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SUMMARY

Generation of tumor-infiltrating lymphocytes (TILs) begins when tumor antigens reach the lymph 

node (LN) to stimulate T cells, yet we know little of how tumor material is disseminated amongst 

the large variety of antigen-presenting dendritic cell (DC) subsets in the LN. Here, we demonstrate 

that tumor proteins are carried to the LN within discrete vesicles inside DC and are then 

transferred amongst DC subsets. A synapse is formed between interacting DC and vesicle transfer 

takes place in the absence of free exosomes. DC containing vesicles can uniquely activate T cells 

whereas DC lacking them do not. Understanding this restricted sharing of tumor identity provides 

substantial room for engineering better anti-tumor immunity.
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INTRODUCTION:

Proper immune function requires the immune system to tolerate innocuous antigens while 

robustly responding to harmful challenges. To retain this balance, information about 

antigens’ origins must be sensed and transmitted. This is interpreted by myeloid cells within 

the lymph node (LN) that then direct appropriate T cell responses (Eickhoff et al., 2015; Hor 

et al., 2015). Myeloid cells, notably dendritic cells (DC) have complex biology including 

phagocytosis, migration and antigen-processing (Faure-André et al., 2008; Lämmermann et 

al., 2008; Savina and Amigorena, 2007). While migratory DC can gather antigen and 

contextual information at the challenge site, LN resident DC must receive them distally.

Previous work suggested that two migratory populations carry the majority of tumor proteins 

to draining LN (Roberts et al., 2016; Salmon et al., 2016). Migratory conventional DC type 

1 (cDC1) and conventional DC type 2 (cDC2) both participate in the trafficking of antigen to 

the LN, however, cDC1 have greater capacity to stimulate CD8+ T cell immunity whereas 

cDC2 appear better at stimulating CD4+ T cells. Notably, cDC1 abundance in tumors is 

prognostic in human patients for survival (Broz et al., 2014) and for response to anti-PD1 

immunotherapy (Barry et al., 2018).

The requirement of migratory DC for the movement of fluorescent antigens to LN and the 

priming of T cells in anti-tumor responses was shown in two studies (Roberts et al., 2016; 

Salmon et al., 2016). In those studies, two resident DC populations—a CD8α+ cDC1 subset 
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and a CD11b+ cDC2 subset—were suggested to be less important in initial priming. 

However, in both works, total resident DC populations were assayed for stimulatory capacity 

without considering the degree of antigen loading though both showed only a small 

percentage of either resident DC population bore tumor-derived antigen (Roberts et al., 

2016; Salmon et al., 2016).

Fundamental to how DC coordinate anti-tumor priming is how tumor proteins are 

disseminated throughout DC populations. In vaccinations, injected peptide directly drains to 

the LN and to resident DC (Gerner et al., 2017; Liu et al., 2014). In contrast, in infection or 

tolerance models, migratory cells carry antigen to the LN where it is then acquired by 

resident DC (Allan et al., 2006; Belz et al., 2004; Gurevich et al., 2017; Inaba et al., 1998). 

There are competing hypotheses as to how this transfer occurs including that migratory 

cells: undergo apoptosis and are taken up by resident DC (Inaba et al., 1998); secrete antigen 

bearing exosomes (Théry et al., 2002) or soluble antigens (Srivastava and Ernst, 2014); or 

may transfer peptide-MHC complexes (Smyth et al., 2012; Wakim and Bevan, 2011). Part of 

the difficulty in addressing these ideas is the technical challenge of isolating these various 

antigen-bearing DC from endogenous settings. Much previous work therefore has relied on 

transfer of high numbers of DC non-native to the transferred tissue (Inaba et al., 1998) or 

indirect readouts such as T cell clustering or priming (Belz et al., 2004; Gurevich et al., 

2017). How antigen is brought to these cells is an important question given evidence that LN 

resident DC have important roles in promoting effective CD8+ T cell responses against 

viruses (Allan et al., 2003, 2006; Belz et al., 2004), bacteria (Srivastava and Ernst, 2014) and 

DC vaccinations (Kleindienst and Brocker, 2003; Yewdall et al., 2010) as well as 

maintaining tolerance to self-antigens (Belz et al., 2002).

Direct imaging of DC biology has allowed for the understanding of important processes 

such as integrin-independent motility (Lämmermann et al., 2008), in situ chemokine 

chemotaxis (Weber et al., 2013), differential phagocytosis versus motility (Faure-André et 

al., 2008) and formation of synapses with T cells (Brossard et al., 2005). Here we track 

antigen dispersal throughout the myeloid system to better elucidate anti-tumor immune 

responses.

RESULTS:

ZsGreen faithfully tracks tumor antigen packaging

To track dissemination of tumor proteins, B16F10 cells were modified to express ZsGreen 

(B16ZsGreen), a fluorophore that persists in intracellular compartments allowing tracking of 

proteins (Roberts et al., 2016). Tumors were grown in mice ubiquitously expressing 

membrane-bound tdTomato (mT) (Figure 1A) and tumor and draining lymph nodes (tdLN) 

were examined. Host cells in the tumor microenvironment (TME) contained tumor-derived 

ZsGreen, consistently observed as vesicular puncta (Figure 1A). Flow cytometric analysis 

confirmed ZsGreen uptake by host CD45+ cells (Figure S1A) and this was penetrant: nearly 

100% of tumor associated macrophages (TAMs), monocytes, conventional dendritic cell 

(DC) type 1 (cDC1, CD103+) and type 2 (cDC2, CD11b+) contained significant amounts of 

ZsGreen (Figure 1B). To determine whether ZsGreen+ faithfully represented the localization 

of endogenous tumor antigens, ZsGreen+ myeloid cells were sorted from the TME, stained 
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for melanoma-associated antigens, gp100 and tyrosinase, and imaged by confocal 

microscopy (Figure 1C). Tyrosinase and gp100 were packaged as discrete puncta, consistent 

with vesicles and >75% of ZsGreen containing vesicles contained at least one of these 

proteins (Figure 1C). For the remainder, we noted that gp100 and tyrosinase are non-

uniformly distributed in the tumor cells and therefore may be variably sampled, as compared 

to cytosolic ZsGreen. Thus the ZsGreen+ host compartment faithfully reports other tumor 

antigens.

