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SUMMARY
Receptors controlling the cross-presentation of tumor antigens bymacrophage subsets in cancer tissues are
poorly explored. Here, we show that TIM4+ large peritoneal macrophages efficiently capture and cross-pre-
sent tumor-associated antigens at early stages of peritoneal infiltration by ovarian cancer cells. The phospha-
tidylserine (PS) receptor TIM4 promotes maximal uptake of dead cells or PS-coated artificial targets and trig-
gers inflammatory and metabolic gene programs in combination with cytoskeletal remodeling and
upregulation of transcriptional signatures related to antigen processing. At the cellular level, TIM4-mediated
engulfment induces nucleation of F-actin around nascent phagosomes, delaying the recruitment of vacuolar
ATPase, acidification, and cargo degradation. In vivo, TIM4 deletion blunts induction of early anti-tumoral
effector CD8 T cells and accelerates the progression of ovarian tumors.We conclude that TIM4-mediated up-
take drives the formation of specialized phagosomes that prolong the integrity of ingested antigens and facil-
itate cross-presentation, contributing to immune surveillance of the peritoneum.
INTRODUCTION

Tumor-associated macrophages (TAMs) include tissue-resident

cells that exist prior to tumor development and monocyte-

derived macrophages that differentiate in situ under tumor-

derived cues. While a large body of evidence has established

the tumor-promoting functions of monocyte-derived TAMs,1–5

the precise function of tissue-resident macrophages (TRMs) dur-

ing initiation of primary tumors or early colonization of metastatic

sites is still poorly understood. Sparse evidence suggests that,

within TRMs, subsets with tumor-promoting functions6,7 coexist

with subsets endowed with CD8 stimulatory properties.8,9 These

data indicate that at least a fraction of TRMs possess intrinsic tu-

mor-protective functions, depending on tumor tissue and stage,

highlighting the importance of elucidating their function and ther-

apeutic potential.

Cross-presentation, the specialized pathway to process and

present exogenous tumor antigens on class-I major histocom-

patibility complex (MHC-I), is particularly efficient in conventional

type I dendritic cells (cDC1s), a specialized subset invariably
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linked to anti-tumorigenic properties via activation of anti-tu-

moral CD8 T cells.10,11 Cross-presentation, albeit less efficient

on a per-cell basis,12 can operate as well in monocyte-derived

macrophages,13,14 and it is emerging as a critical factor to estab-

lish CD8 T cell exhaustion in advanced tumors.15,16 Conversely,

the role, underlying mechanisms, and overall impact of cross-

presentation by TRMs at initial tumor stages remain poorly

explored.

The peritoneal cavity, the site of metastasis of gut and ovarian

tumors, is dominated by two well-characterized classes of

macrophages.17 Small peritoneal macrophages (SPMs) arise

from bone marrow myeloid precursors, are poorly represented

at steady state, and expand dramatically during inflammation

and tumor progression. Large peritoneal macrophages (LPMs)

are the largest population at steady state and derive from embry-

onic precursors, yet they can be replenished by long-lived

bone marrow cells under Gata6-dependent environmental sig-

nals.18,19While LPM intrinsic functions are linked to tissue repair,

the subset acquires pro-tumorigenic functions during tumor pro-

gression, shifting to high production of reactive oxygen species
April 23, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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and autophagic adaptation.20–22 LPMs, like resident macro-

phages of the liver, spleen, and brain, express high levels of

the phosphatidylserine (PS) receptor TIM4, which confers the

ability to engulf apoptotic cells, contributing to silent clearance

and maintenance of tissue homeostasis.23,24 In addition, TIM4

was recently found to regulate cholesterol metabolism in adi-

pose tissue macrophages and during anti-viral responses.25,26

In cancer tissues, TIM4 has been associated with disparate,

context-dependent functions. Cavity macrophages in advanced

metastatic tumors use TIM4 to sequester PS-expressing, acti-

vated CD8+ T cells, dampening anti-tumoral responses.27 Past

work suggested that monocytes-derived TAMs infiltrating B16

subcutaneous tumors acquire TIM4 expression, which regulates

autophagy and degradation of tumor antigens.28 Conversely, our

group previously uncovered that high expression of TIM4 by lung

tissue-resident cDC1s in nascent tumors is required to engulf

dying cancer cells and cross-present tumor antigens to initiate

anti-tumoral T cell responses.29 Human data confirmed that

myeloid cells expressing TIM4 in tertiary lymphoid structures

positively correlate to better survival across different cancer

types.9,29 On these bases, we hypothesized that high levels of

TIM4 on LPMs may contribute to scrutiny of antigenic content

in incoming metastatic cells. By establishing a metastatic model

of ovarian cancer expressing a phagocytic reporter and a model

antigen, we show that, at initial tumor stages, TIM4mediates up-

take and cross-presentation of tumor antigens, leading to prim-

ing of peritoneal CD8+ T cells. Mechanistically, we uncover that

TIM4 controls the trafficking of ingested dead cells, routing the

cargo to cross-presentation-competent phagosomes.

RESULTS

Uptake of tumor cells is performed by TIM4-expressing
LPMs in the peritoneal cavity
To investigate the role of TIM4 on peritoneal resident macro-

phages, we established a murine model of ovarian cancer that

recapitulates the spreading of cancer cells to the peritoneum,

based on the syngeneic line ID8.30 ID8 was genetically engi-

neered to express the pH stable reporter ZsGreen and the oval-

bumin (OVA) model antigen (ID8ZGO) to allow tracking of phago-

cytosis and presentation of tumor antigens.31 Tumor cells were

implanted in the peritoneum, and tissues were harvested 24 h

or 15 days after challenge to examine peritoneal macrophages

immediately after seeding and at initial engraftment. Flow cytom-

etry analysis of the peritoneal immune infiltrate showed that

LPMs and SPMs (defined as F4/80high MHC class IIlow and F4/

80low MHC class IIhigh, respectively) expand and accumulate af-

ter 15 days, in line with past reports22,32 (Figures 1A and 1B).

In addition, we observed a slight induction in the proportion of

inflammatory monocytes, neutrophils, and CD8+ T cells in tu-

mor-challenged mice, paralleled by a reduction in B cells

(Figures S1A and S1B). In line with previous reports, a large frac-

tion of steady-state LPMs showed strong TIM4 expression,

which slightly declined in tumor-challenged animals. Weak

TIM4 expression was also present on cDC1s, whereas no

expression was detected on the other peritoneal phagocytes,

including SPMs (Figure 1C). We next examined the acquisition

of the ZsGreen signal by peritoneal phagocytes as a measure
2 Cell Reports 43, 114096, April 23, 2024
of cancer cell uptake. LPMs displayed the highest phagocytic

capacity (70.18% ± 9.24%), followed by cDC2 (27.87% ±

5.01%). In contrast, SPM, Ly6C+ monocytes and neutrophils

were weakly associated with the ZsGreen signal (Figures 1D

and S1C). Within LPMs, the uptake was restricted to the TIM4+

fraction both at 24 h and at 15 days, suggesting a selective ability

of this population to engulf tumor cells (Figures 1E; and S1E). As

a control, we verified that cancer cells in the peritoneum express

PS, the ligand of TIM4 (Figure S1D). Confocal imaging of LPMs

sorted from ID8-challenged mice confirmed actual internaliza-

tion of tumor cells by TIM4+ LPMs (Figure 1F). Apart from

LPMs, other subsets of macrophages residing in the peritoneal

cavity, such as in the mesothelium and omentum, have also

been shown to play an important role during ovarian cancer pro-

gression. The omentum is a fatty tissue that is formed from folds

of mesothelium and hosts resident TIM4+macrophage.7 Howev-

er, TIM4 expression is much weaker on omental CD64high F4/

80high resident macrophages than on LPMs, and we found a

further decrease in tumor-challenged animals. In addition, can-

cer cell uptake was associated with TIM4� cells in this context

(Figures S2A–S2C). We conclude that LPMs expressing high

TIM4 are specialized in capturing cancer cells seeding to the

peritoneal cavity.

TIM4+ LPMs in the peritoneal cavity efficiently cross-
present tumor-associated antigen
To understand transcriptional programs induced by cancer

cell engulfment, we isolated, by cell sorting, the fraction of

LPMs that had taken up ZsGreen+ fluorescence, 24 h after

ID8ZGO peritoneal challenge. As a control, we used LPMs from

naive animals, as the ZsGreen� fraction may contain cells that

already degraded cargo, confounding the analysis. Bulk RNA

sequencing (RNA-seq) revealed significant changes and differ-

entially expressed genes induced by cancer cell uptake

(Figures 2Aand S3A; Table S1). Gene set enrichment showed

prominent enrichment of inflammatory responses in LPMs that

had engulfed cancer cells, in line with individual differentially ex-

pressed genes (DEGs) (Figures 2B and S3A). Moreover, cancer

cell uptake induced metabolic rewiring of LPMs, increasing

glycolysis and cellular respiration. Interestingly, pathways

related to the degradation of ingested antigens and MHC class

I antigen presentation were also enriched in LPMs loaded with

cancer cells (Figure 2B). Based on these results, we moved to

examine the cross-presentation of tumor antigens. Labeling

with an antibody specific for the pMHC class I OVA complex

showed a clear signal on LPMs isolated 24 h or 15 days after

ID8ZGO injection, suggesting that tumor antigens are continu-

ously processed and presented on the cell surface (Figure 2C).

