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An effective immune system must sample and develop healthy self-identity to prevent
autoimmunity and to discern pathogenic insults' . Self-proteins are presented to

T cells in the thymus during immune cell development?* and must be presented
throughout the body to maintain regulatory T cell populations* and to provide tonic

signals to sustain conventional T cells over time’. Observations of continuous
apoptosisin some organs together with the ingestion of that material by myeloid
populations has led to a conventional understanding of ongoing cell death as amajor
source of self-antigens'®. Here we used a series of companion imaging and vesicular
labelling technologies to reveal an alternative process undertaken by macrophages
thatresults in non-destructive, direct sampling of living cells. This process requires
cell-cell contact, does not require caspase activation and occurs via trogocytosis-like
stretching of the target cell into the macrophage, which leads to the generation of
submicrometre-sized vesicles that contain cytoplasm. Using a high-dimensional flow-
based method for labelling vesicles, we demonstrate that live-sampled material is
distinctly processed and is poorly subjected to fusion with lysosomes. The material also
produces differential effects on the presentation of antigen to CD4 T cells compared
with CD8 T cells. Disruption of this trafficking by redirecting antigen to the lysosome
significantly reduced the associated macrophage-mediated priming of CD8 T cells.
These results demonstrate animportant and substantial sampling of living cells by
theimmune system, with clear consequences for maintaining the border of immunity.

Antigen-presenting cells (APCs) must continuously survey tissues
through the ingestion and processing of antigens for presentation to
mediate antigen-specific T cell responses™. Previously, in the course
of studying a selection of tissue-specific sites of tolerance, including
intumours, we expressed the fluorescent protein ZsGreenin multiple
non-inflammatory settings across a range of tissues with slow turno-
ver rates (for example, Schglal**™ airway epithelium)® or faster
turnover (for example, K14 skin cells, tumours and Vil1¢ intestinal
epithelium).ZsGreenisboth bright and stable, which facilitates long-
lived tracking®™". In this study, cytosolic ZsGreen expressed under the
Scbglal“*®*™? and K14 promoters all routinely illuminated substantial
CD45'immune populations that contained numerous submicrometre-
sized vesicular puncta of ZsGreen (Fig.1a,b), afinding consistent with
ingestion of tissue-associated protein. When CD45" cells containing
ZsGreen were isolated from these healthy tissues, various myeloid
cells were highlighted (Fig. 1c,d, Extended Data Fig. 1a,b and Supple-
mentary Fig. 2), including dendritic cells and neutrophils. However,
macrophages were the most consistently loaded. These loading fre-
quenciesalso mirrored previous characterizations of myeloid sampling
of skin®®*and tumour cytoplasts'.

These observations do not result from misexpression of transgenes
inhost tissues, as demonstrated by the following series of observations.

First, we compared the ZsGreen fluorescence intensity of lung mye-
loid cells in mice expressing ubiquitous ZsGreen (Actb“*;ZsGreen),
lung-specific ZsGreen (Scgblal“*™%;ZsGreen) or no ZsGreen (C57BL/6
wild-type (B6 WT)). In each myeloid cell population, ZsGreen fluo-
rescence intensity in Scgb1al“***%;,ZsGreen mice was greater than
in B6 WT mice but less than in Actb“*;ZsGreen mice (Extended Data
Fig.1b). This result is consistent with the accumulation of exogenous
ZsGreen proteinas opposed to cell-autonomous ZsGreen expression.
Second, transplantation of normal bone marrow into mice expressing
ZsGreen gaverise to donor-derived myeloid cell populations that were
bright for ZsGreen (Extended Data Fig. 1c and Supplementary Fig. 3a).
Third, in mice ubiquitously expressing tdTomato and subcutaneously
transplanted with B16-F10 tumours expressing ZsGreen (B16-ZsGreen),
host CD45" immune cells contained tumour-derived vesicular ZsGreen
puncta. Moreover, a significant proportion of tumour-associated mye-
loid cellsingested ZsGreen (Fig. 1e,fand Supplementary Fig.3b). Finally,
whereas we had previously observed trafficking of tissue-specific
ZsGreen to tissue-draining lymph nodes (LNs)®, ZsGreen was not
detectedin the non-draining LNs of Scgb1al“***"%;ZsGreen mice (Fig.1g),
whichindicated tissue-specific uptake.

For tumour antigens, it was previously found that tumour antigens
are co-packaged in macrophage vesicles together with tumour-derived
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Fig.1|Myeloid cellssample proteins from healthy and tumour tissues.

a,b, Images of example lung (a) and skin (b) samples taken from mice expressing
ZsGreen under the Scgblal®***™ (a) or K14 (b) promoter. Insets show images
ofinsitumacrophages labelled with CD45 (a) or sorted CD45" macrophages (b)
showing ZsGreen punctainside the macrophages. ¢,d, Quantification of isolated
lung myeloid cells from Scgblal“***"?;ZsGreen mice (¢, n = 5 mice) or skin myeloid
cells from K14*;ZsGreen mice (d, n = 3 mice) shows specific uptake in tissues,
prominently in macrophages (M). Lymphocytes were routinely negative for
ZsGreen. AM, alveolar macrophage; cDC1, type 1conventional dendritic

cell; cDC2, type 2 conventional dendritic cell; cMo, conventional monocyte;
IM, interstitial macrophage; Mo, monocyte; Neu, neutrophil; pMo, patrolling
monocyte. e, Exampleimage of B16 melanoma cells expressing ZsGreen
transplanted into mice ubiquitously expressing tdTomato. Theinsetisan

ZsGreen tracer®, To determine whether other non-tumour self-antigens
in healthy tissue with low turnover, such as epithelium, are similarly
taken up in these myeloid cell populations, we examined the levels
of VEGFR3 and PLVAP proteins, which are specifically expressed on
the cell surface of non-haematopoietic cells in the lung. Intracellu-
lar flow cytometry analyses of cellular components from the lungs
of Scgb1al“**™; ZsGreen mice showed that local myeloid cell popula-
tions from the lung, but not distant splenic myeloid cells, contained
these self-proteins (Fig. 1h,i, Extended Data Fig. 1d and Supplementary
Fig.3c). Furthermore, ZsGreen" myeloid cells were brighter for VEGFR3
and PLVAP stains compared with ZsGreen'** myeloid cells (Fig. 1hand
Extended DataFig.1d). Therefore, tissue-associated myeloid cells regu-
larly sample tissue-associated self-proteins, both engineered tracer
proteins and those normally expressed by tissues.

Macrophages can sample from live cells

Several mechanisms of uptake might contribute to myeloid cell sam-
pling from tissues in vivo. The most heavily studied so far is phagocy-
tosis of dead cells and endocytosis of exosomes. To examine in detail
how myeloid cells can obtain intracellular material fromnearby cells, we
established anin vitro assay to measure cell sampling using donor cell
populations, grown ataround 99% viability, in log phase. We co-cultured
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exampleimage of CD45" macrophages. f, Quantification of isolated tumour-
associated myeloid cells shows broad uptake of ZsGreen across myeloid cell
subsets. n =4 mice. g, Quantification of isolated inguinal LN myeloid cells

from Scgblal“***"%; ZsGreen mice shows no uptake in distant LNs. n =4 mice.
mDC1, migratory cDC1; mDC2, migratory cDC2; rDC1, residential cDC1;
rDC2, residential cDC2. h, Intracellular staining for airway-specific VEGFR3
proteininlung (black) compared with splenic (grey) myeloid cell populations
withZsGreen" lung macrophages (green) further enriching for the VEGFR3
geometric mean fluorescence intensity (gMFI) signal.i, VEGFR3 gMFlin lung
and splenic myeloid cell populations normalized to the average gMFI of splenic
myeloid cells.n=3 mice. Representative of 3 experiments, n=3-5mice per
experiment.Shown aremean *s.d. Scalebars, 40 um (a), 50 um (b) or100 pum (e).

bone-marrow-derived macrophages (BMDMs) with cells expressing
ZsGreen, focusing on two model target cells: B16-ZsGreen melanoma
cells (which, in these conditions, minimally produce exosomes) and
primary mouse embryonic fibroblasts (MEFs) isolated from mice ubiq-
uitously expressing ZsGreen (MEF-ZsGreen). From these co-culture
experiments, we detected significant ZsGreen' uptake fromboth target
cellsinto BMDMs. Moreover, the intensity of ZsGreen fluorescence was
hundreds of times lower than the intensities of intact donor cells, a
result consistent with partial sampling as opposed to complete engulf-
ment (Fig. 2a and Supplementary Fig. 4a). When ZsGreen* BMDMs
were sorted for imaging by high-resolution spinning disc confocal
microscopy, internalized submicrometre-sized ZsGreen* punctawere
readily visualized (Fig. 2b,c and Extended Data Fig. 2a).

We then evaluated whether antigen sampling from live cells in this
setting is mediated through the uptake of soluble particles and/or
depends on cell contact, whereby the former in particular is expected
for the ingestion of free exosomes and perhaps apoptotic blebs. Cul-
ture of BMDMs with either B16-ZsGreen-derived supernatant con-
taining a limited number of exosomes produced in a 48-h period or
B16-ZsGreen cells that were separated from BMDMs by a Transwell
insert both significantly reduced uptake (Fig.2d,e and Extended Data
Fig.2b). Moreover, treatment of cultures with aninhibitor of exosome
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Fig.2|Livecellscanbesampledinacell-contact-dependent manner without
caspase activation.a,BMDMs and ZsGreen-target cells were co-cultured for
16 h (left) before evaluation for ZsGreen uptake by flow cytometry (right).

b, Images of sorted ZsGreen BMDMs with membrane tdTomato showcasing
ZsGreen' puncta (representative of n =2 experiments). Rightimage s the
magnification of the yellow square on the left. Colour bar: grey units. Scale
bars, 20 pm (left) or 5 um (right). ¢, Area of individual ZsGreen® vesicles

(mean = 0.145 um?). n = 77 vesicles quantified from 23 cells. Shown are

mean +s.d.d,e, BMDMs were co-cultured directly with B16 cells (Direct), with
supernatant from B16 cell culture (d, SN; P=0.0052) or witha Transwell insert

and microparticle release or with an inhibitor of endocytosis did not
reduce uptake (Fig. 2f,g, Extended Data Fig. 2c-f and Supplementary
Fig.4b,c). Therefore, although endocytosis of soluble material such as
exosomes and microparticles may modestly contribute to this feature,
this result suggests that there is a distinct dominant mechanism of
uptake of live cell-associated material in this setting, which requires
cell contact.