Tumor antigen arrives in the lymph node as discrete intracellular ‘packets’

When we then analyzed host tdLN, ZsGreen was again observed within cells as puncta, (in 

mT+ hosts, Figure 1D). We sorted cells from these tdLN and analyzed by high-resolution 

lattice light sheet microscopy (LLS) to resolve the puncta and minimize background 

fluorescence. We found the ZsGreen signal localized to vesicular structures (ZsGreen signal 

surrounded by mT+ membrane shown in Figure 1E). Image rendering highlighted ZsGreen 

puncta membrane encapsulation by showing 3D depth in z (cell volume, grey) see also 

Video S1. The frequency of cells that were ZsGreen+ in the tdLN was ~40% of both 

migratory and resident cDC1 (migratory CD103+ DC and resident CD8α+ DC) and 

similarly for cDC2 (migratory CD11b+ DC and resident CD11b+ DC) (Figure 1F, see Figure 

S1B for gating strategy), as compared to nearly 100% in the tumor (Figure 1B). In mice 

bearing very large tumors, we often found plentiful ZsGreen+ monocytes but only identified 

relatively small numbers of cell-free ZsGreen+ subcellular sized microparticles (defined as 

lacking nuclei and weakly scattering by flow cytometry) (Figure 1F). As in the TME, the 

majority of ZsGreen+ puncta, including those in resident DC, also contained canonical 

tumor-associated proteins, again demonstrating that ZsGreen accurately reports tumor-

derived material within myeloid cells (Figure 1G). Work from our lab has previously 

demonstrated relatively low antigen loading and tdLN trafficking for Langerhans cells 

(Binnewies et al., 2019) and so this study focuses on the four DC population that have a 

dominant role for tumor-derived dissemination in the tdLN.

Vesicle-laden migratory DC mediate transport of tumor antigen to the tdLN

Imaging of the LN showed that ZsGreen was consistently found as intracellular, punctate 

signal and was not observed in the subcapsular sinus where microparticles or exosomes 

would be expected to accumulate (Figure 2A–B). LLS imaging of live, sorted cells from the 

tdLN showed the majority of detectable ZsGreen signal localized to vesicular structures in 
situ and surface rendering of the cell membrane signal (mT, red) as a z-slice and the 

ZsGreen signal in three dimensional depth (green), essentially peeling away the top layer of 

red fluorescence, demonstrates the membrane encapsulation (white boxes with zoom 1–6) 

(Figure 2C). In the example shown in Figure 2C, ZsGreen containing, membrane-bound 

vesicles can be found at varying intracellular locations with some vesicles more closely 

associated with the cell membrane (boxes 1–4) and many found well into the cytoplasmic 

space (boxes 5–6).

In previous studies, CCR7 was shown to be required for DC migration from the tumor to the 

tdLN and for the subsequent ability to activate T cells (Roberts et al., 2016; Salmon et al., 

2016). We extended that finding here, showing that ZsGreen+ cells and microparticles were 
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virtually absent in the tdLN of Ccr7−/− mice (Figure 2D). In contrast, in Ccr2−/− mice, with 

defective monocyte migration, ZsGreen levels in the tdLN were comparable to controls 

(Figure S2). In WT animals, detailed study of ZsGreen levels in migratory DC of the tdLN 

demonstrated a 10-fold reduction in fluorescence intensity as compared to tumor-resident 

counterparts (Figure 2E). Likewise, ZsGreen+ vesicle number per cell in the migratory DC 

decreased by over half (Figure 2F). Furthermore, ZsGreen+ resident DC were more 

numerous and of comparable brightness to migratory DC in the tdLN (Figure 1F) These 

observations are consistent with a fixed amount of fluorescence being actively redistributed, 

through individual vesicles, into a larger number of recipient cells in the tdLN. While 

additional protein degradation or vesicle aggregation may also be occurring, we considered 

the possibility of directed handoff to resident cells, leading to the dilution of the 

fluorescence in migratory DC.

Tumor antigen is transferred from migratory to resident DC as membrane-bound vesicles

Consequently, we developed an in vitro ‘mancala assay’, drawing inspiration from the 

ancient game where players sow ‘seeds’ from one player’s compartment to another’s. This 

assay was designed to test the vesicular nature of the ‘passed’ antigen and the rules 

governing that transfer. In this we used ZsGreen-loaded DC sorted from the LN of 

B16ZsGreen tumor-bearing mT+ mice to simultaneously study whether both ZsGreen and 

mT+ membrane were transferred. ZsGreen+ CD45.2+ mT+ DCs were co-cultured for 16 h 

with unlabeled, naive, CD45.1+ recipient DC (Figure 3A) and CD45.1+ZsGreen+ recipient 

DCs were sorted, stained with anti-CD45 and imaged by LLS. Intracellular ZsGreen+ puncta 

were enveloped by mT+ membrane, demonstrating that vesicles containing donor membrane 

are handed off to recipient DC (Figure 3A–B).

We next used this assay to interrogate the mechanism and specificity of cell-to-cell vesicle 

transfer. Here nuclear tdTomato (nT)+ ‘recipient’ DC were used since this labeling prevented 

any ambiguity that might arise from possible bidirectional membrane exchange (Figure 3C). 

