRCm39-based mouse reference genome is 
available from the UCSC Genome Browser (http://genome.ucsc.edu). 
Source data are provided with this paper.
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Extended Data Fig. 1 | Conjugation of anti-CD47 and IgG1 to Listeriolysin O. 
a, Results of sheep red blood cell (sRBC) haemolysis assay of purified LLO. Data 
show n = 3 biologically independent experiments. b, The MIAP410 antibody 
(BioXCell, Cat#BE0283) or the IgG1 antibody (BioXCell, Cat#BE0083) was 
dialyzed against phosphate-buffered saline (PBS) buffer, pH 7.2, and the dialyzed 
antibody was then modified with the click chemistry labelling reagent DBCO-
PEG4-NHS ester (Conju-Probe, SKU# CP-2028) for 30 min at room temperature. 

The crosslinker in excess was removed by dialysis against PBS buffer, pH 7.2. 
c, The buffer of Listeriolysin O protein (Genscript) was exchanged with PBS 
buffer, pH 7.2, by PD-10 column (GE healthcare, Cat# 17085101), followed by 
modification with the click chemistry crosslinking reagent SPDP-PEG11-azide 
(BroadPharm, Cat# BP-25143). d, SDS-PAGE results of IgG-LLO conjugate 
in reductive and non-reductive loading buffers. Representative gel of n = 4 
biological replicates shown.
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Extended Data Fig. 2 | In vitro toxicity assays of CD47-LLO with cancer cell 
lines. a-h, Flow cytometry analysis and quantification of apoptosis and necrosis 
in 4T1Br4 (a-b), EO771 (c-d), KPC (e-f), and D4M.3 A (g-h) cells after treatment 
with 2 µg/mL CD47-LLO for 0, 6, or 24 hours (n = 4 biologically independent 

experiments for b, d, f, and n = 3 for h). Data shown represent mean ± s.d.  
(b, d, f, h) analyzed by one-way analysis of variance with Tukey’s multiple 
comparisons test.
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Extended Data Fig. 3 | CD47-LLO promotes dendritic cell phagocytosis, 
lysosomal permeabilization, antigen presentation, and cGAS-STING 
activation in vitro. a, Flow cytometry analysis and b, quantification of 
phagocytic activity of bone marrow-derived dendritic cells (BMDCs) as evaluated 
by flow cytometry. BMDCs were collected from n = 3 C57BL6 mice. c, Flow 
cytometry analysis and d, quantification of BMDCs stained with acridine orange. 
BMDCs were collected from n = 4 C57BL6 mice for IgG treatment and n = 3 for 

remaining treatment groups.  e, Flow cytometry analysis and f, quantification of 
cross-presentation of SIINFEKL–H2Kb peptides on the surfaces of BMDCs (n = 3). 
g, Flow cytometry analysis and h, quantification of pSTING levels in BMDCs 
isolated from co-cultures with EO771 cells. n = 4 C57BL6 mice. Data shown 
represent mean ± s.d. (b, d, f, h) analyzed by one-way analysis of variance with 
Tukey’s multiple comparisons test.
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Extended Data Fig. 4 | Antitumour effect of intratumoural CD47-LLO in 4T1Br4 
and EO771 models. a, Schematic of experiments involving intratumoural (IT) 
injections of CD47-LLO or anti-CD47 in syngeneic orthotopic 4T1Br4 breast 
cancer models. b, 4T1Br4 tumour volumes after IT injection of anti-CD47 or 
CD47-LLO. n = 4 for intratumoural CD47-LLO, n = 4 for intratumoural anti-
CD47. c-d, Flow cytometry analysis of CD4+ (c) and CD8+ (d) tumour-associated 

lymphocytes in EO771 tumours at day 16 after tumour inoculation in each group. 
e, Flow cytometry analysis of SIINFEKL–H2Kb tetramer+CD8+ T cells within the 
tumour microenvironment. Data shown represent mean ± s.e.m. (b) analyzed 
by two-way analysis of variance with Tukey’s multiple comparisons test. Panel a 
created by modifying graphics from BioRender.com.

http://www.nature.com/natcancer
http://BioRender.com


Nature Cancer

Article https://doi.org/10.1038/s43018-025-00919-0

Extended Data Fig. 5 | Biodistribution of CD47-LLO after intratumoural and 
intraperitoneal administration in vivo. a, Representative fluorescence images 
and b, quantification of EO771 tumour-bearing mice taken at predetermined 
times after intratumoural injection of IR800CW-tagged CD47-LLO (25 µg). n = 2 
mice. Bilateral tumours enclosed in circles. c, Ex vivo fluorescence images and d, 
quantification of tumour and major organs collected at 24 h after intratumoural 

administration. n = 2 mice. e, Quantification of EO771 tumours taken at 
predetermined times after intraperitoneal injection of IR800CW-tagged  
CD47-LLO (100 µg). n = 4 mice. f, Ex vivo fluorescence images and  
g, quantification of tumour and major organs collected at 36 h after 
intraperitoneal administration. n = 4 mice. Data shown represent mean ± s.d.  
(b, d, e, g) analyzed by two-sided unpaired Student’s t test (g).
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Extended Data Fig. 6 | Tumour-associated CD45+ cells detected by single-cell 
RNA sequencing. a, Uniform manifold approximation and projection (UMAP) 
of all single cells from 3 treatment groups color-coded by cluster from IgG 
(n = 3), anti-CD47 (n = 4), or CD47-LLO (n = 4) treated tumours. b, Heatmap of 20 
differentially expressed genes in clusters, ranked by false discovery rate (FDR) 