To probe the ability to activate CD8+ T cells, we next isolated to-

tal LPMs, ZsGreen+ and ZsGreen� LPMs, and SPMs from day 15

ID8ZGO-challenged mice and cultured them with OVA-specific

CD8+ T cells (OT-I). Total LPMs and ZsGreen+ LPMs induced

robust T cell proliferation, while the ZsGreen� fraction failed to

induce T cell activation. SPMs triggered initial CD8+ T cell prolif-

eration; however, cells arrested after a few cycles, resulting in a

low proliferation index (Figures 2D and 2E). Consistently, total

LPMs and ZsGreen+ LPMs triggered robust interferon g (IFNg)

secretion by CD8+ T cells, while SPM and the ZsGreen� LPM
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Figure 1. TIM4high LPMs efficiently engulf ovarian cancer cells that colonize the peritoneal cavity

(A and B) Mice were challenged with ID8ZGO, and peritoneal cells were collected after 24 h or 15 days.

(A) Representative flow cytometry plots showing LPMs (F4/80high MHC class IIlow, blue) and SPMs (F4/80low MHC class IIhigh, red) macrophages, gated on CD45+

CD11bhigh, lineage� cells (CD19, CD3, B220, NK1.1, Ly6C, and Ly6G).

(B) Quantification of (left) absolute numbers and (right) fractions of LPMs and SPMs in resting (Ctrl) and tumor-bearing (ID8) animals. Data are from 3–4 animals.

(C) Representative histograms showing TIM4 expression on LPMs, SPMs, Ly6C+ monocytes (Ly6C+ monos), type I dendritic cells (cDC1s), type II dendritic cells

(cDC2s), and neutrophils (Neu) in Ctrl or ID8-challenged animals (15 days after challenge). Each peak is overlaid with the corresponding fluorescence minus one

(FMO) controls (dotted line).

(D) Quantification of tumor cell uptake plotted as percentage of ZsGreen+ cells within each population. n = 4, representing one of two independent experiments.

(E) Representative dot plots and quantifications of uptake at day 15 by TIM4+ (black) and TIM4� (pink) LPMs. n = 4.

(F) Representative confocal images of sorted LPMs containing engulfed ZsGreen+ cancer cells. Scale bars, 5mm. All data are represented as mean ± SEM. In (B),

we used two-way ANOVA followed by �Sı́dák’s multiple-comparisons test. In (E), we used a paired t test.
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fractionwere poorly stimulatory (Figure 2F). Of note, at late tumor

stages (60 days after challenge), LPMs were significantly less

efficient at inducing CD8 T cell activation, indicating that tu-

mor-derived factors modify the inherent properties of peritoneal

residentmacrophages and blunt the ability to cross-present (Fig-

ure S3B). To explore whether cross-presentation is a specific

property of TIM4+ LPMs, we next tested lung-resident alveolar

macrophages (AM), which lack TIM4 expression. LPMs and
AMs equally engulfed ID8ZGO cells (Figure S3C); however, AMs

were largely less efficient than LPMs at inducing the proliferation

of OVA-specific CD8 T cells (Figure 2G). Together, these results

indicate that, in the peritoneum, TIM4+ LPMs possess a superior

capacity to acquire and cross-present engulfed tumor antigens.

Moreover, AMs that lack TIM4 are unable to efficiently cross-pre-

sent ingested tumor antigens, suggesting a specific role for the

receptor in enabling cross-presentation.
Cell Reports 43, 114096, April 23, 2024 3
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TIM4 deficiency impairs the uptake and cross-
presentation of tumor-associated antigens by LPMs
To directly examine the role of TIM4 during cancer cell uptake

and cargo processing, we next injected ID8ZGO into wild-type

(WT) and TIM4-null recipients (Tim4 knockout [KO]).33 The im-

mune peritoneal compartment was analyzed 15 days after chal-

lenge. The influx of SPMs and the frequency of LPMs were equal

between genotypes (Figure 3A and 3B). Proportions of cDCs,

T cells, monocytes, and neutrophils were comparable, except

for a slight decrease in neutrophils and an increment in the frac-

tion of CD4 T cells in KO animals (Figure S4A). Cancer cell uptake

by peritoneal phagocytes was similar between genotypes,

except LPMs. Indeed, the fraction of ZsGreen+ LPMs was

reduced from 67.8% (±9.5%) in the WT to 38.3% (±7.1) in the

Tim4 KO, indicating that optimal engulfment of cancer cells re-

quires TIM4 and cannot be fully compensated by the remaining

receptors (Figures 3C and S4B). TIM4-blocking antibodies re-

sulted in a similar reduction of phagocytosis by LPMs, confirm-

ing a receptor-specific effect (Figure S4C). To understand how

entry via TIM4 may affect subsequent cellular reprogramming,

we next compared the transcriptional profiles of steady-state

and ZsGreen+ WT and Tim4 KO LPMs. As a control, we verified

that scavenger and phagocytic receptors were similarly ex-

pressed in the two genotypes, excluding compensatory effects

(Figure S4D). Gene profiles at steady state were relatively com-

parable between genotypes, showing some changes in genes

belonging to mitochondrial respiration (enriched in the WT)

(Figures S4E and S4F). In contrast, the uptake of tumor cells

induced a different response in the two genotypes (WT vs. WT-

ID8 and TIM4 KO vs. TIM4KO-ID8; Figures S3G and S2A).

Consistently, a direct comparison between WT and TIM4 KO

LPMs containing phagocytosed cancer cells showed differential

expression of genes and biological processes (Figures 3D and

S4H). Specifically, uptake induced enrichment of genes regu-

lating cellular metabolism (cellular respiration, glycolysis, and

oxidative stress) in WT cells, while cholesterol biosynthesis and

lipid metabolism were depleted with respect to TIM4-deficient

cells. Notably, processes implicated in cytoskeletal dynamics,

vesicular trafficking, inflammatory response, and antigen pro-

cessing/presentationwere also enriched inWTLPMs (Figure 3D).

Genes defining these processes include kinesins, Rho GTPases,

actin nucleation-promoting factors, IFN and cytokine signaling,

proteasomal components, membrane transport, and MHC class

I molecules. Of interest, genes governing cholesterol efflux and

lipid metabolism were preferentially enriched in Tim4 KO cells

(Figure 3E). Collectively, these data suggest that engulfment

via TIM4 induces a proinflammatory transcriptional reprogram-

ming of LPMs that includes upregulation of themachinery for an-

tigen presentation. When TIM4 is absent, residual uptake via

alternative routes triggers lipid reprogramming and cholesterol

efflux, which is consistent with a decreased inflammatory profile.

TIM4 drives phagosomal actin coat formation during
phagocytosis in LPMs
To further elucidate the mechanisms underlying TIM4-mediated

cross-presentation, we next established ex vivo assays to

examine post-engulfment trafficking of cargo in phagosomes

containing the TIM4 receptor PS. At first, LPMs isolated from
4 Cell Reports 43, 114096, April 23, 2024
resting WT or Tim4 KO mice were pulsed with CFSE-labeled

apoptotic thymocytes for 15 min, washed, and chased for 15 or

30 min before fixation and labeling. We identified two categories

of interactions: stage I, corresponding to cell-cell contact and

phagocytic cup formation, and stage II, corresponding to inter-

nalization and phagosome closure. In WT LPMs at 15 min of

chase, half of the interactions were in stage I and half in stage

II, whereas stage II prevailed after 30 min (Figures 4A and 4C).