Using single recipient cell types, we observed that either migratory DC population served as 

equally proficient donors and cDC1—especially resident CD8α+ DC—were consistently the 

best recipients (Figure 3D). All populations formed contacts at similar levels, as assessed by 

measuring doublets, suggesting that it was transfer and not contact that was regulated 

(Figure S3A–B). We also performed a competitive version of the mancala assay, in which all 

four recipient cell types were present in the same well, to assess dominance. Here, the donor 

cell type producing the highest degree of transfer was less consistent, but the resident cDC1 

CD8α+ DC always accumulated the majority of the material, thus serving as the best 

recipient (Figure 3E). While both assays ordained the CD8α+ DC the superior recipient in 
vitro, this may be tempered in vivo where the localization and number of particular DC 

subsets likely play a role and we indeed measured resident CD11b+ DC as being significant 

recipients of these vesicles in vivo (Figure 1F).

Next, we varied the mancala assay to interrogate mechanism. First, we found that transfer 

was abrogated when populations were separated by a transwell (Figure 3F) suggesting that 

antigen is not passed in soluble form nor in exosomes in this system, in agreement with and 

significantly extending previously published data using in vitro generated bone marrow 
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derived dendritic cells (BMDC) (Kleindienst and Brocker, 2003). We next applied 

pharmacological perturbations. Here, we eliminated migratory cDC1 from the recipient pool 

as they were previously determined to be poor recipients and furthermore were more 

difficult to purify in sufficient numbers. We found that dimethyl amiloride (DMA), an 

inhibitor of exosome secretion (Marleau et al., 2012), had no effect on antigen passing, 

suggesting that in our system exosome release is not required for antigen transfer (Figure 

S3C). We further found that PI3K class I (GDC0941) or III (VPS34-IN1) inhibition, 

preventing phagocytosis, strongly inhibited CD8α+ cDC1 uptake, and produced less 

pronounced effects on the other recipient types (Figure S3D–E). CD8α+ DC have been 

previously described as more phagocytic than cDC2, perhaps also explaining their 

dominance in vesicle ‘reception’ in vitro (Fig 3E) (Iyoda et al., 2002; Smith and Fazekas de 

St Groth, 1999; Wakim and Bevan, 2011). This suggests that different DC may rely on 

different mechanisms for vesicle acquisition. However due to ubiquitous use of these cell 

biological pathways, we have yet to identify an inhibitor that is well-tolerated systemically 

in vivo and thus more work will be needed to define the nuances of this process and enable 

in vivo interrogation.

We also applied this assay to interrogate the role of DC apoptosis in vesicle transfer by 

adding zVAD, which blocks caspase activity. We saw no effect on transfer for any 

combination (Figure 3G) despite increases in survival of donor DC subsets (Figure S3F). 

Unlike the BMDC used in previous studies, DC from tdLN also showed low rates of 

apoptosis suggesting that high rates of DC death both in vitro and in vivo may not represent 

a prominent source of antigen transfer for in vivo DC populations (Figure 3H). Finally we 

sought to investigate the role of LFA-1 in tumor antigen transfer (Gurevich et al., 2017). We 

implanted B16ZsGreen tumors in LFA1-deficient mice and found LFA-1 was dispensable 

for antigen trafficking to resident DC, suggesting that either LFA1 requirement is context 

dependent or that LFA1-deficiency altered DC:T cell clustering, the readout of antigen 

transfer previously used by other groups (Figure S3G–H).

DC form tight, dynamic, heterotypic interactions in the tdLN

As transwells blocked vesicle transfer, we explored the hypothesis that transfer required 

direct cell:cell contact. To date, myeloid-myeloid interactions have not been well 

documented and so we devised a real-time, 2-photon, imaging strategy to study these in the 

interfollicular T cell zone of the excised tdLN. Here, we used mice bearing XCR1-Venus 

(Ohta et al., 2016), CD11c-mCherry (Khanna et al., 2010) and MacBlue (Ovchinnikov et al., 

2008) transgenes to largely discriminate key populations under study here, namely: Venus
+mCherry+ = cDC1, mCherry+ = cDC2, CFP+ = monocytes and a fraction of mCherry+CFP+ 

= resident cDC2 (Figure 4A, Figure S4A). Cells were in constant motion within the tdLN so 

we measured the duration of engagements, defined by the edge of the fluorescence of one 

cell type falling within 1 μm of another (Figure 4A) (Cai et al., 2017). The resulting time of 

interaction between populations was best modeled by a two-phase exponential decay. The 

first phase for all contact pairs had a T1/2 of <60 s, likely representing continuous motility 

(Figure 4B). The second phase occurred in about 20% of contacts between DC and 

demonstrated a much longer T1/2 of approximately 240 s with durations that could extend 

beyond 10 min (Figure 4B–C) providing evidence that, at times, DC engage in more 
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substantial contacts. Of note, only ~5% of monocyte:DC contacts endured into the second 

phase of decay (Figure 4B–C).

To examine the details of such DC-DC interactions, we used high-resolution, real-time, LLS 

in vitro (Cai et al., 2017) using tdLN DC from mice in which the membranes were 

genetically marked with fluorophores. This revealed a consistent landscape of co-

conformations at the DC-DC interface with some forming stable contacts (Figure 4D–F, 

Figure S4B–C, Video S2). In 6/16 synapses analyzed, we observed minimal membrane 

engagements with little surface complementarity (‘sphere-on-sphere’, Figure S4B). 

However, 10/16 synapses demonstrated engagements exemplified in Figure 4D, Video S2, 

and Figure S4C which, when separated and rotated, demonstrated a ‘cup-on-cup’ 

configuration (i.e. each membrane concave in the center of the contact). In one example, we 

found a finger-like projection protruding into the cup, which may represent additional 

transient interactions (Figure S4C). The sum of this imaging shows that when DC contact 

one another, persistent close membrane-membrane juxtapositions can result (Figure 4D–F, 

Figure S4B–C, Video S2–4). Notably, synapses observed by LLS also showed evidence of 

exchange of membrane material (arrows in Figure 4F, Video S5, Figure S4D).