An existing hypothesis suggests that phagocytosis of apoptotic
bodies, termed efferocytosis but here we will use ‘phagocytosis’, is
the major mechanism by which tissues donate material to surveilling
APCs™ 7, We therefore sought to test whether cell death is necessary
for the substantial cell sampling observed in our system. When we
treated co-cultures with the caspase inhibitor zVAD, there was no
effect on ZsGreen uptake (Fig. 2h, Extended Data Fig. 2f,g and Sup-
plementary Fig. 4d). This result confirms that this uptake mechanism
doesnotrely oncell death. To study more directly whether the material
ingested into macrophages comes from cells undergoing apoptosis,
we used a B16-F10 model cell line that expresses constitutive mCherry
and asplit GFP caspase-3 activity indicator that fluoresces only when
cleaved, for example, during apoptosis'® (B16-GC3Al) (Fig. 2i). Use of

containing B16 cells (e, Indirect); P=0.0018). f-h, In vitro co-cultures were
treated with DMSO (vehicle control) or with an exosome and microparticle
inhibitor (DMA;f), an endocytosis inhibitor (Dynole; g) or a caspaseinhibitor
(zVAD; h; P=0.0378).i, Schematic (left) and plots (right) of induction of GFP
expression in B16-GC3Al cells treated with DMSO or staurosporine.j, Co-culture
of BMDMs with B16-GC3Al cells demonstrates that uptake is predominantly
fromlivemCherry*GFP target cells. Ford, handj, n =3 biological replicates.
Each pointrepresents onebiological replicate (mean of n =3 technical
replicates). Shown are the mean of biological replicates + s.e.m. Two-sided
paired t-test.*P<0.05,**P< 0.01.

this model confirmed that B16-GC3Al cells in our assays were highly
viable (0.12% GFP*), whereas apoptotic cell death induced by stau-
rosporine treatment resulted in GFP reporter fluorescence (>63%
GFP, Fig. 2i). When these reporter-expressing cells were co-cultured
with BMDMs, the majority of the mCherry* cells (those that had taken
up material from the donor cells) lacked GFP expression compared
with uptake following apoptosis (1% for live sampling versus 11% after
staurosporine treatment; Fig. 2j and Extended Data Fig. 2h). Together,
these results provide further support that an alternative sampling
pathway, beyond those involving apoptosis, exists to obtain material
from live cells.

Live imaging of live sampling

Given the smallsize of particles we found in macrophages, we adopted
high-resolution methods to directly image the time course of B16-
ZsGreen cells interacting with BMDMs expressing membrane tdTo-
mato in co-culture. We used lattice light-sheet imaging (which has an
isotropic resolution of approximately 220 nm) and a Nikon spatial
array confocal (NSPARC) detector system (which uses an ultralow
noise detector array with lateral and axial resolutions of approximately
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Fig.3|Trogocytosis-like sampling enables macrophages toingest cytosolic
protein fromlivecells. a,b, Confocal liveimaging of interactions between
tdTomato* BMDMs and B16-ZsGreen cells using the NSPARC detector system.
Time shown as min:s (representative of three experiments). a, Two-colour
volume rendering displaying interactions between tdTomato* BMDMs and
B16-ZsGreen cells. The yellow box highlights the region of interest displayed
inb.b, Three-dimensional surface rendering from theregion of interestina
visualizing the formation and separation of a vesicle from a B16-ZsGreen cell
(green) intoatdTomato® BMDM (red). z-stacks within series were capturedin
30 sintervals.c, Volume measurements of separated ZsGreen* vesicles from
frames13-18inbusingImaris objectstatistics. d, Lattice light-sheetimaging
oftdTomato* BMDMs and B16-ZsGreen cells capturing the stretching and
separationofaZsGreen® vesicle fromthe target cell. Time shown as min:s
(representative of two experiments). e,f, Antibody-opsonized B16-ZsGreen

212 nm and 424 nm, respectively). Note that both technologies can
sample live full-cell volumes over time with reduced phototoxicity.

Using NSPARC microscopy, we observed target cell-BMDM interac-
tions that spontaneously resulted in the stretching of a protrusion of
thetarget cellinto BMDMs. This was frequently followed by the separa-
tion of adistinct ZsGreen® vesicle (Fig. 3b). In arepresentative video
(Fig.3band Supplementary Video 1), this entire process took <10 min
from imaging of the initial ZsGreen" protrusion until the time when
the protrusion was no longer visible from the target cell. However, we
registered the actual abscission of the vesicle within a single frame
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target cells were co-cultured with BMDMs edited using CRISPR-Cas9 and
single-guide RNA targeting the Rosa26 controllocus or theindicated receptor
locus (e) or with BMDMsisolated from B6 WT mice (WT) or FcerIg KO mice (f).
P=0.000003973in Fcgr3KO versus Rosa26 for anti-CD98 ine; P=0.0056 in
WT versus Fcerlg KO for anti-CD98in f. g, BMDMs edited for the Rosa26 control
locus (R26) or the /tgamlocus (which encodes CD11b) were co-cultured with
B16-ZsGreentarget cells. P=0.0412. n =3 biological replicates. Each point
representsonebiological replicate (mean of n =3 technical replicates). Shown
are the mean of biological replicates +s.e.m. Pvalues were calculated using
two-way analysis of variance (ANOVA) with Sidak’s multiple comparison (e),
mixed-effects model with Dunnett’s multiple comparison (f) or two-sided
paired t-test(g).*P<0.05,**P<0.01,****P< 0.0001.Scalebars, 3 um (a),

0.7 um (b) or 0.5 pm (d).

(30 s; Fig. 3a,b) followed by complete loss of the remaining tether
either into the vesicle or back into the donor cell. We confirmed at
the end of the process that minute amounts of target cell material
were physically inside the BMDM by analysing the same data in yz
and xz projections (Extended Data Fig. 3a). Consistent with the size
ranges observed in vivo®, these separated vesicles were small, ranging
from diffraction-limited sizes (about <0.02 pm?) to about 0.05 pm?
(Fig. 3c). In some cases, we also saw a protrusion pulled into the
BMDM but then retracted without detectable pinching of a vesi-
cle, which might either have led to extremely tiny ingestion or



was simply abortive. After ingestion, ZsGreen" puncta moved within
the cytoplasm (Extended Data Fig. 3b). These data suggest that
live-cell cytosolic material can be sampled in a contact-dependent,
trogocytosis-like manner.

To confirm that this process is not an artefact of the detection
method and to take advantage of faster frame rates, we leveraged lat-
tice light-sheet microscopy® because of its isotropic high resolution.
This system also captured the stretching and separation of ZsGreen”
vesicles, again visible across asingle frame (inlattice light-sheet micros-
copy about 8 s; Fig. 3d, Extended Data Fig. 3c and Supplementary
Video 2). Although ingested vesicles were occasionally identified
using spinning disc confocal microscopy (Extended Data Fig. 3d), it
is possible that the small size of these vesicles (which limits the total
fluorescentyield) and the lower sampling rate of thisingestion method
hinders our ability to capture this biology with older technologies. This
limitation provides a possible explanation for why this process had not
yet been described or extensively studied when using conventional
microscopy methods.

Receptor-mediated uptake fromlive cells

Although multiple receptor-ligand interactions are likely to contrib-
utetothis process, we first asked whether previously described mecha-
nisms, such as antibody opsonization or complement receptor 3 (CR3;
composed of the CD11b-CD18 heterodimer) engagement, facilitate
sampling from live cells. To this end, pre-incubation with antibodies
against the surface protein CD98 increased ZsGreen uptake (Fig. 3e).
Consistent with previously reported binding specificity of rat IgG1k
to Fcy receptor 3 (FcyR3, also known as CD16)%, this enhancement
required FcyR3 binding and signalling (Fig. 3e,f and Extended Data
Fig.4a-c).Pre-incubation with antibodies against another abundant
surface protein, CD29, similarly increased uptake in a FcyR-dependent
manner (Extended Data Fig. 4d,e). Moreover, pre-incubation of
ZsGreentarget cells with normal mouse serum or isolated IgG before
co-culture with BMDMs increased ZsGreen uptake (Extended Data
Fig. 4f,g). This result suggests that even weakly cross-reactive col-
lections of antibodies amplify sampling from live cells. Furthermore,
disruption of complement receptor component CD11b in BMDMs
decreased the frequency and intensity of ZsGreen uptake in B16 cells
and MEFs (Fig. 3g and Extended Data Fig. 5a-c). This result is simi-
lar to previous reports of synaptic pruning by microglia involving
these receptors®.

Next, toidentify other surface proteins beyond CD11b and FcyR inv-
olved in this process, we used NicheNet? to predict ligand-receptor
interactions between our two model target cellsand BMDMs (Extended
DataFig.5d). Because CD11balso has established roles in phagocytosis,
we prioritized shared receptors with known phagocytic functions®,
confirmed their protein expression and evaluated their contribution
to ZsGreen uptake. Of the eight candidate receptors that we examined,
only knockout (KO) of Cd93, which encodes a C-type lectin receptor,
showed amodest but significant decrease in ZsGreen uptake (Extended
DataFig. 5e-g). These findings indicate that multiple surface interac-
tions contribute to uptake, and CD11b and CD93 have partial roles.

We next examined signalling pathways that link receptor engage-
ment to uptake using small-moleculeinhibitors. We targeted signalling
downstream of CD11b (SRC, SYK and PI3K), small GTPases important
for vesicle trafficking (ARF6, CDC42 and RAC) and actin nucleation
proteins (ARP2 and ARP3 (ARP2/3) and formins) (Extended Data
Fig. 6a,b). Inhibition of SRC signalling (with PP1), PI3K signalling (with
GDC-0941) and ARP2/3 (with CK-666) decreased but did not completely
abrogate uptake (Extended Data Fig. 6¢-e). These results suggest
that receptor-mediated activation of SRC and PI3K, which leads to
ARP2/3-driven branched actin assembly, supports vesicle formation.
By contrast, SYK, small GTPases and formin-driven linear actinmay be
dispensable or redundantinour system. Altogether, these dataindicate
that pleiotropic mechanisms contribute to this contact-dependent

sampling process that nevertheless relies on local activation cues at
the cell-cell interface.