A large fraction of TIM4-null LPMs were blocked in stage I at

both time points, in line with impaired phagocytosis (Figures 4A

and 4C). Nevertheless, approximately 27% and 32% had

progressed to stage II after 15 and 30 min, respectively

(Figures 4C, S5A, and S5B). Antibody labeling unveiled that

TIM4 primarily localizes on the cell surface in resting macro-

phages (Figure S5C) but is rapidly translocated intracellularly

upon exposure to apoptotic thymocytes (Figures 4A, S5D, and

S5E).Notably, themembraneof nascent phagosomeswasdeco-

rated by TIM4 (Figure 4A). In addition, we observed smaller intra-

cellular TIM4+ structures, strongly overlapping with EEA1 and

partially with LAMP1, whereas the association with the Golgi

marker Rab6 was negligible (Figures S5D and S5F). TIM4 has

been shown previously to engage with integrins to promote actin

remodeling via RhoGTPases in artificial systems overexpressing

the receptor and in zebrafish microglia.34,35 To investigate cyto-

skeletal dynamics downstream of receptor engagement in pri-

mary LPMs, we next tracked F-actin during uptake. In stage I

conjugates, TIM4 enriched at the phagocytic cup, coinciding

with F-actin. In closed phagosomes, F-actin overlapped with

TIM4, forming a sharp ring at the phagosomal membrane. Of

note, inhibition of integrin signaling by the phosphatidylinositol

3-kinase inhibitor LY294002 led to the formation of shallow abor-

tive cups with a persistent thick actin base and inhibited the for-

mation of organized phagosomes surrounded by actin cages

(Figure S5G), as shown previously.36 In TIM4-deficient LPMs,

conjugates stalling in stage I similarly accumulated a thick

F-actin interface at the site of interaction (Figures 4D and 4E),

likely reflecting an impairment in downstream signaling to drive

actin disassembly. Moreover, nascent phagosomes in TIM4-

null cells were almost completely devoid of surrounding actin

(Figures 4A and 4F), further supporting that TIM4 orchestrates

phagosomal architecture. To emphasize more specifically the

role of TIM4-PS interactions, we next employed deformable

acrylamide co-acrylic acid microparticles (DAAMps) featuring

the size and mechanical rigidity of apoptotic cells (diameter,

�6.2 mm; Young’s modulus Ey, 5 kPa) that were functionalized

with PS (PS-DAAMps).37,38 As an additional advantage, PS-

DAAMps as artificial targets permit unequivocal assessment

of LPM-derived cellular structures, excluding confounding

cellular factors from thymocytes. Phagocytosis of PS-DAAMps

was reduced in TIM4 KO cells, similar to apoptotic cells

(Figures S5A and S5B). Consistent with data obtained with thy-

mocytes, PS-DAAMps induced TIM4 and actin recruitment at

the phagocytic cup and phagosomes were decorated by a thick

actin coat colocalized with TIM4. Moreover, uptake of PS-

DAAMps by TIM4-null LPMs showed actin thickening at sites of

failed phagocytosis and reduced actin involvement in nascent

phagosomes (Figures 4B, 4G, and 4H). Taken together, these re-

sults indicate that engagement of TIM4 with PS triggers actin
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(G) LPMs and lung alveolar macrophages (AMs) were loaded with apoptotic ID8ZGO and co-cultured with CTV-labeled OT-I cells. Histograms show proliferation

profiles induced by non-pulsed LPMs or AMs (filled) or ID8ZGO pulsed cells (empty) and the corresponding division index. n = 3. All data are represented asmean ±

SEM. In (C), we used one-way ANOVA followed by Dunnett’s multiple-comparisons test. In (E) and (F), we used one-way ANOVA followed by �Sı́dák’s multiple-

comparisons test. In (G), we used an unpaired t test.
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Figure 3. Tim4 controls transcriptional remodeling of LPMs

(A and B) WT and Tim4 KO mice were injected intraperitoneally with ID8ZGO, and peritoneal cells were isolated after 15 days. Shown are (A) representative flow

cytometry dot plots and (B) quantification of SPMs and LPMs in the peritoneal cavities of the WT and Tim4 KO. n = 4–5 animals/experiment, representing one of

three independent experiments.

(C) The phagocytic index is plotted as the fraction of ZsGreen+ cells among total cells in each of the indicated populations. n = 4, data are representative of one of

two independent experiments.

(D) GSEA was performed against GO and Reactome gene sets of WT and Tim4 KO LPM-ID8. The dot plot shows selected pathways significantly enriched in WT
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(E) Distribution of Z scores of genes defining the enriched pathways in WT-ID8 related to four indicated process modules. All data are represented as mean ±
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remodeling in LPMs, driving the biogenesis of actin-sealed

phagosomes.

TIM4-driven actin coats delay docking of lysosomal
markers on phagosomes
We next examined the kinetics of phagosome maturation in WT

and TIM4-deficient LPM post internalization of apoptotic cargo.

To track specific events during cargo processing, we co-labeled

LPMs with a live cell actin probe (siR-Actin) and a marker of

phagolysosomal fusion (LAMP1). In addition, we exploited

commercially available antibodies against ATP6V1A (a subunit

of the vacuolar proton pump V-ATPase, which initiates acidifica-

tion of the phagosomal lumen). In agreement with the data in Fig-

ure 4, early phagosomes (15 min post uptake) were enclosed by

a dense siR-Actin signal, layering the phagosomal membrane.

Small V-ATPase vesicles and larger lysosomal organelles were

found approaching the phagosomes but were not crossing the

actin barrier (Figures 5A–5C). After 30 min, the actin coat disas-

sembled leaving actin-free docking sites where V-ATPase and

LAMP1 began to accumulate. At later time points (45 min), the

internalized cargo was surrounded by LAMP1 vesicles and
6 Cell Reports 43, 114096, April 23, 2024
showed signs of fragmentation (Figures 5A–5C). In sharp

contrast, cargo taken up by TIM4 null LPM was rarely enclosed

in organized actin-coated phagosomes but was rather nibbled

with degradation occurring before cargo internalization was

completed (Figure 5A). Strikingly, cargo overlapped with dense

V-ATPase and LAMP1 positive vesicles already at early time

points (15 and 30 min). After 45 min, cargo internalized by

TIM4 deficient LPMwasmostly degraded and entirely contained

within the lumens of lysosomal vesicles with proximal V-ATPase

(Figures 5A–5C). Additionally, scoring the size of cargo as intact,

partially or fully fragmented, revealed a significantly faster accu-

mulation of degraded material within Tim4 KO cells (Figure 5D).

Rapid LAMP1 acquisition was similarly observed when feeding

WT or Tim4 KO LPMs with apoptotic ID8, suggesting that TIM4

controls downstream trafficking independently of the cargo na-

ture (Figures S6A and S6B).

TIM4-deficient LPMs show accelerated acidification
and cargo degradation
Next,we set up two complementary flowcytometry-based assays

toquantitatively assess acidification and cargo degradation. In the
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first, dying thymocytes were loaded with CypHer5E, a pH-sensi-

tive probe that emits fluorescence upon acidification in acidic or-

ganelles (FigureS6C)andCTV,which isstableacrossawide range

of pH, as a control for uptake. WT or Tim4 KO LPMswere fed with

apoptotic thymocytes ex vivo, and cells were analyzed by flow cy-

tometry to follow the kinetics of acidification. Fluorescence inten-

sity increased over time in both genotypes. However, the incre-

ment started earlier in Tim4 KO cells, and it was consistently

higher than in WT cells, at every time point analyzed (Figures 5E

and 5F). Notably, inhibiting acidification by bafilomycin A1 (an in-

hibitor of V-ATPase) reduced the index of acidification of Tim4

KO cells to the level of WT cells. To explore the role of the

NADPH complex and reactive oxygen species (ROS) in phagoso-

mal acidification, we used the NADPH oxidase 2 inhibitor (NOX in-

hibitor) diphenyleneiodonium (DPI) in the cypHer-based acidifica-

tion assay. The treatment did not affect the acidification rate of

Tim4 KO cells; however, it significantly accelerated acidification

in WT cells (Figure S6D). This result suggests that TIM4-induced

phagosomes triggerROSproduction,which could impactonacid-

ification of the lumen39,40 and oxidative damage of the limiting

membrane.41

We next developed an assay to measure cargo degradation.

PS-DAAMps were functionalized with a mixture of BSA coupled

to Alexa 647 (a pH-insensitive dye) and DQ-BSA, a self-

quenched conjugate that emits bright fluorescence only upon

cleavage in proteolytic organelles. After a 15-min pulse, we

tracked the increment in fluorescence intensity over time and ex-

pressed it as index of degradation. As shown in Figure 5G,

degradation was faster and larger in Tim4 KO cells than in the

WT at every time point tested, corroborating our findings by

confocal imaging. To understand whether slower maturation ki-

netics in LPMs are specific for targets engulfed via TIM4 or ap-

plies to other entry routes, we next functionalized DAAMps

with immunoglobulin G (IgG) to engage FcReceptor-mediated

phagocytosis. WT and TIM4-null LPMs were exposed to the par-

ticles for 15 or 30 min, and the phagosomal structures were

analyzed by confocal imaging. No major differences were de-

tected in terms of phagocytic index, actin coat formation, acqui-

sition of phagosomal LAMP1 signal, and degradation between

the two genotypes, suggesting that uptake and processing of

IgG cargo is intact in TIM4-null cells (Figures 5H and S7A–

S7D). Collectively, these results prove that TIM4-mediated

engulfment induces stepwise progression of the ingested cargo,

preserving antigens for cross-presentation.

Tim4 is required for cross-presentation of cancer-
associated antigens by LPMs
To understand whether cross-presentation by LPM drives anti-

tumoral T cell responses in vivo and to evaluate the functional
(F) F-actin integrated density in nascent phagosome around the cargo, normaliz

experiments.

(G and H) Pulse with PS-DAAMps.