Tumor antigen is transferred between DC at synaptic contacts

We thus hypothesized that cell:cell contacts might represent a substantial mechanism for 

cell-to-cell tumor antigen-containing vesicle transfer. To investigate whether vesicles were 

indeed transferred at these contacts, we first imaged the in vitro assay from Figure 3D using 

a conventional confocal microscope with a wider field of view (Figure 5A). Antigen-loaded 

CD103+ DC were observed forming contacts and then transferring a portion of their 

ZsGreen cargo into the recipient, in the absence of a secreted intermediate (Figure 5A, Video 

S6). Transfer was rare, occurring in <1% of contacts in the typical 8–10 h of imaging, but 

we observed it taking place as a contact-mediated vesicle exchange for all combinations of 

recipients:donors (data not shown). We also observed ZsGreen-loaded CD103+ DC passing 

vesicles sequentially to multiple CD8α+ DC (Video S7) which shows the process can be 

repeated and that a cell can pass antigen while remaining viable both before and after the 

passing. In over 48 h of total imaging performed, antigen acquisition by recipient DC was 

always observed in the context of contact between cells and never observed as uptake of 

cell-free/apoptotic debris (Figure 5B).

To examine antigen transfer in vivo, we performed multiphoton microscopy in the tdLN of 

XCR1-Venus; CD11c-Cherry; MacBlue mice bearing B16ZsGreen tumors. An example 

(Figure 5C (Video S8)) shows a cDC2 (CD11c-Cherry+) transferring ZsGreen to a cDC1 

(XCR1-Venus+). As in vitro, overall frequencies of transfer in a typical 30 min movie was 

rare, but approximately 75% of the imaging experiments resulted in at least one detectable 

transfer event, which always occurred at a contact and never via a DC-free exosome or 

apoptotic body (Figure 5D).
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Tumor antigen sequentially cascades into myeloid cell populations within the tumor and 
tdLN

Direct cell contacts would predict sequential filling of antigens into myeloid populations as 

cells directly hand off to others, as opposed to all compartments filling at the same rate. To 

test this in vivo, we generated an mCherry+ B16F10 line which could be induced to express 

ZsGreen using a tamoxifen regulated Cre to pulse trackable antigen into the system (Figure 

5E). Mice bearing this tumor line were gavaged with tamoxifen at staggered time points. 

Tumor and tdLN were then examined for ZsGreen fluorescence (Figure 5E). In the tumor, 

cells acquired ZsGreen with distinct kinetics: neutrophils, monocytes and macrophages 

became maximally ZsGreen+ in near-concert with the tumor itself, maximally by day 5 

(Figure 5F). Tumor-resident DC loading kinetics were more protracted and maximal loading 

occurred by day 7 (Figure 5F). Although there was greater variability between mice in the 

tdLN, there was a clear hierarchy wherein only migratory DC populations were significantly 

loaded at day 3 and continued to increase thereafter (Figure 5G). In contrast, no loading was 

observed for resident DC until day 5. Finally, monocytes and microparticles (MP) containing 

ZsGreen were only detected at day 7 (Figure 5G).

Resident CD8α+ DC demonstrate suboptimal anti-tumor, CD8+ T cell priming 
characteristics

Our findings demonstrated a cascade of antigen and stepwise filling of DC subtypes in the 

tdLN but how the kinetics of antigen availability related to the progression of tumor growth 

was unknown. Thus we next sought to understand the relationship between tumor size and 

antigen availability to resident DC populations. Mice bearing B16ZsGreen tumors were 

sacrificed at day 10 and day 14 after inoculation. As expected tumors grew notably in size 

between days 10 and 14 (Figure 6A) (although not as large as the day 18 tumors used 

throughout this study). The increase in tumor size corresponded to increases in tumor 

antigen drainage by migratory DC and amplified handoff to resident DC (Figure 6B–C).

To examine the relationship between vesicle transfer and antigen presentation to T cells we 

generated B16F10 cells expressing ZsGreen fused to the OTI and OTII OVA peptides 

(B16zsGminOVA). This allowed for initial sorting of ZsGreen+ and ZsGreen− DC subsets 

and permitted us to test T cell stimulatory capacities (Figure 6D–F and Figure S5A). 

Notably, ZsGreen drainage and distribution in the tdLN of B16zsGminOVA tumors was 

similar to that of B16ZsGreen tumors of similar size (Figure S5B, Figure 1F). When DC 

were mixed with OT-I T cells, only those marked by detectable ZsGreen levels induced cell 

division (Figure 6E–F). If other methods of antigen-transfer were dominant, we could expect 

that both populations would stimulate comparably. This dependence was not obviously a 

result of ZsGreen uptake-dependent DC maturation as the levels of costimulatory molecules 

CD80 and CD86 were found to be equivalent (Figure S5C–D).

Examining stimulation of CD4+ OTII cells, we found that only ZsGreen+ migratory CD11b+ 

DC appear to be effective at inducing CD4+ T cell proliferation, consistent with previous in 
vitro and in vivo results (Binnewies et al., 2019) (Figure S5A). In contrast, for OTI, in 

addition to the migratory CD103+ DC which we’ve previously observed to be stimulatory 

(Roberts et al., 2016), purification of DC in a way that selected for tumor-antigen positivity 
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revealed a profound stimulatory capacity for resident CD8α+ DC and migratory CD11b+ DC 

(Figure 6F) which again was totally lacking in the ZsGreen− cells. This shows that these two 

additional DC subsets also cross-present antigens when they have encapsulated a vesicle.