Alternative trafficking of live sampling

We sought to determine whether this mechanism has any distinct
functional downstream consequences for the vesicle or cargo by
firstinterrogatingits fate compared with material obtained through
phagocytosis or endocytosis. To facilitate a high-dimensional analysis
of the organelles that were derived from different modes of cell sam-
pling, we developed a ten-parameter flow-based organelle profiling
method thatisloosely based on a previous phagoFACS method®. This
new method is capable of immunophenotyping of multiple intra-
cellular compartments (Fig. 4a and Methods). To focus our analysis
on protein-associated intracellular organelles, we incorporated a
cell-surface biotinylation step before lysis to ensure definitive dis-
crimination of surface-derived membranes and stained preparations
with amine-binding CellTraceViolet (Fig. 4b, Methods and Supple-
mentary Fig. 5a). Markers for intracellular organelles, such as early
endosome antigen 1 (EEA1) and RAB7, were exclusively detected
in the streptavidin-negative material (Fig. 4c). In CellTraceViolet"
intracellular vesicles isolated from BMDMs, we were able to distin-
guish ZsGreen® antigen-containing vesicles from ZsGreen™ antigen-
free vesicles, and these were exclusively found in BMDMs that had
been co-cultured with ZsGreen-expressing target cells (Fig. 4d and
Supplementary Fig. 5b).

Vesicles derived from internalization are understood to flow thr-
ougha pathway that consists of progressively more degradative com-
partments. Thatis, early endosomes mature into late endosomes that
fuse with lysosomes to form phagolysosomes'®®. We designed our
panel to identify known vesicular compartments, including RAB17*
recycling endosomes, EEA1" early endosomes, LAMP1" lysosomes,
RAB7*maturing endosomes and RAB7'LAMP1'CD63" late endosomes
(Fig. 4e-h). By further incorporating antibodies that recognize the
antigen-presentation molecules major histocompatibility com-
plex (MHC) class I (MHC-I) and class Il (MHC-II), we could identify
compartments consistent with antigen loading. Consistent with pre-
vious reports'®, MHC-1 was primarily excluded from LAMPI" vesicles,
whereas MHC-1lwas detected across multiple vesicular compartments
(Extended Data Fig. 7a,b). Together, these results highlight the suit-
ability of this high-dimensional vesicle analytical method to study the
composition and identity of vesicular compartments.

We then applied this organelle immunophenotyping method to
compare the intracellular trafficking of ZsGreen* antigen-containing
vesicles after trogocytosis-like live sampling to other sampling mecha-
nisms, including endocytosis and phagocytosis (Fig. 4i). Although
endocytosis of soluble material derived from supernatant resulted in
very low levels of ZsGreen uptake, sufficient ZsGreen vesicles were nev-
ertheless detectable for downstream analyses (Extended DataFig.7c,d).
Inaconventional gating analysis, both phagocytosis and endocytosis
resulted in distributions of proteins across the vesicle-maturation
spectrum. However, it revealed decreased trafficking of vesicles result-
ing from trogocytosis-like sampling to the late endosome (Fig. 4j,k
and Extended Data Fig. 7e,f) and target-cell-dependent changes in
the colocalization of these with MHC-Ibut not MHC-1I (Extended Data
Fig. 7g). Notably, although around 90% of ZsGreen" vesicles result-
ing from phagocytosis were associated with a conventional vesicle
marker, a substantial proportion of ZsGreen" vesicles resulting from
live sampling did not associate with these canonical endocytic markers
(Fig.41). Thisresult suggests that there is sequestration of live sampled
material into an alternative endocytic trafficking pathway rather than
those associated with degradation.

Toanalyse vesicle populations on the basis of their intensity for each
of our markers and inanunbiased manner to previous classifications,
we displayed the concatenated ZsGreen" vesicles in a t-distributed
stochastic neighbour embedding (tSNE) plot using only the vesicle
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Fig. 4 |See next page for caption.

proteinmarker intensities as parameters (Extended Data Fig. 8a,b). This
approach demonstrated that although vesicles derived from each sam-
pling method overlapped, there was a distinct shift in the distribution
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of vesicles when comparing live sampling (trogocytosis-like) with con-
ventional phagocytosis of apoptotic cells (Fig.4mand Extended Data
Fig. 8b). When we overlayed intensities of markers such as LAMPI,



Fig.4 |Multiparameterintracellular vesicle flow cytometry reveals that
live-cell-associated protein fills adiscrete vesicular compartment.

a, Schematic of multiparameter organelle flow cytometry. Surface-biotinylated
cellsarelysed and centrifuged at low speed. Supernatant containing the
organelles was collected, and the organelles were stained with CellTraceViolet
(CTV), fixed, permeabilized and stained with antibodies. b, Discrimination of
streptavidin-negative CTV'intracellular, protein-containing particles. c, Vesicle-
staining antibodies primarily stainintracellular particles. d, Discrimination of
ZsGreen' vesicles containing target-cell-derived protein. SSC, side scatter.
e-h, Identification of vesicle compartments. Schematic (e) of how a ten-colour
panelwas used to identify canonical antigen-trafficking compartments.
Gatingstrategy used toidentify recycling and early endosomes (f), maturing
endoscopes and lysosomes (g) and late endosomes (h). i, Schematic of the
evaluation of trafficking downstream of different sampling mechanisms
(related toj-mand Extended DataFigs.7 and 8).j-m, Representative flow plots
gated on ZsGreen' vesicles (j) or tSNE generated from concatenated ZsGreen*
vesicles (m) derived from phagocytosis, endocytosis or trogocytosis-like
mechanisms, with quantification of the proportion of ZsGreen" vesicles in

late endosome (k) and an alternative compartment (Alt;1). n = 3 biological
replicates for phagocytosis, n = 4 biological replicates for endocytosis and

trogocytosis-like. For k, P= 0.0087 for B16 phagocytosis versus endocytosis;
P=0.0016 for B16 phagocytosis versus trogocytosis-like; P= 0.0121 for MEF
phagocytosis versus endocytosis. Forl, P=0.0053 for B16 phagocytosis
versustrogocytosis-like. E/M, early/maturing endosome; LE, late endosome;
R, recyclingendosome.n, Schematic of evaluation of T cell activation downstream
of different sampling mechanisms. ZsGreen* BMDMs were sorted after
co-culture with live or apoptotic B16-ZsGreen-minOVA target cells and
co-cultured with CTV-labelled OT-1CD8" or OT-11CD4" T cells (1:3 ratio of
BMDMsto T cells) for 3 days (related to o and p and Extended Data Fig. 9).

0, OT-1ICD4 T cell proliferation assessed by loss of CTV after co-culture
withZsGreen* BMDMs thatingested material using phagocytosis (black) or
trogocytosis-like (blue) mechanisms. p, Activation (CD69 expression) and
proliferation of OT-ICD8T cells after co-culture with ZsGreen* BMDMs

from phagocytosis or trogocytosis-like conditions. P=0.000002615.n=3
biological replicates for o and p, Each pointrepresents one biological replicate
(n=1technicalreplicate forkandl; n=3technical replicates for o and p). Shown
arethe mean of biological replicates + s.e.m. Pvalues were calculated using
two-way ANOVA with Dunnett’s multiple comparisonstest (kandl) or two-sided
paired t-test (p). *P < 0.05,**P < 0.01, ****P < 0.0001; NS, not significant.

and consistent with the conventional flow-gating strategy, vesicles
resulting from live sampling were relatively depleted in late endosomes
and enriched in an alternative vesicular compartment (Fig. 4m and
Extended Data Fig. 8c).

Toindependently assess lysosomal delivery, we performed confocal
microscopy and quantitative colocalization analyses. The results con-
firmed that ZsGreen acquired through live sampling had significantly
lower overlap with LAMP1 than with antigen acquired from phagocy-
tosis (Extended Data Fig. 8d-f). This finding provides further support
that live-cell-derived antigen has a distinct vesicular fate.

Livesampling biases T cell activation

Immunologically, the nature of sampling may have repercussions
for how internalized antigens are presented to T cells on MHC-I
(cross-presentation) compared with MHC-II. To examine how sampling
through this trogocytosis-like mechanism affects antigen presenta-
tion, weisolated ZsGreen" BMDMs after co-culture with DMSO-treated
or staurosporine-treated B16-F10 cells expressing ZsGreen fused
to OT-1and OT-1l ovalbumin (OVA) peptides (B16-ZsGreen-minOVA
cells)® (Fig. 4n and Extended Data Fig. 9a). We detected only weak
and indistinguishable activation in OT-1l CD4 T cell activation after
co-culture with BMDMs that had acquired antigen through phago-
cytosis (Phago-BMDMs) compared with those that had sampled live
cells (Trogo-BMDMs) (Fig. 40 and Extended Data Fig. 9b). By contrast,
Trogo-BMDMSs but not Phago-BMDMs induced significant OT-1 CD8
T cell proximal activation (CD69 upregulation) and proliferation
(Fig. 4p and Extended Data Fig. 9c). This result is consistent with the
absence of trafficking of live-sampled material to the degradative late
endosome and lysosomal compartments and suggests that there is a
bias for cross-presentation.

Trogocytosis that leads to transcellular membrane transfer (cross-
dressing) and T cell activation has been described in dendritic cells®.
To determine whether this processis occurring in our system, we per-
formed antigen transfer and T cell-stimulation assays using BMDMs
derived from BALB/c mice (Extended Data Fig. 9d). The MHC-1 allele
H2Kb was undetectable on both BALB/c-derived BMDMs cultured
aloneandon ZsGreen" BALB/c BMDMs that had ingested material from
B16-ZsGreen-minOVA target cells (Extended Data Fig. 9e). Consistent
with this finding, ZsGreen® BALB/c-derived BMDMs induced signifi-
cantly less antigen-specific CD8 T cell proliferation compared with
ZsGreen' B6 controls (Extended Data Fig. 9f). Thus, although limited
peptide-MHC transfer may occur, the majority of CD8 T cell activa-
tion must be due to BMDM processing and presentation of ingested
cytosolic antigen.

Diverted routing tied to less priming

Material ingested through clathrin-independent, dynamin-
independent-mediated endocytosis is diverted away from lysosomal
degradation?, and the SNX27-retromer complex can prevent lysosomal
delivery of ingested material®® (Fig. 5a). Because live sampling in our sys-
temis likewise independent of dynamin and leads to non-degradative
trafficking, we examined how disruption of SNX27 affects antigen
trafficking and subsequent T cell responses. CRISPR-Cas9-mediated
targeting of the Snx27 locus in BMDMs introduced insertions and
deletions (indels) and decreased protein expression at high efficiency
(Fig. 5b,c). Snx27KO did notimpair ZsGreen sampling (Extended Data
Fig.10a). However, compared with Rosa26-targeted controls, Snx27
KO increased ZsGreen trafficking to LAMP1* lysosomes and reduced
the fraction of ZsGreen localized to the alternative compartment
(Fig. 5d,e and Extended Data Fig. 10b,c). This result is consistent with
live-sampled material being diverted from the lysosome downstream
of live sampling.