(G) Quantification of the number of events in stage I and stage II in WT and Tim4 K

fields containing at least 15 LPMs each, pooled from 3 independent experiments

(H) F-actin integrated density in nascent phagosome around the internalized PS-

independent experiments. All data are represented as mean ± SEM. In (C) and (G

(D)–(F) and (H), we used an unpaired t test.
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impact of accelerated antigen degradation in Tim4 KO LPMs,

we next challengedWT and Tim4KOanimals with ID8ZGO. Label-

ing LPMswith pMHC class I OVA-specific antibodies 15 days af-

ter tumor challenge showedaconsistently reduced signal in TIM4

KO cells (Figure 6A). In line with this result, WT cell-sorted LPMs

(total or tumor cell-enriched, ZsGreen+) plated with OT-I induced

significantly larger T cell proliferation and IFNg release than Tim4

KO cells, confirming blunted cross-presentation (Figures 6B and

6C). Furthermore, the frequencies of endogenous tumor antigen-

specific CD8 T cells measured by pentamer staining and T cell

effector functions were higher in WT hosts (Figures 6D and 6E).

Reduced cross-presentation and CD8 T cell activation in

Tim4 KO hosts were confirmed immediately after cancer cell

encounter (24 h), confirming that LPMs are intrinsically impaired

(Figures S8A–S8C). To validate the PS-TIM4 engulfment axis as

a driver of cross-presentation, we prepared liposomes including

PS (PS-lipo) or phosphatidylcholine (PC-lipo) as a control (Fig-

ure S8E). Liposomes were functionalized to encapsulate DQ-

BSA/Alexa 647-BSA to track degradation or the antigen OVA.

In line with the other data, PS-lipo was specifically targeted to

LPMs, and degradation was accelerated in TIM4 KO LPMs

(Figures S8F and S8G). In vivo delivery of OVA antigen via PS-

lipo (PS-lipo-OVA) induced robust proliferation of adoptively

transferredOT-I cells, while PC-OVA liposomes or PS-liposomes

containing a control protein induced little or no T cell proliferation

(Figure S8H), confirming the ability of TIM4+ LPMs to take up and

cross-present tumor antigens and thepotential of TIM4 targeting.

Finally, we evaluated the impact of LPM-driven cross-presenta-

tion on tumor progression. Toward this goal, we adoptively trans-

ferred OT-I to increase the frequency of tumor-specific T cells.

Animals were challenged with ID8 cells, and tissues were har-

vested after 15 days to focus on early stages of tumor progres-

sion. Immune profiling of the T cell compartment confirmed

enhanced expansion of transferred OT-I cells and upregulation

of surface effector T cell markers and cytotoxicity (Figures 6F–

6I) inWThosts. Importantly, thenumberof cancer cells in theperi-

toneum of TIM4 null animals was significantly higher in Tim4 KO.

Immunohistochemical analysis of the omentum, a known site of

premetastatic colonization by ovarian cancer cells,42 confirmed

significantly larger tumor nodules in TIM4-null animals than in

the WT (Figures 6J and 6K). In summary, we conclude that

TIM4 expression on LPMs enables the detection of antigens

within dead cancer cells to promote cross-presentation and im-

mune surveillance of the peritoneal cavity in the early stages.

DISCUSSION

Understanding the specific function of diverse subsets of TAMs

at different stages along tumor progression is key for developing
ed to total F-actin density within each cell. n > 20 cells from two independent

O LPMs at the indicated time points. Data are representative of n > 15 events/

.

DAAMps normalized, with F-actin density within each cell. n > 15 cells from 2

), we used two-way ANOVA followed by �Sı́dák’s multiple-comparisons test. In
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a novel macrophage-centered therapeutic axis. Herewe demon-

strate that, shortly after seeding in the peritoneum, LPMs can

transiently cross-present tumor antigens. This exquisite function

of LPMs is supported by the PS receptor TIM4, whichmaximizes

internalization of cancer cells, regulates transcriptional circuits

induced by engulfment, and orchestrates phagosomal matura-

tion to promote cross-presentation of tumor antigens.

The role of LPMs in cancer has been addressed mostly in the

context of antigen presentation-independent functions and at

late stages of tumor progression. Consistent reports have shown

that tissue-resident LPMs of embryonic origin proliferate in situ

and progressively incorporate inflammatory monocytes under

tumor-derived cues.27,32,43,44 In parallel, LPM shift from a tumor-

icidal, high-inflammatory profile at early stages to an anti-inflam-

matory profile in advanced tumors. The latter is characterized

by high oxidative phosphorylation and glycolysis, enhanced

mitophagy, altered lipid metabolism, increased cholesterol

efflux, and dominance of interleukin-4 signaling over IFNg

signaling.20,43,45 Our data, focusing on very early events of met-

astatic colonization of the peritoneum, unveil a distinct side of

LPMs. Indeed, cancer cell recognition by naive LPMs triggers

vigorous uptake, followed by an inflammatory and metabolic

response that culminates in the presentation of ingested anti-

gens onMHC class I. The induction of an inflammatory gene pro-

gram also indicates that the uptake of cancer cells, unlike normal

apoptotic cells,46 is not silent and may contribute to remodeling

of the compartment, as described recently in monocyte-derived

macrophages expressing TREM2.47 Interestingly, the capacity

of LPMs to cross-present was strongly inhibited in late tumors,

which is consistent with an active educational mechanism that

shapes resident macrophages toward a pro-tumoral phenotype.

Cross-presentation of cancer antigens has been described

previously for CD206+ monocyte-derived cells13 upon CD47

blockade in bone marrow-derived macrophages,48 red pulp

splenic macrophages,49 and lymph node-resident CD169+

cells.14,50 So far, intrinsic cross-presentation by a clearly defined

population of bona fide resident macrophages such as LPMs is

unprecedented and suggests a new layer of cancer immune sur-

veillance at sites of metastatic colonization.

Several cellular adaptations have been characterized, espe-

cially in dendritic cells, that enable cross-presentation by phago-
Figure 5. Tim4 controls phagosome maturation and cargo degradation

(A) Representative confocal images showing actin (siR-Actin), V1A subunit of V-A

CFSE-labeled thymocytes and chased for 15, 30, or 45 min. Scale bars, 5mm.

(B) Quantification of normalized V1A intensity around engulfed thymocytes. n > 2

(C) Bars show the fraction of internalized cargo associated with LAMP1 vesicles

(D) The fraction of intact, partially digested, or completely digested intracellular ca

fields with >15 cells per time point, per group.

(E and F) CypHer5E-based acidification assay. WT or Tim4 KO LPMs were puls

normalize uptake. The fluorescence intensity of CypHer5E on CTV+ LPMs was acq

show the acidification index in cells treated with bafilomycinA1. n = 3 independe

(G and H) Left: Schematic of the DQ-BSA-based assay using IgG- or PS-DAA

(H) functionalized with DQ-BSA and A647 BSA (LPM-DAAMps ratio, 1:10). Th

60 min, and the degradation index was calculated. n = 3 independent experimen

followed by Tukey’s multiple-comparisons test. In (C), we used two-way ANOVA

conducted by non-linear regression, fitting the data in ‘‘one phase association’’ m

values were analyzed by two-way ANOVA followed by Tukey’s multiple-comp

regression as in (F). The resulting plateau values were analyzed by paired t test.
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cytes. First, receptors that mediate the uptake of dead cells,

such as CLEC9A-DNGR-1, CD36, AXL, SCARF-1, and TIM3

have been implicated in cross-presentation of ingested antigens

by dendritic cells.41,51–55 Second, depending on the cellular

context, cross-presentation has been shown to be enabled by

slow processing of ingested cargo, which preserves antigen

integrity followed by active transfer of phagosomal antigens to

the cytosol to intersect the conventional MHC class I pathway

or by specialized pathways of vacuolar trafficking.40,41,56–58

Our data suggest that TIM4 may enable cross-presentation in

subsets of macrophages, similar to what we have found in lung

cDC1s.29 In this respect, the finding that AMs (which do not ex-

press the receptor) are unable to cross-present is notable and

solicits further investigations to understand the biological signif-

icance of phagocytic receptors controlling cross-presentation

on diverse subsets of TRMs.

The mechanism of cross-presentation that we propose is in

line with past reports showing that phagosomal actin nucleation

delays maturation by physically preventing phagolysosomal

fusion to protect the cargo from fast degradation.59,60 Second,

a recurrent and persistent actin layer is also speculated to assist

in ‘‘chewing before digestion,’’ allowing larger particles with their

native structures to be available to macrophages for cross-pre-

sentation.61 Conceivably, actin remodeling in LPMs entails TIM4

bridging with fibronectin to engage b1 integrin, PI3K, and Rho

GTPase activation, as shown previously in artificial systems ex-

pressing the receptor.34,62–64 Remarkably, a recent study has

shown that grafting TIM4 on engineered T cells confers them

with the ability to cross-present.65 Based on our data and the

current models, we propose that delayed acidification in TIM4

phagosomes prevents antigens from fast destruction, which, in

combination with ROS-mediated damage of the phagosomal

membrane, may facilitate the translocation of intact polypep-

tides to the cytosol to enter the endogenous pathway of MHC

class I presentation.41,66,68

Conflicting with our findings, previous reports have suggested

that TIM4 expression by TAMs and bone marrow-derived

macrophages controls LC3-mediated phagocytosis, a form

of non-canonical autophagy that accelerates antigen degrada-

tion, blunting cross-presentation.28,67 This discrepancy may

depend on the different cell types analyzed (mono and bone
TPase, and lysosome (LAMP1) labeling in WT and Tim4 KO LPMs pulsed with

0 cells from 2 independent experiments.