Work studying viral antigen has shown a role for MHCI cross-dressing in the ability of 

resident DC to stimulate T cell responses (Smyth et al., 2012; Wakim and Bevan, 2011). To 

address the role of MHCI cross-dressing in the context of tumor antigen, we sought to 

determine the frequency with which MHCI cross-dressing accompanies ZsGreen antigen 

transfer. We performed a transfer assay using MHCI haplotype mismatched donor 

(C57BL/6, H2-Kb+) and recipient DC (Balb/cJ, H2-Kd+) (Figure 6G) allowing us to assess 

the percentage of ZsGreen+ recipient DC that had also acquired donor MHCI. MHCI 

transfer was detected and accompanied transfer of ZsGreen amongst DC independent of 

donor or recipient DC subtype (Figure 6H–K). Furthermore MHCI cross-dressing is not the 

determinant of resident DC stimulatory capacity given similar MHCI transfer rates, though 

vastly different OTI stimulatory capacity, between resident CD8α+ DC and resident CD11b+ 

DC (Figure 6H–K).

It has previously been reported that different DC subsets can drive distinct T cell 

differentiation during infection (Jiao et al., 2014) and following acquisition of dying self-

cells (Cummings et al., 2016). To determine whether the nature of the DC affects the quality 

of CD8+ T cell priming in the tdLN we performed RNA expression analysis on OTI cells 

stimulated by the three proliferation-driving DC subsets. Differential gene analysis of this 

data demonstrated that the ZsGreen vesicle+, CD8α+ DC, drove the most transcriptionally 

distinct outcome, with 291 genes consistently differentially regulated by CD8α+ DC 

compared to both CD11b+ DC and CD103+ DC (Figure 7A). Gene ontology (GO) analysis 

showed that these were enriched for genes associated with immune function, comprising 

genes involved in interferon responses, cell division and T cell mediated cytotoxicity, 

suggesting potential differences in function (Figure 7A, Figure S6). When compared to 

previously defined molecular signatures (Kaech et al., 2002; Knell et al., 2013), we find that 

the CD8α+ DC stimulated a CD8+ T cell response associated with decreased IFNγ pathway 

and memory induction and increased modules associated with short term effectors (Figure 

S7A).

The vesicle transfer we document has profound implications for CD8α+ DC function that 

may be uniquely licensed by this transfer biology. We thus sought to assess the hypothesis 

that their LN resident vesicular antigen-loading results in different T cell priming outcomes 

as compared to migratory CD103+ DC that acquire antigen in the TME. In the absence of 

tools to specifically deplete CD8α+ DC in vivo, we assessed surface proteins from T cells 

stimulated in vitro with CD8α+ DC compared to CD103+ DC. This demonstrated increased 

CD69, and the combination of increased CD127 (IL7Rα) and decreased KLRG1 (Figure 

7B, as a ratio in Figure 7C) when stimulated by antigen-positive CD103+ DC as compared to 

antigen-positive CD8α+ DC. The KLRG1/CD127 appears pertinent as it is associated with 

the formation of short-term effector subsets in other systems (Joshi et al., 2007) and thus 

tumor loading of these cells would skew away from memory phenotypes, which are thought 

to be more capable of tumor rejection (Ganesan et al., 2017; Savas et al., 2018). Further 

Ruhland et al. Page 9

Cancer Cell. Author manuscript; available in PMC 2021 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



studies, ideally generating and utilizing genetic or antibody-based means of depleting CD8α
+ DC, will be required to extend these results further.

Finally, to determine the implication of this hand-off pathway for sources of antigen beyond 

tumors, we expanded our study to investigate the flow of antigen to the LN under steady-

state conditions. To this end, we examined a situation where ZsGreen was expressed 

ubiquitously in the skin using K14-Cre; Rosa26-lsl-ZsGreen mice. In the skin of these mice 

40–60% of each myeloid population were loaded with ZsGreen antigen (Figure S7B), and 

with similar amounts to each other (Figure S7C), in a result highly analogous to that seen in 

the tumor (Figure 1B). However, in contrast to the tdLN (Figure 1F), only migratory DC had 

appreciable loading in the skin draining LN with CD103+ DC containing notably more 

antigen than other DC subtypes (Figure S7D–E). To test whether passing could be induced 

by inflammation in this setting, these mice were subjected to 1Gy of irradiation followed by 

recovery. Irradiation induced some passing of antigen resident DC populations and induced 

formation of some ZsGreen+ MPs although at a lower level than in tdLN (Figure S7F, Figure 

1F). The restriction of antigen from resident DC populations under steady-state along with 

the ability of inflammation to elicit antigen hand-off further suggests an important role for 

this pathway in dictating which DC has access to antigen within a given context.

DISCUSSION:

While our and many other reports have long supported that antigen transfer occurs, this 

study goes further in examining the mechanism for this at the cellular level. We studied a 

system in which we directly track antigen transport in endogenous settings rather than 

relying on exogenously derived DC and indirect readouts of antigen transfer. We 

demonstrate that, when examining tumor antigen, migratory DC bring antigen to the LN 

where they ‘seed’ antigen into the myeloid network. This is in contrast to previous studies 

using injected apoptotic cells which showed direct drainage (Asano et al., 2011) suggesting 

that an actively growing tumor behaves more like other viral settings where antigen transport 

has been shown to be critical. And while cross-dressing occurs at low-levels 

contemporaneously with the vesicular exchanges we’ve identified here, our results positively 

correlate cells containing these vesicles with the ability to stimulate naive T cells. We cannot 

entirely rule out the possibility that mechanisms not observed in this study may provide 

additional antigens to T cells. Similarly, ZsGreen− cells by flow cytometry may be weakly 

positive below our detection limit; though there remains the finding that ZsGreen+ DC are 

far superior in priming, implicating bolus transfer in this process. Additionally, while we 

anticipate that transfer of small vesicles occurs similarly to the large ones we observe using 

wide-field imaging, other mechanisms are possible. However, our data support that specific 

and contained vesicles are a robust mechanism for antigen handoff, leading to tdLN priming 

and potentially contributing to tumor tolerance.