To determine whether these trafficking changes are associated
with loss of cross-presentation, we co-cultured Snx27 KO or control
BMDMs with B16-ZsGreen-minOVA target cells and isolated ZsGreen*
BMDMs for co-culture with OT-ICD8 T cells. Consistent withincreased
antigen degradation, Snx27 KO BMDMs induced less T cell prolifera-
tion (Fig. 5f). Notably, Snx27 KO did not impair T cell proliferation
when BMDMs were pulsed with SL8 peptide (Extended Data Fig.10d).
This outcome confirmed that the observed effect is due to altered
antigen processing rather than general defects in APC functionality.

Discussion

Together, these findings demonstrate that thereis substantial sampling
oflive cells that takes place via atrogocytosis-like mechanism and fills
adistinct vesicular compartment thatis particularly underrepresented
inlate endosomes'®. That macrophages can constitutively ingest small
amounts of material from live cells is in itself unsurprising. Indeed,
a pruning function for macrophages has been demonstrated to be
important to activate stem cells?” and to optimize brain circuitry via
smallsynaptic pruning®. Akey distinction here is that we revealed the
occurrence of very low-volume trogocytosis-like sampling that may
be ongoing at steady state in a variety of cells and may be asignificant
source of self-antigen from healthy cells. This process provides mac-
rophages with adistinct endocytic trafficking mechanism with which
to present healthy self-antigens, notably to CD8 T cells. We also note
asingle previous observation of trogocytosis by dendritic cells that
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Fig.5|Snx27K0 in macrophagesincreases antigen trafficking to
lysosomesand decreasesCDS8T cellactivation. a, Schematicillustrating
SNX27-dependent diversion of material away from lysosomal maturation
intoanalternative endocytic pathway. b,c, Validation of Snx27KO in BMDMs
throughindel quantification by inference of CRISPR edits (ICE) analysis

(b; n=5Dbiological replicates, n=1technical replicate per biological replicate,
mean +s.d.) and westernblotting (c; image representative of two experiments).
B-Actinwas probed onthe same gel as aloading control. For gel source data,
see SupplementaryFig.1.d,e, CRISPR-Cas9-edited BMDMs were co-cultured
withZsGreen target cells (B16) to evaluate ZsGreen trafficking after Snx27KO.
Flow cytometry (gated on ZsGreen® intracellular vesicles; d) and quantification
of ZsGreen" vesicles (e).n =3 biological replicates (n =1technical replicate per

focused on a more conventional ‘ripping’ mechanism that leads to
direct transfer of pre-formed peptide-MHC from the donor cell mem-
brane®. By contrast, using previously unavailable vesicle cytometry,
ourresultsreveal the maintenance of sampled materialina depot that
can be processed by the APC for presentation. A more stable depot
of self-antigens provides a means of integrating and presenting the
self-identity of many sampled cells, perhaps over days or longer. The
longer retention of material sampled by this trogocytosis-like mecha-
nism may contribute to a transferable pool of these vesicles, which has
been observed to be exchanged among myeloid cells®. We note that
we used model antigen and transgenic T cellsin our study toreveal the
capability of macrophagesto cross-present live-cell-associated antigen
by stimulating T cell proliferation. Therefore, the functional role of this
cross-presentation mechanism for maintaining or tuning homeostatic
T cell populations that have undergone thymic self-tolerance requires
further investigation. Ultimately, this work provides a framework to
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biological replicate). P=0.0011for lysosomes (Lyso); P=0.0032 for Alt. Shown
arethe mean of biological replicates + s.e.m. Two-way ANOVA with Sidak’s
multiple comparison. *P < 0.05.f, Effect of Snx27 KO in BMDMs on CD8 T cell
activation. Flow plots (left) and quantification (right) of OT-ICD8T cell
proliferation after 3 days of co-culture with FACS-isolated ZsGreen* Rosa26-
targeted and Snx27 KO BMDMs that live-sampled B16-ZsGreen-minOVA target
cells. Horizontal bars (flow plots) show percentage of proliferated CD8 T cells.
n=3biologicalreplicates. P=0.0359 for percentage proliferated. P=0.0351
for normalized proliferation. Each point represents one biological replicate
(mean of n=3technical replicates). Shown are the mean of biological
replicates + s.e.m. Two-tailed paired t-test.*P< 0.05.

understand how theimmune system can accumulate information about
our healthy self. This system cantune T cells to the normal concentra-
tions of self-protein; however, it may also be exploited by tumour cells
to promote pathological outcomes.
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Methods

No sample size calculations were performed before the study. Sample
sizes were determined to be acceptable based on the magnitude of
effect size from previous or preliminary experiments. Experiments
were not randomized. Investigators were not blinded to group alloca-
tion during data collection.

Mice

Mice were housed and bred under specific pathogen-free conditions,
maintained on a12-12 h light-dark cycle, controlled temperature of
20-26 °C and humidity of 30-70%, at the University of California,
San Francisco (UCSF) Laboratory Animal Research Center. All experi-
ments conformed to ethical principles and guidelines approved by
the UCSF Institutional Animal Care and Use Committee, the National
Institutes of Health and the American Association of Laboratory
Animal Care. C57BL/6 (RRID: MGI:2159769), Ai6 (ref. 31) (mTmG),
B6;129P2-Fcerlg™*/] (Fcerlg KO, RRID: MGI:2162818)* and BALB/c
(RRID: MGI:2161072) mice were purchased from The Jackson Labora-
tory or bred in-house. Both male and female mice ranging from 6 to
20 weeks old were used for experiments. Food and water were provided
ad libitum.

To generate ZsGreen reporter mice, Ai6 mice were crossbred with
K14, Scgb1al™**™, Vil1”® or Actb mice. To induce ZsGreen expression
in Scgblal™**™;Ai6 mice, mice were fed tamoxifen-containing chow
ad libitum for 2 weeks.

For tumour studies, B16-F10 melanoma cancer cells were resus-
pendedin PBS and mixed at a1:1(v:v) ratio with growth-factor-reduced
Matrigel matrix (BD Biosciences), and 100,000 cells in 50 pl volume
were transplanted into the subcutaneous region of the mouse flank. On
day 14 after tumour challenge, when tumours reached a size or volume
of approximately 0.5 cm?, mice were euthanized, tumours were excised
and processed for downstream analyses in accordance with the UCSF
Institutional Animal Care and Use Committee.

Tumour celllines

B16-F10 cells were purchased from the American Type Culture Col-
lection (CRL-6475). B16-ZsGreen and B16-ZsGreen-minOVA cell lines
have been previously described®. In brief, to make these cell lines,
B16-F10 melanoma parental cells were genetically engineered through
viral transduction with a ZsGreen or ZsGreen-minOVA construct.
B16-GC3Al cell lines were genetically engineered to stably express
the GFP-CASP3-activity indicator through viral transduction with an
Addgene construct (78910). Cell lines were not authenticated. Cell
lines were confirmed negative for mycoplasma using a MycoAlert
Mycoplasma Detection kit (Lonza, LT07-118). Adherent cell lines were
cultured at 37 °C in 5% CO, in DMEM (Invitrogen), 10% FCS (Bench-
mark) and 100 U ml™ penicillin, 100 mg ml™ streptomycin and 2 mM
L-glutamine, (pen-strep-glut; Invitrogen).

MEFs

MEFs were derived from Actb“*;Ai6 mice that were generated by
crossing Actb®® mice (strain 033984, The Jackson Laboratory) to Ai6
mice (strain 007906, The Jackson Laboratory) as previously described™.
Inbrief, day 13.5 embryos were collected from pregnant females, and
the embryos were minced and digested with trypsin. The retrieved
cells were washed and plated in DMEM (Invitrogen), 15% FCS (Bench-
mark) and pen-strep-glut (Invitrogen) for overnight culture at 37 °C
in 5% CO,. The medium was aspirated after 24 h to remove any cells
remaining in suspension and replaced with fresh medium. Cells were
then grown to 70-80% confluency and cryopreserved.

Tissue digest and flow cytometry staining
Lung. Lungs were collected from mice after euthanasiaby an overdose
of 2.5% Avertin. Lungs were placed in 3 ml DMEM (Gibco) in C-Tubes

(Miltenyi) and briefly processed with a GentleMACS dissociator
(Miltenyi). Next, 2 ml DMEM with 0.26 U ml™ Liberase (Roche) and
0.25 mg ml? DNase I (Roche) were subsequently added and sam-
ples were incubated at 37 °C in a shaker for 30 min and dissociated
to single-cell suspensions by GentleMACS. Tissue homogenate was
then passed through a 100 mm filter. Red blood cells were lysed with
3 mIRBClysis buffer (155 mMNH,CI, 12 mMNaHCO;and 0.1 mMEDTA)
per lung for 5 min at room temperature. Samples were then washed
with FACS buffer (2% FBS and 2 mM EDTA in PBS) and resuspended in
appropriate buffer for staining for flow cytometry or FACS.

Tumour. For tumour digests, tumours from mice were collected 14 days
afterinjection. Tumours were minced and incubated in digestion buffer
(100 U ml™ collagenase type I (Roche), 500 U ml™ collagenase type IV
(Roche) and 200 mg mI” DNAse I (Roche) in RPMI-1640 (Gibco)) for
30 min on a shaker at 37 °C. Digestion mixtures were then pipetted
repeatedly, followed by another 15-minincubationat 37 °C. Cells were
quenched with RPMI-1640 (Gibco) plus 10% FCS, washed with FACS
buffer and filtered through a 100 mm cell strainer before staining for
flow cytometry.

LNs. Inguinal LNs were dissected from mice, cleaned of fat and digest-
ed as previously described™. In brief, LNs were pierced and torn with
sharp forcepsin24-well plates and incubated for 15 minat37 °Cin1ml
digestion buffer (100 U ml™ collagenase type I (Roche), 500 U ml™ col-
lagenase type IV (Roche) and 20 pg ml* DNAse I (Roche) in RPMI-1640
(Gibco)). Cells were pipetted up and down repeatedly, followed by
another 15-minincubation at 37 °C. After digestion, LNs were washed
with RPMI-1640 (Gibco) plus 10% FCS, washed with FACS buffer and
filtered through 70 pm Nytex filters before staining for flow cytometry.