. n > 20 cells; one of three independent experiments is represented.

rgo was quantified for each of the indicated time points. Data represent n > 10

ed for 15 min with apoptotic thymocytes loaded with CypHer5E and CTV to

uired for up to 40 min, and the acidification index was calculated. Filled circles

nt experiments.

Mps. LPMs were pulsed for 15 min with PS-DAAMps (G) or IgG-DAAMps

e median fluorescence intensity of DQ-BSA was recorded over time up to

ts. All data are represented as mean ± SEM. In (B), we used two-way ANOVA

followed by �Sı́dák’s multiple-comparisons test. In (F), statistical analysis was

odel to compute the plateau for individual experiments. The resulting plateau

arisons test. In (G) and (H), statistical analysis was conducted by non-linear
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Figure 6. Anti-tumoral CD8 T cell responses to peritoneal metastasis depend on cross-presentation by TIM4+ LPMs

(A) Histograms show MFI of WT and TIM4 KO LPMs stained with the 25D1.16 antibody, 15 days after ID8ZGO tumor induction. n = 3; one of two independent

experiments is represented.

(B) Representative histograms and division index of OT-I proliferation induced ex vivo by total or ZsGreen+ LPMs sorted from the WT and Tim4 KO, 15 days after

challenge. n = 4.

(C) IFNg production in the supernatant of LPM-OT-I CD8 T cell co-cultures as measured by ELISA. n = 4.

(D and E) In vivo activation of peritoneal tumor-specific CD8 T cells (identified by OVA-specific Pro-5 pentamers) in WT and Tim4 KO animals, 15 days after

challenge. Shown are representative dot plots and quantification. n = 4, representing one of 3 independent experiments.

(E) Intracellular production of IFNg by endogenous CD8 T cells restimulated ex vivo with OVA class I peptide. Shown are representative dot plots and quanti-

fication. n = 5.

(F) Schematic of the experimental setup for (G)–(I).

(G–I) The expansion (G), effector phenotype (CD3+ CD8+ CD44+ CD62L�) (H), and IFNg production (I) by adoptively transferred CD45.1 OT-I CD8 T cells 15 days

after tumor challenge. n = 4–7, pooled from 2 independent experiments.

(legend continued on next page)
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marrow-derived macrophages vs. resident LPMs), suggesting a

context-dependent function of the receptor. It is also important

to note that we and others24,69 could not detect TIM4 expression

in bone marrow-derived macrophages.

Interestingly, our transcriptomic analysis revealed a relatively

higher expression of several genes involved in lipid transport in

TIM4-null macrophages (Figures 3E and S4H). This includes

members of the ABC family, such as Abca2 and Abca7, known

as lipid transporters;70 Abca9, a speculated mediator of lipid ho-

meostasis;71 as well as Apoe, which reportedly drives lipid trans-

port and immunosuppression via induction ofCxcl1 andCxcl5.72

This transcriptional profile suggests increased lipid export in

TIM4-null cells, which would be consistent with the inflammatory

genes profile.32,73 A further intriguing link between TIM4 and lipid

metabolism recently emerged in adipose tissue macrophages,

where the receptor was shown to mediate the transfer of scav-

enged lipids into lysosomes, promoting lysosomal functions

and ABCA1-mediated post-prandial cholesterol transport.26

Thus, establishing the precise causal link between TIM4 regula-

tion of lipid metabolism and cross-presentation remains an inter-

esting area for future investigations.

The ability of TRMs to cross-prime CD8+ T cells and drive dif-

ferentiation into polyfunctional effectors has been documented

before in the context of breast cancer. Importantly, macro-

phages mediating this function display high TIM4 expression

and are associated with better prognosis in patients.8 In the pre-

sent study, we also observed immediate activation of tumor-

specific CD8+ T cells by TIM4+ macrophages and accumulation

of cytotoxic CD8+ T cells on day 15, which were significantly

impaired in TIM4-null animals, leading to accelerated tumor

growth. Our observation remains confined to the early stages

of tumorigenesis. At late stages, the peritoneal cavity is heavily

infiltrated by mono-derived macrophages, which instead

mediate exhaustion and deactivation of T cells.27 Therefore,

cell-intrinsic changes in LPMs, combined with massive infiltra-

tion by immune suppressive mono-derived cells, collectively

override immune surveillance. Currently, the lack of tools to

conditionally ablate TIM4 on LPMs at defined time points pre-

cludes the evaluation of later outcomes.

In summary, our findings reveal an important intracellular func-

tion of TIM4 that, besides mediating uptake of PS-expressing

cells, contributes to channel ingested antigens for cross-presen-

tation, enabling cancer immune surveillance at initial stages.

Limitations of the study
The unavailability of tools to conditionally delete TIM4 on LPMs

at defined time points precluded the evaluation of anti-tumoral

responses at late stages. The bulk RNA-seq used in this study

does not capture the diversity in subpopulations of LPMs, and

the observed changes in inflammatory circuits and lipid meta-

bolism profiles remain to be validated at the protein level. The
(J) Absolute number of CD45� ZsGreen+ tumor cells in the peritoneal cavity of WT

of four independent experiments.

(K) Representative H&E sections and quantifications of tumor nodules on mouse

The percentage of tumor area is plotted as a function of total area of the omentum.

All data are represented as mean ± SEM. In (A), (D), (E), and (G)–(K), we used an

multiple-comparisons test.
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mechanisms accounting for TIM4-mediated cross-presentation

have not been entirely dissected at the cellular level due to limi-

tations in quantity, quality, and difficulties in the manipulation of

primary LPMs. This also restricted our immunofluorescence

analysis of acidification to the use of commercially available

aATP6V1A, which has shown variable staining signals in different

cell types.76 LPMs deprogram when isolated from the peritoneal

cavity, showing a rapid decline in TIM4 expression. This has

limited our analysis to confocal imaging and fast flow cytome-

try-based assays, precluding KO/overexpression studies or

biochemical analysis.
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Bafilomycin A1 Sigma Aldrich Cat#B1793-10MG

N-[3-Dimethylaminopropyl)-

N0-ethylcarbodiimide

hydrochloride (EDC)

Sigma Aldrich Cat#E7750-1G

N-Hydroxysuccinimide (NHS) Sigma Aldrich Cat#130672-25G

2-[N-Morpholino]ethane sulfonic

acid hydrate (MES)

SIGMA Cat#M-2933

Ethanolamine Sigma Aldrich Cat#398136-25ML

Fluorescein cadaverine Sigma Aldrich Cat#92000

Cyanine5-amine Broadpharm Cat#BP-22559

DNAse I Sigma (Merck) Cat#11284932001

SIINFEKL (OVA 257–264) Invivogen (Aurogene) Cat#VAC-SIN

Ovalbumin, Fluorescene

conjugate (OVA-FITC)

Invitrogen Cat#O23020

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DQTM green BSA Invitrogen Cat#D12050