Previous work in the tdLN suggested that migratory CD103+ cDC1 cells were the only 

population capable of stimulating anti-tumor CD8+ T cells (Roberts et al., 2016; Salmon et 

al., 2016). Here we demonstrate that by controlling for antigen presence both migratory 

CD11b+ DC and resident CD8α+ DC are capable of stimulating CD8+ T cells. We note that 

the fraction of CD8α+ DC that are loaded is variable from tumor to tumor with large tumors 
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typically having higher percentages that are positive for antigen and this may have affected 

the ability to detect this priming potential in the absence of ZsGreen+ pre-selection. CD8α+ 

DC may be important for improving T-cell search efficiency as shown in other systems 

(Gurevich et al., 2017). If this is also the case for tumor antigen, then improving access to 

antigen for resident CD8α+ DC may be a viable way to improve T cell-mediated tumor 

clearance. When contemplating the differences in antigen dissemination in the steady-state 

versus the tumor dLN, inflammation appears to be a gatekeeper for determining resident DC 

access to antigen. This may provide an advantage to early, small, tumor lesions that have yet 

to mount the inflammatory TME that seemingly unlocks the gate to the resident DC.

Conversely, CD8α+ DC may also fundamentally alter T cell responses since we find that 

different subsets of DC skew CTL differentiation differently with resident CD8α+ DC 

skewing CTL away from a memory phenotype. While more work is needed to fully 

characterize the T cell phenotypes, if indeed the T cells primed by resident DC are less 

effective in eliminating tumor or are pushed to a more tolerogenic, less persistent, phenotype 

in vivo, then limiting this antigen dissemination pathway becomes critical to mounting an 

optimal cavalry of tumor-targeting T cells. This work suggests that understanding the signals 

that educate the DC in the tumor will be an important next step in controlling their behavior 

in the LN and ultimately dictating the T cell response.

Though it remains beyond the scope of this study, a next step will be to determine how these 

transferable vesicles compare to other intracellular compartments, whether other 

compartments are transferred at these synapses and also the membrane composition and the 

possible targeting proteins specifically on the surface of these ‘mancala’ vesicles. To that 

end, it remains notable that the vesicles within the resident DC are bound by host membrane 

that may either come from the donating cell and/or previous owners of the vesicle. 

Substantial correlative EM studies would appear warranted in connection with very specific 

APC membrane-labeling strategies. The full characterization of the vesicle, both membrane 

components that serve as targeting signals and vesicular cargo will likely provide useful 

targets for future therapeutic intervention strategies.

While the presence and importance of exosomes, particularly in late stage cancer patients 

and in other diseases is well established, we positively demonstrate that a non-exosomal 

process exists. We consider it possible, given the rise of microparticles both over time in the 

pulse-chase experiment, and as tumors grow larger, that microparticles and exosomes in fact 

represent an overwhelming of the system in the organism. This could result, for example, as 

a result of decrease in phagocyte function at the tumor site or as the result of a terminal 

myeloid population that either dies or excretes the exosome as a terminal compartment. 

These differing hypotheses should now be addressed, using specific myeloid markers in 

human patients to seek evidence for exosomes that may have passed through myeloid cells 

versus those that are direct secretion events from tumors.

Given the roles that CD8α+ resident DC can play in the multitude of settings discussed 

above, knowing the ‘when’, ‘where’, and ‘why’ behind how they obtain antigen is a critical 

part of understanding and predicting the immune response. Referencing the two-signal 

model of activation—wherein signal 1 (TCR-pMHC signaling) is complemented by signal 2 
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(CD28, and opposed by CTLA-4 and PD1 checkpoints)—manipulation of this transfer 

biology, affecting which cell type presents signal 1 and how much signal 1 it presents should 

represent an excellent orthogonal strategy to checkpoint blockade therapies, to license or 

augment therapeutic benefits.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests should be directed to and will be 

fulfilled by the Lead Contact: Matthew F. Krummel (matthew.krummel@ucsf.edu).

Materials Availability—All unique/stable reagents generated in this study are available 

from the Lead Contact without restriction.

Data and Code Availability—The accession number for the expression matrix for the 

RNA-sequencing reported in this paper is GEO: GSE128980

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Mice were housed and bred under specific pathogen-free conditions at the 

University of California, San Francisco Laboratory Animal Research Center and all 

experiments 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 mice were purchased from 

Jackson Laboratory or bred in house, and unless otherwise noted animals used were male 

between 6–8 weeks of age. C57BL/6 were used for all ectopic tumor studies. Ccr7−/− 

C57BL/6 mice, purchased from Jackson Laboratory, were used for modulation of tumor-

associated DC migration studies(Förster et al., 1999). The mTmG reporter strain (Muzumdar 

et al., 2007) was maintained both as a single transgenic and also crossed with a Actβ-Cre 

line (Jackson Laboratory) to achieve mG mice. nTnG mice were purchased from Jackson 

Laboratory. Ccr2−/− C57BL/6 mice were purchased from Jackson Laboratory. XCR1-Venus 

(Ohta et al., 2016) mice were crossed with CD11c-mCherry (Khanna et al., 2010) and 

MacBlue (Jackson Laboratory) reporter mice to achieve the triple reporter mouse line. OTI 

and OTII mice were purchased from Jackson Laboratory and then crossed with CD45.1+ 

congenic mice for use as T cell donors in the T cell stimulation assays. CD45.1 mice were 

obtained from Jackson Laboratory.