Imaging sample preparation, image acquisition and image
analysis
Two-photon imaging of mouse lung, skin, tumour and gut slices.
Imaging of lung, skin, tumour and gut slices were performed using a
custom-built two-photon setup equipped with two infrared lasers:
MaiTai (SpectraPhysics) and Chameleon (Coherent). The Chameleon
laser was set to 950 nm for excitation of ZsGreen. Emitted light was
detected using a x25,1.2 NA water lens (Zeiss) coupled to a 6-colour
detector array (custom, using Hamamatsu H9433MOD detectors).
Emission filters used were blue 475/23, green 510/42, yellow 542/27,
red 607/70 and far-red 675/67. The microscope was controlled using
the MicroManager software suite, and time-lapse z-stackimages were
acquired every 90 s with fivefold averaging and az-step of 4 mm. Data
analysis was performed with Imaris software (Bitplane).
Forlungslices, mice were euthanized by anaesthetic overdose with
1ml 2.5% Avertin and then intubated by tracheotomy with the sheath
from an 18-gauge intravenous catheter. Lungs were subsequently
inflated with 1 ml of 2% low-melting agarose (BMA) in sterile PBS at
37 °C. Agarose was then solidified by flooding the chest cavity with 4 °C
PBS. Inflated lungs were excised, and the left lobe was cut into 300 mm
sections using a vibratome. For skin, tumour and gut slices, mice were
euthanized using CO,, obstructing fat was removed and tissue sections
were embedded in 4% low-melting agarose in PBS before sectioning.
Sections were mounted on plastic coverslips and imaged by two-photon
microscopy at 37 °C in RPMI-1640 medium (Gibco, without Phenol
Red) perfused with carbogen (5% CO,and 95% O,) ina heated chamber.

Spinning disc confocal microscopy. Glass-bottom 96-well plates
were coated in fibronectin and washed as described above. BMDMs,
sorted ZsGreen* BMDM s after antigenic transfer and unsorted antigenic
transfer assays were imaged. Live imaging by spinning disc confocal
microscopy was performed at 37 °C with 488 nm and 561 nm lasers
at40% and 50% laser power, respectively. For LAMP1 staining, cells
were fixed with 4% paraformaldehyde at room temperature for 15 min,
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permeabilized with 0.5% saponin at room temperature for 15 min,
incubated with blocking buffer (1% BSA, 0.1% saponin and 5% normal
ratserum) at room temperature for 60 minandincubated with LAMP1-
AF647 at1:250 dilutionin blocking buffer at 4 °C overnight. Fixed cells
were imaged with 488 nm and 640 nm lasers at 25% laser power.

NSPARC imaging. Glass-bottom 96-well flat-bottom plates were coated
with 50 pg ml* fibronectinin H,0 at 37 °C for 1 h, or at 4 °C overnight,
before use. Fibronectin-coated wells were washed twice with PBS be-
fore use. Next, 8 x 10° tdTomato* BMDMs were plated with 1.2 x 10*
ZsGreen'B16-F10 cells or ZsGreen" MEFs and spun at1,500g for 5 min.
Cellswereincubated at 37 °C for 2 hbefore imaging. NSPARC imaging
was performed at 37 °C with 488 nm and 560 nm lasers with 1.0% and
2.0% laser power, respectively.

Lattice light-sheet microscopy. Inbrief,5 mmround coverslips were
cleaned using a plasma cleaner and coated with 2 pg ml* fibronectinin
H,0at37°Cfor1h,orat4 °Covernight, before use. Fibronectin-coated
coverslips were washed twice with PBS before use. Cells were plated
onto fibronectin-coated coverslips 20 minbefore imaging witha10-min
spinat1,400 rpmand 4 °C. Coverslip wasimmediately loaded into the
sample bath with warmedimaging medium and secured. Imaging was
performed at 37 °Cwith488 nmand 560 nm lasers (MPBC). The expo-
sure time was 10 ms per frame, which led to a temporal resolution of
around 4.5. The lattice light-sheet microscope used was a homebuilt
clone of a previously described microscope** with a Nikon CFl Apo
LWD x25W 1.1NA 2 mmworking distance objective,aHamamatsu Orca
flash 4.0 (v.2) camera and custom LabView acquisition software. This
method was derived from previous work®.

Image analysis. All computational image analyses were performed
in Imaris (v.9.9.1 or v.10.2.0, Bitplane) and Fiji (v.2.16.0/1.54p). Parti-
cle area analysis was performed using the Analyze particles function
in Fiji with the following parameters: size (.027- infinity) and circu-
larity (0.00-1.00). Post-processing raw data from lattice light-sheet
images were deconvoluted using iterative Richardson-Lucy decon-
volution asimplemented in LLSpy. In brief, images were deconvolved
with aknown point spread function that was recorded for each colour
before the experiment, as previously described®. A typical sample
area underwent 15-20 iterations of deconvolution. For live-imaging
experiments, photobleaching correction was applied in Fiji using the
histogram-matching method. The tdTomato channel was scaled by a
factor of 100 using channel arithmetic in Imaris before surface genera-
tion for NSPARC image analysis. Particle volume was measured using
the object-object statistics functionin Imaris fromthe separated vesicle
inframes13-18.

For ZsGreen colocalization analysis with LAMP1, Mander’s coeffi-
cients were calculated using the JACoP plugin in Image)®. Otsu thresh-
olding was used to identify optimal thresholding for the phagocytosis
condition. To account for the low fluorescence intensities of ZsGreen
vesicles inthe live-sampling condition, we opted for amanual thresh-
old level of 550. Thresholding results were confirmed by comparing
to ZsGreen" BMDMs.

Flow cytometry and FACS

A Zombie NIR Fixable Viability kit (423106; BioLegend), DAPI or pro-
pidium iodide was used for exclusion of dead cells. Surface staining
was performed with anti-mouse Fc receptor antibody (clone 2.4G2,
UCSF Hybridoma Core) in FACS buffer for 30 min on ice. Supplemen-
tary Table1lists all the antibodies referenced for flow cytometry and
imaging experiments. Apoptotic cells were detected by staining with
Annexin VAF647 (BioLegend, 649012) and 1 ug ml DAPlin Annexin V
binding buffer (BioLegend, 422201). For all experiments thatinvolved
intracellular staining, BD Cytofix/Cytoperm (554722) was used. Follow-
ingfixation and permeabilization, cells were incubated with Fc block for

10 minonice before the addition of intracellular stain. Flow cytometry
was performed onaBD Fortessainstrument, and sorting was performed
on BD FACSAria or BD FACSAria Fusion instruments. FacsDiva (v.9.0)
and SpectroFlo (v.3.3) were used for collecting flow cytometry data,
and FlowJo (v.10 software, BD Biosciences) was used for all analyses.

Generation of BMDMs

Inbrief, 6-12-week-old C57BL/6 mice were euthanized and their femurs
andtibiae were excised. Bone marrow was crushed using amortar and
pestle. After pelleting the bone marrow, the red blood cells were lysed
using RBClysis buffer for 5 min at room temperature. Cells were washed
with FACS buffer and filtered through a 100 mm cell strainer before
seeding at 1 x10° cells per ml on a low-adherent cell culture dishin
BMDM medium (DMEM supplemented with 10% FBS (Benchmark),
50 mM B-mercaptoethanol, pen-strep-glut (Invitrogen) and 20 ng ml™*
M-CSF (Peprotech)). Fresh BMDM medium was added on day 3-4 of
culture. On day 6-7 of culture, BMDMs were collected and used for
experiments.

In vitro antigen transfer assay

BMDMs wereisolated as described above and co-cultured with target
B16-ZsGreen cells or MEF-ZsGreen cells at a 1:1 ratio for 16 h before
assays unless otherwise noted. Cells were plated in BMDM mediumin
tissue-culture-treated 96-well flat-bottom plates before staining and
analysis by flow cytometry.

Drug inhibitor antigenic transfer assay

Antigenic transfer assays were performed as described above. For all
experiments for which apoptosis was induced, B16-F10 cells or MEFs
were treated with 1 uM staurosporine (Tocris Bioscience, 1285) and
washed with PBS before antigenic transfer assays. For exosome and
microparticle inhibitory experiments, 5-(N,N-dimethyl)amiloride
hydrochloride (DMA, Sigma Aldrich, A4562) was plated at O hto afinal
concentration of 10 pM. For endocyticinhibition experiments, dynole
34-2 (Cayman Chemical, 34073) was plated at 0 h to a final concentra-
tion of 5 pM. Caspase inhibition was performed using zZVAD-FMK (Invi-
vogen, tlrl-vad) at a final concentration of 20 pM for B16-ZsGreen or
30 uMfor MEF-ZsGreen at O h. Signalling and cytoskeleton inhibition
were performed using 10 uM PP1 (Cayman,14244), 5 pM piceatannol
(MedChemExpress, HY-13518),10 pM GDC-0941 (Selleck Chemicals,
S$1065), 1.35 uM NAV-2729 (MedChemExpress, HY-112473), 25 uM
NSC23766 (MedChemExpress, HY-15723),10 uM ZCL278 (MedChem-
Express, HY-13518), 200 uM CK-666 (Sigma-Aldrich, SMLO006-5MG)
or 5 uM SMIFH2 (MedChemExpress, HY-16931).

Drug inhibitor functional validation and cell toxicity validation
For exosome and microparticle inhibitor validation, target cells were
cultured with DMA and supernatant was collected to quantify ZsGreen*
vesicles by small-particle flow cytometry. For endocytosis inhibitor vali-
dation, exosomes were isolated from confluent B16-ZsGreen cultures
using an ExoQuick kit (System Biosciences, EXOA5A-1), and BMDMs
were cultured with exosomes and dynole 34-2 or DMSO control. Exo-
some endocytosis was quantified by flow cytometry. For apoptosis
inhibition studies, B16-ZsGreen or MEF-ZsGreen target cells were
pre-treated with zVAD for 1 h before staurosporine treatment. The
percentage of AnnexinV*DAPI*~ apoptotic cells was evaluated by flow
cytometry. For toxicity studies, cells were treated with drug or vehicle
control for 16 h and quantified by flow cytometry with CountBright
beads (Invitrogen, C36950).

Supernatant-Transwell antigenic transfer assay

Mediumwas replaced for B16-ZsGreen cells and MEF-ZsGreen cells after
reaching 80% confluency. After 48 h, supernatants were collected and
used inantigenic transfer assays as described above. Transwell experi-
ments were performed as described for the antigen transfer assays with
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a3 um pore Transwell insert separating BMDMs and ZsGreen® target
cells or supernatant.