A647 BSA Invitrogen Cat#A34785

BSA SIGMA Cat#A9576-50ML

EDTA (0.5M), pH 8 Gibco Cat#A10492-01

Hoechst 33342 Invitrogen Cat#917368

Paraformaldehyde Thermo Scientific Cat#28908

Streptavidin MedChemExpress Cat#HY-P3152

Biotin-Phosphatidylserine Echeleon Biosciences Cat#31B16

Phosphatidylserine Avanti Polar Lipids Cat#P074-25MG

Phosphatidylcholine Avanti Polar Lipids Cat#P3556-25MG

ibidi mounting medium ibidi (Twin helix) Cat#50001

93-H-2Kb-SIINFEKL-Pentamer R-PE ProImmune Cat#F093-2A-E

CountBright absolute counting beads Life Technologies Cat#C36950

rhodamine phalloidin Thermo-life thecn Cat#R415

CypHer5E NHS Ester Cytiva Cat#PA15401

Trypan Blue solution, 0.4% Gibco Cat#15250-061

Critical commercial assays

Fixation/Permeabilization Solution Kit

with BD GolgiStop

BD Cat#554715

SiR-actin kit Spirochrome Cat#SC001

RNEasy Micro kit Qiagen Cat#74004

mouse IFNg ELISA MAX kit standard set BioLegend Cat#430801

APC Annexin V Apoptosis Detection

Kit with 7-AAD

BioLegend Cat#640930

LIVE/DEADTM Fixable Aqua Dead Cell Stain Kit,

for 405nm excitation

Invitrogen Cat#L34965

CD8 isolation beads Miltenyi Cat#130-116-478

Reagents D5000 high sensibility + buffer and

ladder for DNA

Agilent Technologies Cat#5067-5593

SMARTer RNA unique dual index

kit 24U - 96 Rxns

Takara (Diatech LabLine) Cat#634451

SMART-Seq mRNA LP (with UMIs) 24 Rxns Takara (Diatech LabLine) Cat#634762

CellTraceTM Violet- Cell Proliferation kit Invitrogen Cat#C34557

CFSE Cell Division tracker Kit BioLegend Cat#79898

PlasmoTestTM Mycoplasma Detection Kit Invivogen Cat#rep-pt1

Deposited data

RNA seq data GEO database This paper GSE242989

Experimental models: Cell lines

ID8 Elena Iacchetti, c/o Mario Colombo lab Fondazione IRCCS Istituto Nazionale

dei Tumori di Milano

ID8-ZsGreen This paper N/A

ID8ZGO This paper N/A

ID8-OVA This paper N/A

Experimental models: Organisms/strains

Mouse: C57BL/6 ENVIGO N/A

Mouse: Tim4�/� Dr S. Nagata, Osaka University N/A

Mouse: Balb/C ENVIGO N/A

Mouse: CD45.1xOT-I ENVIGO N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

pDual-liOva-puroR David Escors Murugarren, CIB, Navarra N/A

pSiren-ZsGreen Dr Megan Ruhland/Dr Matthew Krummel,

Oregon Health & Science University/University

of California San Francisco, San Francisco, USA

N/A

pCAGGS-Zsgreen-minOVA Dr Megan Ruhland/Dr Matthew Krummel,

Oregon Health & Science University/University

of California San Francisco, San Francisco, USA

N/A

Software and algorithms

Graphpad prism 9 (9.5.1) GraphPad Software https://www.graphpad.com/

R (4.1.2)

GSEA (4.3.2) Broad institute https://www.gsea-msigdb.org/

gsea/index.jsp

Fiji (2.14.0/1.54f) National Institutes of Health https://imagej.net/ij/

Volocity (5.5.1) Perkin Elmer/Quorum Technologies https://www.volocity4d.com/about

FACS DiVa BD Biosciences

FlowJo (10.8.2) FlowJo, LLC https://www.flowjo.com/

Ilastik https://www.ilastik.org
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Federica

Benvenuti (benvenut@icgeb.org). Institutional and funding agency requirements for resource and reagent sharing will be followed.

Materials availability
This study utilized derivatives of ID8 cell lines namely ID8-ZsGreen, ID8ZGO and ID8-OVA that were generated in our lab. This resource

is available upon request to the lead contact as indicated above.

Data and code availability
d Sequencing data have been deposited at GEOdatabase (GEO:GSE242989), which are publicly available as of the 16/09/2023.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon formal

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse models
C57BL/6, OT-I (C57BL/6-Tg(TcraTcrb)1100Mjb/J) and Balb/C mice were purchased from Envigo or Jackson Laboratories, respec-

tively. Timd4�/� (Tim4 KO) mice33 were a kind gift of Professor S. Nagata (Osaka University). Animals were maintained in sterile iso-

lators at the ICGEB animal Bio-experimentation facility (12 h/12 h light and dark cycle, 21�C ± 2�C). Animal care and treatment were

conducted with national and international laws and policies (European Economic Community Council Directive 86/609; OJL 358;

December 12, 1987). All experiments were performed in accordance with the Federation of European Laboratory Animal Science

Association (FELASA) guidelines. The study was approved by International Center for Genetic Engineering and Biotechnology

(ICGEB) board for animal welfare and authorized by the Italian Ministry of Health (approval number 459/2022-PR).

Cell lines and cell culture
The ID8 cell line was kindly provided by Elena Lacchetti, c/o Mario Colombo lab, Fondazione IRCCS Istituto Nazionale dei Tumori di

Milano. To generate ID8 variants with fluorescent reporters andmodel antigen, vectors pSiren-ZsGreen and pCAGGS-ZsGreen-min-

Ova,31 were provided by Dr Megan Ruhland. Briefly, ID8 cells were genetically engineered to stably express ZsGreen using viral

transduction with ZsGreen construct. To make ID8ZGO cells, ID8 parental cells were transfected with ZsGreen-minOVA construct

and sorted using ARIA II sorter after every 2 passages until stable integrants were obtained. To generate ID8 OVA, ID8 cells were

transduced with lentiviral vector pDual-liOva-puroR encoding liOva (kindly provided by David Escors Murugarren, CIB, Navarra).
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After puromycin selection, cells were subcloned and single cell clones were tested for HA expression by intracellular staining using

anti-HA antibody (clone 3F10, Roche). The parental ID8 cells and the derivatives weremaintained in DMEMmedia supplementedwith

4.5 g/mL glucose (Invitrogen) and 10% fetal bovine serum (FBS, Euroclone) andGentamicin (50 mg/mL,Gibco) at 37�C in 5%CO2 and

were routinely tested for mycoplasma contamination. Cells were expanded to passage 3 and stored in aliquots in liquid nitrogen.

Cells used for in vivo challenge have been passed less than five passages.

METHOD DETAILS

Establishment of peritoneal tumors
To track early events of peritoneal tumor establishment at day 15, exponentially growing ID8ZGO or ID8 OVA cells were treated with

trypsin (Gibco) and prepared as a single-cell suspension at a concentration of 2 3 107 cells/mL in PBS. WT and Tim4 KO littermates

from TIM4 colony were injected intraperitoneally with 100 mL of the cell suspension (2 3 106 cells). To track post-phagocytic events at

24 h, ID8ZGO or ID8 OVA were exposed to UV-C in a UV cross-linker for 10 min, followed by 3 h incubation at 37�C. Cells were then

harvested by scraping and single cell suspension was prepared of density 3x106 cells/1mL PBS. 100mL of this suspension (3x105

cells) were injected in WT or Tim4 KO littermates. For all experiments, 100 mL of PBS was injected as a negative control in a parallel

group of control mice. In TIM4 blocking experiments, mice inoculated with ID8ZGO cells were treated with 125 mg (diluted in PBS) of

anti-Tim4 (clone RMT4-53, InVivoMab) or isotype control (rat IgG2b,k, clone LTF2,InVivoMab) at day�1, and later every 72 h until the

experimental endpoint at 15 days. At the experimental endpoint (24 h, 14 or 60 dpi) of each assay, mice were euthanized by cervical

dislocation.

H&E of omenta
Omenta were collected from WT and Tim4 KO mice at day 15 after ID8ZGO challenge, stored overnight in 2% formalin at room tem-

perature and later in 50%ethanol in PBS. Tissueswere then included in paraffin using standard procedure and sections of 5 mm thick-

ness were collected. Omental sections were then dewaxed, rehydrated, stained with hematoxylin and counterstained eosin (Bio-

Optica, Milano Spa). Ilastik software was trained to automatically detect and segment tumor nodules and the area of tumor nodules

was quantified. ImageJ was used to performmeasurements and automatic thresholding. % tumor area was calculated as fraction of

area of tumor nodules over total area of omentum.

Isolation of murine peritoneal and omental cells
To isolate peritoneal cells from control or tumor bearing mice, 6 mL of ice-cold PBS was injected with syringe in the peritoneal cavity

immediately after sacrifice, peritoneal wall was massaged for 2 min and cells were collected by syringe, followed by one wash with

PBS and then proceeded for flow cytometry analyses.

Omenta excised from control or ID8ZGO injected animals were mechanically cut into small pieces and digested with Collagenase

type 2 (265 U/mL; Worthington) and DNase (250 U/mL; Thermo Scientific) at 37 �C with gentle shaking for 30’. Collagenase action

was then stopped by EDTA 10mM (Invitrogen, Life technologies), and the cell suspension was filtered using 70 mmcell strainer (Corn-

ing). The single cell suspension thus obtained was then processed for flow cytometry analyses.

Flow cytometry
The antibodies used for the experiments are listed in Key resources table and panels used to identify subsets are illustrated in Sup-

plementary Table (S1A, S2A, S3C). Viability was assessed by staining with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Invitrogen)

Life Technologies). For cell staining, FcR binding sites were blocked by using aCD16/CD32 (Clone 93, Biolegend). Sampleswere then

stained with specific antibodies in 1% BSA in PBS and fixed with 1% PFA in PBS. Production of IFNg in CD8 T cells isolated from

tumor-bearing mice after restimulation was analyzed by intracellular staining of IFNg in cells fixed and permeabilized using Fixation/

Permeabilization solution kit (BD Biosciences) following manufacturer’s instructions followed by IFNg staining. For intracellular stain-

ing of OVA-HA, ID8 OVA cells or lung cell suspensions were fixed and permeabilized using Fixation/Permeabilization solution kit (BD

Biosciences) followingmanufacturer’s instructions, and then stainedwith ratmonoclonal anti-HA (3F10, Roche) and thenwith anti-rat

A647 (Thermo Fisher).

Absolute cell count was performed by adding CountBright Absolute Counting beads (Invitrogen) to the samples following manu-

facturer’s instructions. After dead cell exclusion and exclusion of cell doublets, the subsequent populations were identified according

to the gating strategy provided in Figures S1A, S2A, and S3C. ID8ZGO cells in the peritoneal cavity were identified as CD45�

ZsGreen+.