Tumor cell lines—B16-F10 (ATCC, CRL-6475) was purchased. To make the B16ZsGreen 

cell line, B16-F10 melanoma parental cells were genetically engineered to stably express 

ZsGreen using viral transduction with a ZsGreen construct. For the inducible B16ZsGreen 

line, B16-F10 melanoma parental cells were genetically engineered to stably express both a 

Thy1.1-CreERT2 construct and a loxP-mCherry-loxP-ZsGreen construct using viral 

transduction of both expression vectors and selection for stable integrants using an Aria II 

cell sorter and detection of mCherry and Thy1.1 co-expressing cells. To make B16zsGreen-

minOVA cells, B16-F10 melanoma parental cells were genetically engineered to stably 

express ZsGreen-minOVA using viral transduction with a ZsGreen-minOVA construct. 
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Adherent cell lines were cultured at 37° C in 5% CO2 in DMEM (Invitrogen), 10% FCS 

(Benchmark), Pen/Strep/Glut (Invitrogen).

METHOD DETAILS

Ectopic tumor injections—Briefly, adherent cells were cultured at 37°C with 5% CO2 in 

DMEM (GIBCO) plus 10% heat-inactivated FCS with penicillin, streptomycin and L-

glutamate on tissue culture-treated plastic plates and split every other day. For ectopic tumor 

injections, cells were grown to confluency, harvested and washed 2 times with PBS, mixed 

at a 1:1 ratio with growth factor-reduced Matrigel Matrix (BD Biosciences) in a final 

injection volume of 50 μl. Two hundred thousand tumor cells were injected subcutaneously 

in the right and left flanks of mice and allowed to grow for 18 days, unless otherwise noted, 

before harvest of tumor and lymph node.

Tissue digest and flow cytometry staining—LN were dissected from tumor-bearing 

or non-tumor bearing mice, and cleaned of fat. For tumors, inguinal and axillary LN were 

taken as tumor draining. LN were digested as previously described (Roberts et al., 2016). In 

brief, LN were pierced and torn with sharp forceps in 24-well plates and incubated for 15 

min at 37° C in 1 ml digestion buffer (100 U/ml collagenase type I (Roche), 500 U/ml 

collagenase type IV (Roche), and 20 μg/ml DNAse I (Roche) in RPMI-1640 (GIBCO)). 

After the first 15 min incubation, cells were pipetted up and down repeatedly, and, then 

returned for a second 15 min incubation at 37° C. After digestion, LN were washed with 

RPMI-1640 (GIBCO) plus 10% FCS and filtered through 70 μm Nytex filters before 

staining for flow cytometry. When sorting from LN, cells were stained with biotin-

conjugated anti-CD2 (clone RM2–5, BioLegend) antibody and negative selection was 

performed by using an EasySep Biotin Selection Kit (Stemcell Technologies) following 

manufacturers instructions, before staining. For tumor digests, tumor were isolated and 

minced prior to 30 min incubation in 6 mL digestion mix (same as LN above) on a shaker at 

37° C. For skin digests, mice are shaved and depilated prior to removal of dorsal skin. Skin 

is then minced with a scissors and razor blade in the presence of 1 ml of digest media (2 

mg/ml collagenase IV (Roche), 1 mg/ml hyaluronidase (Worthington), 0.1 mg/ml DNase I 

(Roche) in RPMI-1640 (GIBCO)). The minced skin is then moved to a 50 ml conical with 5 

ml additional digest solution. The tubes are placed on a shaker at 37° C for 45 min before 

being washed and passed through a 70 μm strainer prior to staining.

For surface staining, cells were incubated with anti-Fc receptor antibody (clone 2.4G2, 

UCSF Hybridoma Core) and then stained with antibodies in PBS + 2 % FCS for 30 min on 

ice. Viability was assessed by staining with fixable Live/Dead Zombie (BioLegend) or 

DAPI. Annexin V staining was performed using an A647 Annexin V staining kit 

(BioLegend) according to manufacturer’s instructions. Flow cytometry was performed on a 

BD Fortessa instrument. Analysis of flow cytometry data was done using FlowJo (Treestar) 

software. Cell sorting was performed using a BD FACS Aria II or BD FACS Aria II Fusion.

Imaging Studies

Confocal Imaging:  DC populations were sorted (based on the gating strategy in Figure 

S1A) using a FACS Aria II flow cytometer from tumor-draining LN and plated onto 
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fibronectin-coated glass slides (ZsGreen puncta imaging) or in wells of a fibronectin-coated 

384-well plate (live, in vitro antigen transfer assay) and then imaged on a Leica SP5 laser 

scanning confocal microscope. For puncta staining, cells were fixed (0.05 M phosphate 

buffer containing 0.1 M L-lysine (pH 7.4), 2 mg/ml NaIO4 and 1% PFA), blocked and 

permeabilized (1% normal mouse serum, 1% bovine serum albumin and 0.3% Triton X-100) 

then stained with anti-gp100 antibody (clone HMB45, BioLegend) used at 1:30 followed by 

an anti-IgG1 secondary conjugated to Alexa555 (Invitrogen) at a concentration of 1:250. 

Anti-tyrosinase antibody (clone TA99, BioLegend) was used at 1:50 followed by an anti-

IgG2a secondary conjugated to Alexa647 (Invitrogen) at a concentration of 1:250. The 

inverted microscope system is encased within an incubator for live-cell imaging overnight. 