Antibody opsonization and blockade

For opsonization experiments, B16-ZsGreen and MEF-ZsGreen target
cellswere pre-coated with 10 pg ml™ Armenian hamster IgG (BD Phar-
migen, 553969),10 pg ml™ ratIgG2ak (clone 2A3, invivoMab, BEO0S89),
10 pg ml™ CD29 (eBioHmb1-1, eBioscience, 16-0291-85), 10 pg ml™!
anti-CD98 (RL388, BioLegend, 128202), normal mouse serum (Jack-
son ImmunoResearch, 015-000-120) or 500 pg ml™IgG from normal
mouse serum at 37 °C for 30-60 min and washed with PBS before
co-culture with BMDMs. IgG from normal mouse serum was isolated
using Protein G Dynabeads (Invitrogen, 10003D) according to the
manufacturer’sinstructions and dialysed with PBS (Slide-A-Lyzer). The
concentration of isolated IgG was quantified using IgG ELISA (Abcam,
ab151276).

Forantibody blockade, BMDMs were pre-treated with 10 pg ml™ rat
IgG2b (clone MPC-11, invivoMab, BEO086), CD16/32-blocking antibody
(clone 2.4G2), CD11b-blocking antibody (clone M17/0, BioLegend,
101202, RRID: AB_312785), CD49e-blocking antibody (clone 5H10-
27(MRFS5), BioLegend, 103801, RRID: AB_313050), SIRPa-blocking
antibody (clone P84, BioLegend, 144035, RRID: AB_2832516) or cus-
tom afucosylated mouse IgG2a monoclonal blocking antibody against
TREM2 (provided by T. Courau, synthesized by Evitra) for 1 h before
16 h of co-culture antigen transfer assays.

CRISPR editing of primary BMDMs

CRISPR editing of primary BMDMs were performed as previously
described?. In brief, single guide RNA (sgRNA) targeting Rosa26
(5’-ACUCCAGUCUUUCUAGAAGA-3"), Fcgrl (5-GAUCACCUUGCAGC
CUCCAU-3'), Fcgr3 (5"-UGGUGAAACUGGACCCCCCA-3’), Fcgr4
(5’-GGUGAACCUAGACCCCAAGU-3), Itgam (5-GAAGCCAUGACACAA
GGCUA-3), Itgav (5-UUGAAUCAAACUCAAUGGGC-3, 5’-CCUGUU
GAAUCAAACUCAAU-3), TIr2 (5’-UUGGCUCUUCUGGAUCUUGG-3"),
CSarl (5-CAUGGAUCCUAACAUACCUG-3’, 5-GAUCCUAACAUAC
CUGCGGA-3’, 5"-AUGGCAUUCACCUCCCGAAG-3’), Cd93 (5’-CAG
GAACAAACCAGUUGAGA-3’, 5-AGAAGAAUGGCCAUCUCAAC-3’,
5’-CUGGUUUGUUCCUGCUGCUG-3") and Snx27 (5-GGAACGGCGU
GAAUGUUGAG-3, 5-UGAGGGGGCGACACACAAGC-3’, 5-GUGGUG
GACCUGAUCCGAGC-3’) were ordered from Synthego or IDT and
reconstituted to 100 uM in TE (IDT). sgRNA and Cas9 (6.5 mgml™)
was complexed in a 2:1 molar ratio at room temperature for at least
10 min. At day 3 after initial plating, BMDM differentiation cultures
were collected, and cells were washed with PBS before electroporation
withribonucleoprotein containing gene-targeting sgRNA complexed
in P3 primary cell solution with electroporation code CM137 using a
Lonza 4D Nucleofector. After an additional 4 days of differentiation,
gene-edited BMDMs were either stained with antibodies for validation
of protein knockdown or co-cultured with ZsGreen target cells for 16 h
before evaluation by flow cytometry. Forindel quantification with ICE,
DNA was extracted using QuickExtract for PCR of the targeted locus
with Phusion Plus Green PCR master mix (Thermo Fisher Scientific,
F632S) and primers (5-CCCCATCTTTCCCACATGCT-3’, 5’-ATTACT
GTAGGCCACCCCCT-3’). Guide number and selection for targeting
each gene were empirically determined based on protein knockdown
orindel frequency.

NicheNet analysis to predict receptors

To identify potential BMDM surface proteins that mediate live sam-
pling using NicheNet?, we used the following previously published
datasets: BMDM datasets¥, a B16 dataset®® and a MEF dataset®. The
BMDM was set as the receiver population and B16 and MEF were set
assender populations. A threshold for expressed genes for each popu-
lation was defined based on a Gaussian fit of gene expression, and
BMDM receptors were prioritized if they were predicted to interact

with both cell types, overlap with known phagocytic modulators and
confirmed to be expressed at the protein level.

Vesicle flow cytometry

Sample preparation and sorting. In brief, 16 hbefore sorting, BMDMs
were cultured with live target cells (trogocytosis) in a 1:1 ratio, with
staurosporine-treated target cells (phagocytosis) in al:1ratio or with
supernatant derived from target cells (endocytosis). Cells were collect-
ed, washed with FACS buffer, stained with CD45-BUV395 with FcBlock
for 30 min onice, washed with FACS buffer and resuspended in FACS
buffer with 1mg ml™ propidium iodide at 10 x 10° cells per ml. CD45"
cells were sorted on FACSAria and FACSFusion machines on ‘Purity’
into FACS buffer kept at 4 °C.

Surface biotinylation and lysis. Cells were washed 3 times in PBS,
resuspended in PBS at 25 x 10° cells per ml then biotinylated with 80 pl
of 10 mM EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific, 21331)
per mlof reaction volume for 30 min at4 °C. Cells were washed 3 times
in PBS, resuspend in at least 500 pl homogenization buffer (250 mM
sucrose, 200 mM PMSF, 250 mM sucrose, 3 mM imidazole and 1x pro-
tease inhibitor filtered through a 0.1 pum filter) at a concentration of
10 x 10 cells per ml and drawn 15 times up and down through a 22 gauge
needle. The cellhomogenate was spun for4 minat150gand post-nuclear
supernatant was spun at 3,000g for 5 minat 4 °Cto collect vesicles.

Staining. All staining reagents were filtered using a 0.1 um filter before
use and vesicles were pelleted using spin speeds of 3,000g for 5 min
at 4 °C for all steps. Vesicles were stained with 50 pM CellTraceViolet
(ThermoFisher Scientific, C34557) for 5 min at room temperature and
washed once with PBS. Samples were fixed for 20 min at room tem-
perature with fixation buffer (Invitrogen, 88-8824-00), washed with
permeabilization buffer (Invitrogen, 88-8824-00) twice and stained in
50 plof permeabilization buffer with 1% FCS with FcBlock for 30 min at
room temperature. Vesicles were washed with permeabilization buffer
and resuspend in 100 pl PBS for acquisition.

Sample acquisition and analysis. Aurora Cytek flow cells were soaked
with contrad overnight with long clean before acquisition with filtered
reagents. Calibration beads and samples were acquired on an Aurora
Cytek with Enhanced Small Particle detection with SpectroFlo software.

T cell stimulation assays

ZsGreen" BMDMs were sorted from BMDMs after 16 h of co-cultures
with DMSO-treated or staurosporine-pre-treated B16-zsGreen-minOVA
cells. Toinduce MHC-Il expression on BMDMs, sorted cells were stimu-
lated with 20 ng mI' IFNy for 2 h and then washed before co-culture
with T cells. OT-land OT-II T cells were isolated from spleens of TCR
transgenic mice after red blood cell lysis using either a CD8 or CD4
EasySep enrichment kit (Stemcell Technologies), respectively. T cells
were labelled with CellTraceViolet (Thermo Fisher Scientific) at 37 °Cin
PBSfor15 minand washed in RPMIbefore use. T cell stimulation assays
were performed as previously described™. In brief, sorted BMDMs
and T cells were added to the wells of a 96-well V-bottom plate at a
1:3 ratio in RPMI (Gibco) supplemented with 10% FCS (Benchmark),
pen-strep-glut (Invitrogen) and 50 mM -mercaptoethanol (Thermo
Fisher Scientific). Cells were collected for analysis 3 days later. Dilution
ofthe cell-permeable dye CellTraceViolet and expression of CD69 were
used asindicators of T cell stimulation.

Western blotting

Whole-cell protein lysates were obtained from BMDMs in Pierce RIPA
buffer (Thermo Fisher Scientific, 89901) and ProteoGuard EDTA-free
protease inhibitor cocktail (Takara, 635673). Lysates were extracted
viasample agitation at4 °C for 30 min, followed by 4 °C centrifugation
at16,000 rpmfor 20 min. The protein concentration was determined



using a Pierce BCA Protein Assay kit (Thermo Fisher Scientific). Lysates
were denatured in NUPAGE LDS sample buffer (Invitrogen, NPO007) sup-
plemented with NUPAGE sample reducing agent (Invitrogen, NPO009)
byincubatingat 95 °Cfor 5 min. Denatured samples wereloaded onto a
NuPAGE 10% (NP0302BOX) or 4-12% Bis-Tris (NP0323BOX) polyacryla-
mide gel (Thermo Fisher Scientific) with PageRuler Plus pre-stained
proteinladder (Thermo Fisher Scientific, 26619) and electrophoresed
in MES running buffer (Invitrogen). Gels were transferred to PVDF
membranes using an iBlot 2 system (Invitrogen, IB21001), blocked
with Pierce clear milk blocking buffer (Thermo Fisher Scientific, 37587)
andincubated with primary antibodies according to the manufacturers’
directions. Primary antibodies, SNX27 (Abcam, clone: EPR218130-16,
ab315897,1:1,000), and B-actin (Invitrogen, PA1-183, RRID: AB_2539914,
1:5,000) were detected with goat anti-rabbit IgG HRP-conjugated sec-
ondary antibodies (Southern Biotech, 4050-05, RRID: AB_2795955,
1:1,000) and SuperSignal West Femot maximum sensitivity substrate
(Thermo Fisher Scientific, 34095). Membranes were imaged using a
Licor Odyssey XF system.

Quantification and statistical analysis

Unless specifically noted, all data are representative of >3 separate
experiments. Experimental group assignment was determined by geno-
type or, ifall wild-type mice, by random designation. Statistical analyses
were performed using GraphPad Prism software. Error bars represent
the s.e.m. calculated using Prism and are derived from triplicate or
greater experimental conditions. Specific statistical tests used were
paired and unpaired t-tests, and P < 0.05 was considered significant.
For pairwise comparisons, unpaired ¢-tests were used unless otherwise
noted. For statistical measures between more than two groups, one-way
ANOVA, two-way ANOVA and mixed-effect models were performed
unless otherwise noted. Investigators were not blinded to group assign-
ment during experimental procedures or analysis.