Phosphatidylserine present on ID8 and derivative cells after UV exposure or after isolation from tumor injected mice at day 15 or in

thymocytes after dexamethasone treatment was assessed by Annexin V/7AAD kit (Biolegend).

For sorting specific macrophage subsets, suspension of labeled macrophages was prepared in 2% FBS in PBS, and cells were

sorted using FACSAria II.

Flow data were acquiredwith FACSCelesta (BDBiosciences) and analyzedwith Diva software (BDBioscience) or FlowJo software

(Tree Star, Inc.).
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Induction of apoptosis
To induce apoptosis in ID8 and derivative cells, cells were exposed to UV-C with UV lamp (254 nm, 6W, output 1.7W) for 10 min fol-

lowed by 4 h incubation in PBS at 37�C. Cells were scraped to detach and prepare a single cell suspension and were stained for

AnnexinV/7AAD as described above to analyze induction of apoptosis.

Thymocytes were harvested from Balb/C animals and were incubated with dexamethasone (10 mM) in DMEM +10% FBS medium

for 4 h, followed by three washes with DMEM +10% FBS.

Ex vivo priming of OT-I cell by cell sorted macrophages
For ex vivo T cell activation assay, LPM, SPM, LPM ZsGreen+ or LPM ZsGreen� sorted by flow cytometry from ID8-tumor bearing

mice and were plated in U-bottom 96 wells and co-incubated with CTV-labelled OT-I T cells at the ratio 1:2.5 (1x104 macrophages

and 2.5 3 104 CD8+OTI). After 70 h of co-culture OTI T cell proliferation was assessed by flow cytometry. As positive control, 1x104

sorted LPMwere pulsed with class I OVA peptide (SIINFEKL, 90nM) for 2 h. After 2 h stimulation, cells were washed twice in PBS and

co-incubated with 2.5x104 OT-I CD8 T cells. Division index was calculated using proliferation platform of FlowJo which is equal to

Total Number of Divisions/The number of cells at start of culture. IFNg production was detected in the supernatant after by ELISA

Max Standard sets (Biolegend), following manufacturer’s instructions.

Ex vivo phagocytosis and cross-presentation by peritoneal and alveolar macrophages
Peritoneal and alveolar macrophages were sorted from 8-weeks oldWTmice according to gating strategy in (Figures S1A, and S3C).

1.5x105 cells were plated in 96-well U-bottom plates in IMDM +10%FBSmedium for 2 h. Apoptotic ID8ZGO were then added to at the

ratio 1:5 (1.5x104 macrophages and 7.5x104 tumor cells). After 1 h of incubation, cells were washed thrice with PBS to remove non-

internalized/non-attached tumor cells and either processed to asses phagocytosis by flow cytometry or co-cultured with CTV-

labelled OT-I CD8+ T cells in the ratio 1: 2.5 (1.5x104 macrophages to 2.75x104 OT-I T cells). 72 h later, proliferation of OT-I

T cells was analyzed by flow cytometry. Division index was calculated using proliferation platform of FlowJo.

Bulk RNA sequencing of ZsGreen+ LPM and analyses
LPM (F4/80high MHCIIlow) were sorted from naive WT and TIM4 KO mice, whereas, LPM ZsGreen+ (F4/80high MHCIIlow ZsGreen+)

were sorted from WT ID8 and TIM4 KO ID8 mice. RNA from sorted cells was extracted using RNeasy micro kit (Qiagen) following

manufacturer’s instructions. RNA purity, integrity and concentration were determined by NanoDrop (ND-1000 Spectrophotometer,

ThermoFisher Scientific) and TapeStation 2200 (Agilent Technologies Inc., Santa Clara, CA, USA). Afterward, 100 ng of total RNAwas

used to prepare RNA libraries following the instructions of the SMART-SeqmRNA LP, Takara bio kit. Library quality was assessed

using TapeStation HS D5000 Screen tape (Agilent) and a narrow distribution with a peak size of approximately 400 bp was observed

in all cases. Libraries were quantified by LightCycle qPCR and sequenced in a HiSeqX analyzer (Macrogen) in a run of 23 75 cycles

and a high output sequencing mode. Approximately twenty million reads were obtained and analyzed for each sample. Fastq files

coming from sequencing platform were merged and basic quality controls were performed with FASTQC and PRINSEQ tools.

FASTQ files were aligned to the mm10 reference genome, reads were dereplicated for PCR duplicates and gene counts were gener-

ated using STAR v.2.5 using quantMode GeneCounts.

Normalization of raw counts followed by differential gene expression analysis was performed with DESeq274 package for R

(version 4.1.2). Locally developed scripts were used to format and annotate the differential expression data output from DESeq2.

Significant differentially expressed genes were identified as p < 0.05, and log2foldchange <1.5 or >1.5.Gene Set Enrichment Analysis

(GSEA, Broad Institute) was used to examine enriched pathways. The output of GSEA included an enrichment score (ES), a normal-

ised enrichment score (NES) which accounts for the size of the genes being tested, a p value and an estimated false discovery rate or

adjusted p value (p.adj). The input for GSEA was prepared by performing pairwise comparisons between DEGs from different pop-

ulations. Comparative GO analysis was performed with clusterProfiler.75 Data are in the process of being deposited in the NCBI’s

Gene Expression Omnibus database (GSE242989).

Preparation of IgG and PS-functionalized DAAMps
DAAM-particles (6 mm size) synthesized using amembrane-emulsification approach37 were provided by Daan Vorselen. Specifically,

a BIS concentration of 2.3% of total acrylic components (100 mg/mL) and a 1.1 mm pore size membrane were used for particles of

�6.2 mm (diameter) and Young’s modulus of�5 kPa and were functionalized as previously described.38 Briefly, DAAM-particles (5%

v/v solids) were washed twice with activation buffer (100mMMES pH 6, 200mM NaCl) and resuspended in activation buffer in a vol-

ume corresponding to 5% v/v solids. Next, tween 20 (final concentration 0.1% v/v), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

(EDC) (final concentration 40 mg/mL) and N-hydroxysuccinimide (NHS) (final concentration 20 mg/mL) were added to the particle

suspension and incubated for 15 min at room temperature with gentle shaking. Particles were then spun down (16000xg, 2 min),

washed thrice with 0.1x PBS, pH 6 supplemented with 0.2% Tween 20 mixing vigorously each time, and resuspended after final

wash in equal volume of 0.1X PBS pH 6, 0.2% Tween 20 and 2X PBS, pH 8 (adjusted with NaOH) to make 5% v/v solids suspension

of DAAM-particles. Particles were then immediately mixed with protein solutions: For PS-functionalization- streptavidin (final con-

centration 1 mg/mL, MedChemExpress) and for IgG-functionalization- mouse IgG (final concentration 0.5 mg/mL, Invitrogen) and

incubated for 1 h at room temperature with gentle shaking. To visualize the particles in IF based assays, either FITC cadaverine
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(0.25 mM, Sigma Aldrich) alone or in combination with cyanine5 amine (0.25mM, BroadPharm) were added for further 30 min. For

functionalizing the particles for DQ-BSA based assays, DQ-BSA and Alexa Fluor 647 BSA were added in simultaneously with protein

solutions (Strepavidin or IgG) and incubated for 90min at room temperature with gentle shaking. At the end of incubation with protein

and dyes, 100 mM Tris and 100 mM ethanolamine (pH 9) were added to block unreacted NHS groups (30 min at room temperature).

DAAM-particles were then spun down (16,0003 g, 2 min) and washed 43 in PBS, pH 7.4 with 0.1% Tween 20. For PS conjugation,

Streptavidin-functionalized DAAM-particles werewashed in 50%methanol:water (50%MeOH), and resuspended at 10% solids (v/v)

in 0.025 mg/mL biotin-phosphatidylserine (Echelon, L-31B16) in 50% MeOH. Finally, DAAM-particles were then washed 33

(10,000 3 g, 1 min) with PBS and resuspended in sterile PBS.

Preparation and characterization of PS and PC liposomes
The liposomes were prepared as described77 from a lipid mixture (Avanti Polar Lipids) of phosphatidylserine (PS), phosphatidylcho-

line (PC), and cholesterol (CH) at 1:1:1.33 M ratios, respectively (PS-presenting liposomes), or from PC and CH (1.5:1 M ratio)

(PS-lacking liposomes). The degree of PS exposure on liposomes was assessed by (i) binding of FITC-AnnexinV to PS on liposome

surface and analysis by FACS and (ii) measuring the zeta potential of liposome preparations using Zeta Plus particle size analyzer

(Malvern Panalytical). Liposomes were obtained of size 100 ± 10nm.