from the 3 treatment groups. c, Dot plot showing marker expression for  
different clusters from the 3 treatment groups. Dot size indicates the percentage 
of cells in each cluster expressing the gene and colors indicate the average 
expression levels.
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Extended Data Fig. 7 | Tumour-associated neutrophils are enriched in CD47-
LLO tumours. a, Representative images show levels of Ly-6g+ (top) and Ly-6g + /
Cd11b+ (bottom) cells detected by immunostaining in 4T1Br4 breast tumour 
frozen tissue sections. Scale bar, 10 µm. b, Quantification of Ly-6g+ cells per 
DAPI+ cells per field of view (n = 15 per treatment condition from n = 3 biologically 
independent tumours per condition). c, Uniform manifold approximation and 
projection (UMAP) of only CD45+ granulocytes color-coded by sample from 
IgG (n = 3), anti-CD47 (n = 4), or CD47-LLO (n = 4) treated tumours. d, UMAP 

projection of only CD45+ granulocytes color-coded by cluster. e, Numbers of cells 
(y-axis) from each cluster (x-axis) color-coded by sample. f, Percentage of cells 
(y-axis) from each cluster (x-axis) color-coded by sample. g, Dot plot depicting 
the top 5 differentially expressed genes per granulocyte cluster. The dot size 
indicates the percentage of cells in each cluster expressing the gene and colors 
indicate the average expression levels. Data shown represent mean ± s.d. (b) 
analyzed by two-sided unpaired Student’s t test.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Differentially expressed genes define tumour-
associated macrophages clusters. a, Dot plot depicting the top 10 differentially 
expressed genes per macrophage cluster. Dot size indicates the percentage 
of cells in each cluster expressing the gene and colors indicate the average 
expression levels from IgG (n = 3), anti-CD47 (n = 4), or CD47-LLO (n = 4) treated 
tumours. b, Dot plot depicting the differential expression of relevant genes for 

cluster assignments per macrophage cluster from the 3 treatment groups.  
c, Gene set enrichment analysis utilizing the Gene Ontology Biological Process 
(GOBP) gene set for tumour-associated macrophages with heatmap displaying 
the ten most upregulated and downregulated pathways in each cluster ranked by 
their normalized enrichment scores (NES) from the three treatment groups.
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Extended Data Fig. 9 | Tumour-infiltrating CD8 T cells show decreased PD-1 
positivity with CD47-LLO and anti-PD-1 treatment. a, Schema for generating 
in vivo syngeneic orthotopic breast cancer models for intraperitoneal injection 
of CD47-LLO, anti-CD47, and anti-PD1. b, Flow cytometry analysis and c, 

quantification of PD-1 negativity in CD8 T cells isolated from 4T1Br4 tumours 
treated with anti-CD47, CD47-LLO, anti-CD47 + anti-PD-1, or CD47-LLO + anti-
PD-1. Data show mean ± s.d. (c) analyzed by one-way analysis of variance with 
Tukey’s multiple comparisons test. Data show n = 4 mice per treatment group.
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Extended Data Fig. 10 | In vivo toxicity of CD47-LLO. a-b, Lymphocyte (a) and 
red blood cell (b) counts at day 2 and day 9 after intraperitoneal injection of drug 
(50 µg IgG, 50 µg anti-CD47, 100 µg CD47-LLO, or 100 µg CD47-LLO + 200 µg anti-
PD1). Data show n = 4 mice for IgG and anti-CD47 treatment groups and n = 3 for 
other treatment groups. c, Serum blood urea nitrogen (BUN) levels and d, serum 
aspartate transaminase / alanine transaminase (AST/ALT) levels at day 9 after 
drug injection. Data show n = 4 mice for IgG and anti-CD47 treatment groups and 
n = 3 for other treatment groups. e, Body weight changes in mice at day 2 and 
day 9 after drug injection. Data show n = 4 mice for IgG and anti-CD47 treatment 
groups and n = 3 for other treatment groups. f, Hematoxylin and eosin staining 
of paraffin sections of major organs two days after intraperitoneal injection of 

CD47-LLO or CD47-LLO and anti-PD-1. Experiment was repeated independently 
n = 3 times with similar results; a representative result is shown. Scale bar, 
200 mm. g, Serum IL-6 levels at 4 hours after drug injection measured by enzyme-
linked immunosorbent assay (ELISA). Data show n = 4 C57BL6 mice per treatment 
group. h, Serum IL-1β levels at 4 hours after drug injection measured by ELISA. 
Data show n = 4 C57BL6 mice per treatment group. i, Serum concentrations of 
anti-LLO antibody at 6 weeks after drug injection by sandwich immunogenicity 
assay. Data show n = 3 mice per IgG treatment group and n = 5 mice per CD47-LLO 
treatment group. Data shown represent mean ± s.d. (a, b, c, d, e, g, h, i) analyzed 
by one-way analysis of variance with Tukey’s multiple comparisons test (a, b, c, d, 
e) or two-sided unpaired Student’s t test (g, h, i).
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