Materials availability
Requests for resources and reagents should be directed to and will be
fulfilled by the lead contacts, A.C.F. and M.F.K.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All datasupporting the findings of this study areincluded in the Article
and its associated Supplementary Information. Additional data sup-
porting the findings of this study are available from the lead contacts
upon reasonable request. Transcriptomic data analysed in this study
were obtained from the NCBI Gene Expression Omnibus database

(accession numbers GSE99759, GSE155972 and GSE171127). Source
data are provided with this paper.
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Extended DataFig.1|ZsGreenuptake from tissuesisnotdueto Cre
mis-expression. a, Gut taken from mice expressing ZsGreen under the Villin
promoter. Isolation of myeloid cells from Vill-Cre;ZsGreen mice shows uptake
ingutin macrophages as wellas DCs.n =3 mice. b, Representative flow (left)
or quantification of ZsGreen (right) in lung myeloid cell populationsin B6
wildtype mice, Scgblal-CreERT2;ZsGreen mice with lung-specific ZsGreen
expression,and Actb-Cre-ZsGreen mice.n=2B6 WT, 6 Scgblal-CreERT2;
Ai6,2 Actb-Cre;Ai6. c, Bone marrow transplant of B6 wildtype mice into
Actb-Cre;ZsGreen expressing mice. Myeloid cellsisolated from skin-draining
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vesicle productioninsupernatant (c) or ZsGreen uptake (d) was measured by
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(right) of ROIs show separated vesicle trafficking towards the nucleus.
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Extended DataFig.7|Live-cellassociated antigen fills adiscrete vesicular
compartment. a,b, Distribution of MHC 1 (a) and MHC 11 (b) inidentified
vesicular compartmentsinclusive of both ZsGreen*and ZsGreen™ vesicles.
c,Representative sorting gate and purity check for CD45* BMDMs from 16-hour
co-culture.d, Representative ZsGreen® gating from different vesicle flow preps
gated on CellTraceViolet+Streptavidin-intracellular vesicles. e, Representative
flow cytometry of vesicle populations from phagocytosis, endocytosis,

and trogocytosis of B16-ZsGreen or MEF-ZsGreen target cells. f, Summary

quantification of proportion of ZsGreen" vesicles in different vesicular
compartments. g, Proportion of ZsGreen+ vesicles that were either MHCI* or
MHCII*.c-eRepresentative of 3 experiments for Phagocytosis (“Phago”) and

4 experiments for endocytosis (“Endo”) and trogocytosis (“Trogo”).n =3
biological replicates for phagocytosis (“Phago”), 4 biological replicates for
endocytosis (“Endo”) and trogocytosis (“Trogo”). Shown are mean of biological
replicates +/-s.e.m.Each point represents one biological replicate (n=1
technical replicate). Shown are mean of biological replicates +/-s.e.m.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculations were performed prior to study. Sample size was determined to be acceptable based on magnitude of efffect size
from previous or preliminary experiments with an effort to achieve a minimum of n=3 biological replicates or mice per experiment. Specific
sample sizes and independent experiments can be found in the figures, their accompanying legends, or within the methods section.

Data exclusions  Data exclusion was restricted to technical limitations of live cell imaging. Because cell-cell interactions are transient and may not occur within
short imaging windows, direct visualization of interacting cells was not always achievable. Images lacking clear visualization of these
interactions were excluded from analysis.

Replication Not all imaging runs yielded observations of antigen uptake but all technically-successful imaging runs (5) were examined and imaging figures
representative of the observed dynamics in all conditions of antigen-capture. All other experiments were independently replicated with at

least 3 biological replicates and demonstrated the same phenotype unless noted.

Randomization  No assignment of participants/animals to experimental groups. Randomization was not applicable to all other experiments as experimental
conditions were applied within independently generated biological replicates.

Blinding Investigators were not blinded to group allocation during data collection. Blinding was not required, as data collection and analysis was based
on objective quantitative readouts. Experiments were independently repeated by different investigators to ensure reproducibility.

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

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used B-Actin Invitrogen, Cat #PA1-183, RRID: AB_2539914
CD103 APC 2E7 Biolegend Cat# 121413; RRID: AB_1227503
CD103 BUV737 2E7 BD Optibuild Cat# 749393 RRID: AB_2873763
CD103 PE 2E7 Biolegend Cat# 121406; RRID: AB_1133989
CD11b AF647 M1/70 Biolegend Cat# 101218; RRID: AB_389327
CD11b BV605 M1/70 Biolegend Cat# 101257; RRID: AB_2565431
CD11b BV650 M1/70 Biolegend Cat# 101239; RRID: AB_11125575
CD11b M17/0, Biolegend Cat# 101202, RRID: AB_312785
CD11c BV650 N418 Biolegend Cat# 117339; RRID: AB_2562414
CD11c PE-Cy7 N418 Biolegend Cat# 117318; RRID: AB_493568
CD16 (Fcgr3) PE S17014E Biolegend Cat# 158004; RRID: AB_2876540
CD16.2 (Fcgra) PE-Cy7 9E9 Biolegend Cat# 149516; RRID: AB_2632749
CD18 AF647 M18/2 Biolegend Cat# 101414; RRID: AB_2265032
CD24 BV421 M1/69 Biolegend Cat# 101826; RRID: AB_2563508
CD24 PE-Cy7 M1/69 Biolegend Cat# 101822; RRID: AB_756048
CD282 (TLR2) Biotin 6C2 Thermo Scientific Cat# 13-9021-82
CD4 PE-Cy7 RM4-5 eBioscience Cat# 25-0042-82; RRID: AB_469578
CD45 AF647 30-F11 Biolegend Cat# 103124; RRID: AB_493533
CD45 AF700 30-F11 Biolegend Cat# 103128; RRID: AB_493715
CD45 BUV395 30-F11 BD Horizon Cat# 564279; RRID: AB_2651134
CD45 BV510 30-F11 Biolegend Cat# 103138; RRID: AB_2563061
CD45 BV605 30-F11 BD Horizon Cat# 563053; RRID: AB_2737976
CD45R (B220) BV785 RA3-6B2 Biolegend Cat# 103246; RRID: AB_2737976
CD45R (B220) PerCP-Cy5.5 RA3-6B2 Biolegend Cat# 103236; RRID: AB_893354
CD49e 5H10-27(MRF5), Biolegend Cat# 103801, RRID: AB_313050
CD51 (ITGAV) PE RMV-7 Biolegend Cat# 104105; RRID: AB_313074
CD63 PerCP-Cy5.5 NVG-2 Biolegend Cat# 143912; RRID: AB_2565502
CD64 (Fcgrl) APC X54-5/7.1 Biolegend Cat# 139305; RRID: AB_11219205
CD69 PE H1.2F3 Biolegend Cat# 104508; RRID: AB_313111
CD88 (C5AR1) PE-Cy7 20/70 Biolegend Cat# 135809; RRID: AB_10900077
CD8a BUV737 53-6.7 BD Horizon Cat# 564297; RRID: AB_2722580
CD8a PerCP-Cy5.5 53-6.7 Biolegend Cat# 100734; RRID: AB_2075238
CD90.2 AF700 30-H12 Biolegend Cat# 105320; RRID: AB_493725
CD90.2 AF647 30-H12 Biolegend Cat# 105318; RRID: AB_492888
CD90.2 BV785 30-H12 Biolegend Cat# 105331; RRID: AB_2562900
CD93 BV650 AA4.1 Biolegend Cat# 136517; RRID: AB_3698911
EEA1 AF594 G-4 Santa Cruz Cat# sc-137130 AF594; RRID: AB_2246349
F4/80 Biotin BM8 eBioscience Cat# 13-4801-82, RRID: AB_893499
Goat Anti-Rabbit IgG HRP Southern Biotech, Cat# 4050-05, RRID: AB_2795955
LAMP1 (CD107a) PE-Cy7 eBio1D4B eBioscience Cat# 25-1071-82; RRID: AB_2848304
Ly6C BV711 HK1.4 Biolegend Cat# 128037; RRID: AB_2562630
Ly6G BV785 IA8 Biolegend Cat# 127645; RRID: AB_2566317
MHC | (H2Kb) AF647 AF6-88.5 Biolegend Cat# 166511
MHC | (H2Kb) APC-eF780 AF6-88.5 eBioscience Cat# 47-5958-82; RRID: AB_2815170
MHC Il (I-A/I-E) AF700 M5/114.15.2 Biolegend Cat# 107622; RRID: AB_493727
MHC Il (I-A/I-E) BV785 M5/114.15.2 Biolegend Cat# 107645; RRID: AB_2565977
MHC Il (I-A/I-E) BV421 M5/114.15.2 Biolegend Cat# 107631; RRID: AB_10900075
NK1.1 BV785 PK136 Biolegend Cat# 108749; RRID: AB_2564304
RAB17 PE-Cy5 Abcore Inc Cat# AC21-1439-15
RAB7 AF647 EPR7589 Abcam Cat# ab198737
Rat 1gG2b MPC-11, invivoMab Cat# BEO086
SiglecF BV785 E50-2440 BD Optibuild Cat# 740956; RRID: AB_2740581
SIRPa P84, Biolegend Cat# 144035, RRID: AB_2832516
SNX27 EPR218130-16 Abcam Cat# ab315897
Streptavidin BV510 Biolegend Cat# 405234
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Streptavidin BV650 Biolegend Cat# 405231
VEGFR3 AF647 AFL4 Novus Cat#f NBP1-43259AF647; RRID: AB_3208062

Validation Antibodies were used to recognize the species and antigen reactivity in in applications (flow cytometry, immunofluorescence
microscopy, and Western blotting) for which they are validated by the manufacturer, unless otherwise noted as validated by
investigators in this study. Specificity was supported by appropriate experimental controls, including isotype controls for flow
cytometry, expected molecular weight detection in Western blotting, and staining patterns consistent with known subcellular
localization. For selected targets, specificity was further confirmed by reduced or absent signal in corresponding genetic knockout
samples. Antibody dilutions were empirically optimized for the vesicle flow application.