To enable detection of liposome uptake by macrophages, the liposomes containing Alexa Fluor 647-Bovine Serum Albumin (BSA)

and DQ-Bovine Serum Albumin were prepared. For targeted antigen delivery to LPM and tracking their cross-presentation ability

liposomes containing protein OVA were prepared. During hydration of the lipid film, 500 mL equimolar solution of A647-BSA and

DQ-BSA solution (1 mg∕mL) or FITC-OVA (1 mg/mL) were added to 16 mmol of dried lipid film. To remove unencapsulated protein,

liposomes were washed with saline, subjected to dialysis overnight and centrifuged (2500 3 g, 15 min, 22�C) three times. The final

pellets were resuspended in saline, to yield a final suspension concentration of 33.3 mmol lipid∕mL. Encapsulation efficiency was

determined by performing protein estimation assay on liposome solution.

Degradation assay (DQ-BSA)
For liposome based assay: WT and Tim4 KO LPMwere pulsed for 10 min at 37�Cwith PS-liposomes or PC-liposomes encapsulating

Alexa Fluor 647–BSA and DQ BSA (2 mmol/million cells). For DAAMps based assay: IgG or PS-functionalized DAAMps conjugated

with Alexa Fluor 647 BSA and DQ-BSA were added to LPM in the ratio 1: 10 (LPM: DAAMps). Cells were washed 4X with cold PBS in

order to remove nonspecific binding/non-internalised liposomes/DAAMps from the cell surface. Cells were then acquired on FACS

Celesta,BD for 90 min at every 5 min interval at 37�C and median fluorescent intensity of DQ-BSA normalized on Alexa Fluor

647-BSA+ cells was recorded. DQ-BSA degradation index was calculated as log fold change of median fluorescent intensity of

DQ-BSA on Alexa Fluor 647+ F4/80high macrophages over median fluorescent intensity of DQ-BSA on F4/80high macrophages at

time 0 min.

Tracking the rate of lysosomal acidification using cypHer labeled thymocytes
LPM were isolated from peritoneal lavage with ice-cold PBS from naive, WT mice and allowed to adhere in m-slide chambered cov-

erslips (ibidi) for 6 h. Thymocytes were isolated fromBalb/Cmouse andwere incubated with dexamethasone (10 mM) in DMEM+10%

FBS for 4 h at 37�C. After 4 h, cells were washed twice with PBS and stained with CTV 5 mM (Invitrogen) and cypHer5E-Alexa Fluor

647 5 mM (Cytiva) in PBS +10% carbonate buffer (pH 9.2) at 37�C for 20’. Unbound dye was quenched by adding complete medium

and washing the cells. Peritoneal cells were pulsed with apoptotic, labeled thymocytes for 100 at 37�C and immediately stored on ice,

followed by staining with anti-F4/80 for flow cytometry analysis for about 15–20min at 4�C. Chasewas then allowed at 37�C, fractions
were collected at indicated time points and immediately fixed with 1%PFA andmedian fluorescent intensity of cypHer5E Alexa Fluor

647 on CTV+ F4/80high macrophages was recorded by flow cytometry. For certain assays, LPM were treated with Bafilomycin A1

(100 nM) or DPI (5 mM) 30min prior to the pulse with apoptotic thymocytes as well as during chase. Acidification index was quantified

as log fold change of median fluorescent intensity of cypHer5E on CTV+ F4/80high macrophages at each indicated time over median

fluorescent intensity of cypHer5E of F4/80high macrophages at time 0 min.

Confocal imaging of peritoneal macrophages and quantification
LPM were obtained from naive WT or Tim4 KO animals and plated on ibidi chambers in IMDM for 6 h. Where siR-Actin was used to

mark Actin, siR Actin (final concentration 200 nM) and Verapamil (final concentration 1 mM) were added during the time of plating.

LPMwere then pulsedwith apoptotic ID8 ZsGreen+ for 15min at 37�C, followed by threewasheswith cold PBS to remove non-bound

thymocytes. After 15, 30 or 45 min of chase at 37�C, cells were fixed with 4% PFA for 5 min at room temperature. Blocking was per-

formed with 5% horse serum followed by staining with indicated antibodies. Nucleus was stained with Hoechst 33342 (Invitrogen)

and mounting medium (Ibidi) was added to preserve the samples until acquired. Where PI3K-inhibitor LY294002 was used, WT

LPM were treated with the inhibitor (final concentration 100 mM) 20 min prior to the pulse with apoptotic cells as well as during

the chase. All the steps were performed in ibidi chambers. Confocal images were acquired with an LSM 880 META reverse micro-

scope (Zeiss) with a 633/1.4 NA plan oil objective. Image analyses were performed using Volocity 3D Image Analysis Software 5.5.1

(PerkinElmer) and Fiji (NIH). Phagocytic index was calculated for each field using the following formula. Phagocytic index= (the num-

ber of internalized thymocytes or DAAMps/Total LPM)x (the number of LPM that have internalized thymo or DAAMps/Total number of
22 Cell Reports 43, 114096, April 23, 2024



Article
ll

OPEN ACCESS
LPM)x100. Curvature of actin phagocytic cup was calculated with the Kappa: a Fiji plugin for curvature analysis. To quantify actin

surrounding cargo, within each cell (macrophage) we computed annular area of width 0.8 mm around cargo and measured actin in-

tegrated density followed by normalization with actin density per cell (macrophage). vATPase around cargo was quantified in 2 mm

annular area surrounding the thymocytes. ‘Average thymocyte area’ was obtained from calculating area of n > 20 uninternalized thy-

mocytes. To quantify cargo degradation, scoring was done based on individual cargo area. ‘‘Intact’’: Average thymocyte area ±10%,

‘‘Partially digested’’: Between 30 and 90% ± 10% of Average thymocyte area, ‘‘Completely digested’’: <20% ± 10% of Average

thymocyte area.

Detection of OVA-MHC-I complexes on surface of peritoneal macrophages
To detect specific MHC class-I OVA complexes peritoneal cells from tumor-bearing mice were incubated for 1 h at 37 �C with PE-

coupled H2Kb-SIINFEKL mAb (25-D1.16) (BioLegend). Cells were washed and stained with extracellular antibodies to identify LPM

and SPM and analyzed by flow cytometry. As negative control, LPM were isolated from control mice. As positive control, LPM and

SPM isolated from control mice were stimulated for 2 h with 50nM SIINFEKL and stained as above.

Adoptive transfer of OT-I CD8 T cells and in vivo proliferation
CD8 T cells were obtained from lymph nodes of mice expressing congenic marker CD45.1 and OVA-specific TCR chain Vb5 (OT-I).

1 3 106 CD45.1+OTI CD8+ OVA-specific T cells were labeled with CFSE (5 mM, Biolegend) or CTV (5 mM, Thermo Fisher Scientific),

and intraperitoneally injected intoWTor Tim4 KOmice. After 16 h,micewere injectedwith 2x105 apoptotic ID8-OVA. For experiments

with liposome-mediated antigen delivery, OVA-containing PC or PS liposomes amounting to equal concentrations of OVA (1–2 mM).

At indicated times (2 days or 15 days) after tumor or liposomes challenge, and peritoneal ascites were collected, processed as

described previously and proliferation was verified by flow cytometry. As a control, total ascites cells were re-stimulated ex vivo

with OVA class-I peptide SIINFEKL (2 mM).

Activation of endogenous anti-tumor CD8+ T responses
For analysis of the activation state of endogenous tumor-infiltrating CD8+ T cells in ID8ZGO tumor bearing mice, peritoneal cells were

collected at day 14 post-tumor inoculation. Cells were washed with PBS and stimulated with SIINFEKL (2 mM) 37 �C for 4 h in the

presence of Golgi Stop (BD Biosciences) to allow accumulation of intracellular cytokines. After viability and surface marker staining,

cells were fixed and permeabilized usingCytofix/Cytoperm solution (BDBiosciences) followingmanufacturer’s instructions, and then

stained with anti-IFNg-PE (XMG1.2, Biolegend).

Tim4 KO mice or WT counterparts were injected with 2 3 106 ID8ZGO cells and sacrificed 14 days post-tumor inoculation. Accu-

mulation of endogenous anti-tumor CD8+ T cells in the peritoneal cavity was assessed by using Pro5MHCH-2Kb Pentamers (Proim-

mune) followingmanufacturer’s instructions. Briefly, total peritoneal cells were stained with Pro5MHCH-2KbPentamers for 45min at

4 �C, washed and stained to identify CD8 using the gating strategy shown in Figure S1A.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using GraphPad Prism 9 software. All data are presented as the mean ± SEM, unless other-

wise indicated. The number of replicates for each experiment are mentioned in respective figure legends. Statistical significance be-

tween two or more groups was evaluated using student’s two-tailed t test (paired or unpaired, as applicable), multiple comparisons,

one way ANOVA or two-way ANOVA, as appropriate. For acidification and degradation curves, the data were analyzed using non-

linear regression by fitting the data into ‘one phase association’ model (Figures 5 F, 5H, 5I; and S6D) or ‘plateau followed by one phase

association’ model (Figure S8G) and plateau values for individual experiments, whichwere then analyzed by t test or two-way ANOVA

as applicable. p values <0.05 were considered significant.
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