APC anti-CD103 (Cat# 121413; RRID: AB_1227503) validated by manufacturer to recognize Mouse CD103

BUV737 anti-CD103 (Cat# 749393 RRID: AB_2873763) validated by manufacturer to recognize Mouse CD103

PE anti-CD103 (Cat# 121406; RRID: AB_1133989) validated by manufacturer to recognize Mouse CD103

AF647 anti-CD11b (Cat# 101218; RRID: AB_389327) validated by manufacturer to recognize Mouse and other species' CD11b
BV605 anti-CD11b (Cat# 101257; RRID: AB_2565431) validated by manufacturer to recognize Mouse and other species' CD11b
BV650 anti-CD11b (Cat# 101239; RRID: AB_11125575) validated by manufacturer to recognize Mouse and other species' CD11b
BV650 anti-CD11c (Cat# 117339; RRID: AB_2562414) validated by manufacturer to recognize Mouse CD11c

PE-Cy7 anti-CD11c (Cat# 117318; RRID: AB_493568) validated by manufacturer to recognize Mouse CD11c

PE anti-CD16 (Fcgr3) (Cat# 158004; RRID: AB_2876540) validated by manufacturer to recognize Mouse CD16

PE-Cy7 anti-CD16.2 (Fcgr4) (Cat# 149516; RRID: AB_2632749) validated by manufacturer to recognize Mouse CD16.2

AF647 anti-CD18 (Cat# 101414; RRID: AB_2265032) validated by manufacturer to recognize Mouse CD18

BV421 anti-CD24 (Cat# 101826; RRID: AB_2563508) validated by manufacturer to recognize Mouse CD24

PE-Cy7 anti-CD24 (Cat# 101822; RRID: AB_756048) validated by manufacturer to recognize Mouse CD24

Biotin anti-CD282 (TLR2) (Cat# 13-9021-82) validated by manufacturer to recognize Mouse CD282

PE-Cy7 anti-CD4 (Cat# 25-0042-82; RRID: AB_469578) validated by manufacturer to recognize Mouse and Human CD4

AF647 anti-CD45 (Cat# 103124; RRID: AB_493533) validated by manufacturer to recognize Mouse CD45

AF700 anti-CD45 (Cat# 103128; RRID: AB_493715) validated by manufacturer to recognize Mouse CD45

BUV395 anti-CD45 (Cat# 564279; RRID: AB_2651134) validated by manufacturer to recognize Mouse CD45

BV510 anti-CD45 (Cat# 103138; RRID: AB_2563061) validated by manufacturer to recognize Mouse CD45

BV605 anti-CD45 (Cat# 563053; RRID: AB_2737976) validated by manufacturer to recognize Mouse CD45

BV785 anti-CD45R (B220) (Cat# 103246; RRID: AB_2737976) validated by manufacturer to recognize Mouse and other species'
CD45R

PerCP-Cy5.5 anti-CD45R (B220) (Cat# 103236; RRID: AB_893354) validated by manufacturer to recognize Mouse and other species'
CD45R

PE anti-CD51 (ITGAV) (Cat# 104105; RRID: AB_313074) validated by manufacturer to recognize Mouse CD51

PerCP-Cy5.5 anti-CD63 (Cat# 143912; RRID: AB_2565502) validated by manufacturer to recognize Mouse CD63

APC anti-CD64 (Fcgrl) (Cat# 139305; RRID: AB_11219205) validated by manufacturer to recognize Mouse CD64

PE anti-CD69 (Cat# 104508; RRID: AB_313111) validated by manufacturer to recognize Mouse CD69

PE-Cy7 anti-CD88 (C5AR1) (Cat# 135809; RRID: AB_10900077) validated by manufacturer to recognize Mouse CD88

BUV737 anti-CD8a (Cat# 564297; RRID: AB_2722580) validated by manufacturer to recognize Mouse CD8a

PerCP-Cy5.5 anti-CD8a (Cat# 100734; RRID: AB_2075238) validated by manufacturer to recognize Mouse CD8a

AF647 anti-CD90.2 (Cat# 105318; RRID: AB_492888) validated by manufacturer to recognize Mouse CD90.2

AF700 anti-CD90.2 (Cat# 105320; RRID: AB_493725) validated by manufacturer to recognize Mouse CD90.2

BV785 anti-CD90.2 (Cat# 105331; RRID: AB_2562900) validated by manufacturer to recognize Mouse CD90.2

BV650 anti-CD93 (Cat# 136517; RRID: AB_3698911) validated by manufacturer to recognize Mouse CD93

AF594 anti-EEAT (Cat# sc-137130 AF594; RRID: AB_2246349) validated by manufacturer to recognize Mouse and other species' EEA1.
Flow application was validated in this study using KO and isotype controls.

Biotin anti-F4/80 (Cat# 13-4801-82; RRID: AB_893499) validated by manufacturer to recognize Mouse F4/80

PE-Cy7 anti-LAMP1 (CD107a) (Cat# 25-1071-82; RRID: AB_2848304) validated by manufacturer to recognize Mouse LAMP1
BV711 anti-Ly6C (Cat# 128037; RRID: AB_2562630) validated by manufacturer to recognize Mouse Ly6C

BV785 anti-Ly6G (Cat# 127645; RRID: AB_2566317) validated by manufacturer to recognize Mouse Ly6G

AF647 anti-MHC | (H2Kb) (Cat# 116511) validated by manufacturer to recognize Mouse H2kb

APC-eF780 anti-MHC | (H2Kb) (Cat# 47-5958-82; RRID: AB_2815170) validated by manufacturer to recognize Mouse H2kb
AF700 anti-MHC Il (I-A/I-E) (Cat# 107622; RRID: AB_493727) validated by manufacturer to recognize Mouse MHC Il (I-A/I-E)
BV421 anti-MHC Il (I-A/I-E) (Cat# 107631; RRID: AB_10900075) validated by manufacturer to recognize Mouse MHC Il (I-A/I-E)
BV785 anti-MHC Il (I-A/I-E) (Cat# 107645; RRID: AB_2565977) validated by manufacturer to recognize Mouse MHC Il (I-A/I-E)
BV785 anti-NK1.1 (Cat# 108749; RRID: AB_2564304) validated by manufacturer to recognize Mouse NK1.1

PE-Cy5 anti-RAB17 (Cat# AC21-1439-15) validated by manufacturer to recognize Mouse RAB17

AF647 anti-RAB7 (Cat# ab198737) validated by manufacturer to recognize Human Rab7 and predicted to recognize Mouse Rab7.
Species-specific reactivity and flow application was validated in this study KO and isotype controls.

BV785 anti-SiglecF (Cat# 740956; RRID: AB_2740581) validated by manufacturer to recognize Mouse SiglecF

AF647 anti-VEGFR3 (Cat# NBP1-43259AF647; RRID: AB_3208062) validated by manufacturer to recognize Mouse VEGFR3
B-Actin (Invitrogen Cat #PA1-183, RRID: AB_2539914) validated by manufacturer to recognize Mouse and other species' B-Actin.
SNX27 (Abcam Cat# ab315897) validated by manufacturer to recognize Mouse and other species' SNX27.
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) B16-F10 cells used in this study were purchased from ATCC(ATCC, CRL-6475). B16-ZsGreen, B16-GC3Al, and B16-ZsGreen-
minOVA lines were derived in-house using the methods described.

Authentication We did not independently authenticate the cell lines used in this study.




Mycoplasma contamination Cell lines were tested and confirmed negative for mycoplasma.

Commonly misidentified lines  No commonly misidentified lines used.

(See ICLAC register)

Animals and other research organisms

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

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Isolated bone marrow for bone marrow derived macrophage differentiation from 6-20 week old C57Bl/6, Balb/c, mTmG, or FcRg KO
mice bred in-house.
CD4 OT-ll and CD8 OT-I cells were isolated from 6-20 week old OTI or OTII mice, male or female, bred in house.

No wild animals were used in this study.

All animal experiments used age and sex-matched animals. Both male and female mice were used for experiments with no reported
differences in results based on sex.

No field-collected samples were used in this study.

Approved by UCSF IACUC.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Flow Cytometry

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied-

Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel-genotype generated—Describe-anyexperiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation

Sample preparation for both whole-cell and small particle flow cytometry from cell culture and tissues is described
extensively in the methods section.

Instrument BD Fortessa, BD FACSAria, BD FACSAria Fusion, or Cytek Aurora
Software Acquisition of flow cytometry data using BD FACSDiva or Cytek SpectroFlo
Cell population abundance Post-sort purity was determined by flow cytometry and confirmed to be 100% when sorting live, CD45+ macrophages for

Gating strategy

vesicle flow (see representative plots in Extended Data Figure 7) or greater than 95% when sorting live, CD11b+, ZsGreen+
macrophages for T cell stimulation assays (see representative plots in Extended Data Figure 9).

For whole cell gating from tissues:
Single cells were gated according to their FSC/SSC profile. Live cells were gated according to negative signal in the live/dead
channel.
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Immune cells were gated based on positive CD45+ signal.

Lymphocytes were excluded as CD90.2+B220+NK1.1+ to focus analysis on myeloid cells.

Neutrophils: CD11b+Ly6G+

Alveolar macrophages: Ly6G+ CD11c+

Dendritic cells were distinguished by CD24+, MHCIlI+, CD11c+. Tissue resident dendritic cells were distinguished by CD103+
cDC1 and CD11b+ cDC2. For lymph nodes, migrating DCs were identified as MHCIIhiCD11cmid and resident DCs were
identified as MHClImidCD11chi.

Non-dendritic cells were distinguished by CD24-. Tissue-resident macrophages, including interstitial macrophages, were
identified as CD11c+MHCII+. From non-macrophage populations, Ly6C+ conventional monocytes were identified in all tissues
and and CD11c+ patrolling monocytes were identified in lung.

For gating of antigen transfer assays:

Single cells were gated according to their FSC/SSC profile. Live cells were gated according to negative signal in the live/dead
channel.

Macrophages were gated on CD45 or CD11b positivity.

ZsGreen antigen positivity was gated on no-co-culture controls.

For gating of vesicle flow cytometry:

Single particles were gated according to their FSC/SSC profile.

Protein-associated vesicles were gated based on positive CellTraceViolet signal.

Intracellular vesicles were gated based on negative signal in the Strepaviding-BV650 channel.

ZsGreen antigen-containing vesicles were gated based on positive ZsGreen signal compared to no-co-culture controls.
Vesicle populations were identified by the following markers: EEA1+ early endosomes, RAB17+ recycling endosomes, RAB7+
maturing endosomes, LAMP1+ lysosomes, LAMP1+RAB7+CD63+ late endosomes.

MHC | and MHC Il positivity were gated using FMO controls.
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For gating of T cell assays:

Single cells were gated according to their FSC/SSC profile. Live cells were gated according to negative signal in the live/dead
channel.

T cells were distinguished by CD90.2+CD11b- and subsequently gated on CD4+ or CD8+.

Proliferation was gated on loss of CellTraceViolet compared to no-stimulation controls.

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