For whole tissue imaging of LN and tumor, methods for fixing and clearing tissues were 

performed as previously described (Li et al., 2017). Briefly, tissue was fixed at 4°C in 1% 

paraformaldehyde overnight on an orbital shaker. The next day the tissue was permeabilized 

for 8 h using a solution of 0.3% Triton X-100, 1% bovine serum, 1% rat serum in PBS at 

room temperature. Next, the tissue was stained for 3 days at 37°C on an orbital shaker using 

antibodies as noted. Clearing of the tissue was performed using a 3 day incubation in 

clearing solution (N-methylacetamide to 40% (v/v) in PBS, Histodenz to 86% (w/v) 

concentration (~1.455g Histodenz per 1ml 40% N-methylacetamide), Triton X-100 

(0.1%v/v) and 1-thioglycerol (0.5%v/v) on the orbital shaker. Tissues were then imaged 

using a Nikon A1R laser scanning confocal microscope using NIS-Elements software. Data 

analysis was performed using the Imaris software suite (Bitplane).

Lattice Light Sheet:  LLS imaging was performed in a manner previously described (Cai et 

al., 2017). Briefly, 5 mm diameter round coverslips were cleaned by a plasma cleaner, and 

coated with 2 μg/ml fibronectin in PBS at 37°C for 1 h before use. Sorted DC were dropped 

onto the coverslip and incubated at 37°C, 5% CO2 for 20–30 min. The sample was then 

loaded into the previously conditioned sample bath and secured. Imaging was performed 

with a 488 nm, 560 nm, or 642 nm laser (MPBC, Canada) dependent upon sample labeling. 

Exposure time was 10 ms per frame leading to a temporal resolution of 4.5 s. For cell 

surface labeling of CD45.1+ recipient DC, anti-CD45 (30-F11, BioLegend) directly 

conjugated to Alexa647 was used at a concentration of 1:200 for 20 min prior to seeding 

coverslip. Image renderings were created using ChimeraX software(Goddard et al., 2018).

Two Photon Microscopy:  Intravital imaging was performed using a custom-built two-

photon setup equipped with two infrared lasers (MaiTai: Spectra Physics, Chameleon: 

Coherent). The MaiTai laser was tuned to 800 nm and the Chameleon laser excitation was 

tuned to 950 nm. Emitted light was detected using a 25× 1.2 NA water lens (Zeiss) coupled 

to a 6-color detector array (custom; utilizing Hamamatsu H9433MOD detectors). Emission 

filters used were: violet detector 417/60, blue 475/23, green 510/42, yellow 542/27, red 

607/70, far red 675/67. The microscope was controlled by the MicroManager software suite, 

z-stack images were acquired with 4-fold averaging and z-depths of 3 μm. Data analysis was 

performed using the Imaris software suite (Bitplane). To characterize contact parameters 

DCs, tracks and surface of different DCs were generated, and the dwell time of interaction 

between surfaces was analyzed as previously described (Gérard et al., 2014): DC-DC 
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interaction was defined as the association at 1 μm or less of a given DC cell surface with 

another DC surface.

LN imaging of in vivo antigen transfer—Imaging was performed as previously 

described (Gérard et al., 2014). Briefly, inguinal and axillary LN were removed, cleaned of 

fat, and immobilized on a plastic coverslip with the hilum facing away from the objective. 

LN were imaged in 30 min intervals on a two-photon microscope as per above.

In vitro antigen transfer assays—Recipient nT+ DC were isolated and sorted as 

described above from LN of nTnG mice. ZsGreen+ donor DC are sorted from the tumor-

draining LN of B16ZsGreen tumor-bearing mice. Then cells are plated in complete media 

(RPMI-1640 plus 10% heat-inactivated FCS with penicillin, streptomycin, L-glutamate, 

non-essential amino acids) supplemented with 7.5 ng/mL GM-CSF for 16 h as either 

individual, non-competitive transfer assays or competitive, equimolar transfer assays in 96 

well V-bottom tissue culture-treated plates prior to staining and analysis by flow cytometry.

Non-competitive antigen transfer assay:  sorted cells are plated for individual recipient 

transfer where 6000 total cells per well are plated at a 1 nT+ recipient:1 ZsGreen+ donor DC 

ratio.

Competitive antigen transfer assay:  sorted cells are plated with all 4 recipient DC types 

combined together maintaining a 1:1 ratio of donor:recipient and a total cell number of 6000 

cells/well.

Transwell antigen transfer assay:  sorted cells are plated in the same way as the equimolar 

antigen transfer assay with the addition of a 3 μm pore size transwell insert which separates 

donors from recipients. Donors are plated in the top of the insert and recipients were plated 

in the bottom.

Inhibitors of various cellular processes were used where indicated and added at the time of 

cell plating: GDC0941 at a concentration of 10 μM, VPS34-IN1 at a concentration of 1 μM, 

and zVAD at a concentration of 20 μM and DMA at a concentration of 25 nM.

T cell stimulation assays—OT1 and OTII T cells were isolated from LN of TCR 

transgenic mice using either a CD8 or CD4 EasySep enrichment kit (STEMCELL 

Technologies), respectively. DC were obtained through sorting from the tdLN of 

B16zsGreenminOVA bearing mice as described above for B16zsGreen tumor tdLN. DC 

were sorted as either ZsGreen+ or ZsGreen− for each of the 4 DC subsets and subsequently 

used for T cell stimulation. Stimulation assay was performed as previous described (1). 

Briefly, T cells and sorted DC were added to the wells of a 96-well V-bottom plate at a 1:5 

ratio in complete RPMI (Pen/Strep, NEAA, 2-ME, 10% FCS). Cells were harvested for 

analysis 3 days later. Dilution of cell permeable dye eFluor670 (eBioscience) and expression 

of CD44 (IM7, BioLegend) were used as indicators of T cell stimulation.

RNA-sequencing—STAR 2.4.2a was used to align reads to the Mus Musculus genome, 

version GRCm38.78. Only mapped reads uniquely assigned to the mouse genome were used 
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for differential expression testing. These were imported into R and then converted to 

normalized read counts with DESeq2. QC plots were created from the counts generated by 

DESeq2’s variance Stabilizing Transformation (with blind=True). Differential Expression 

was performed using DESeq2, and significant genes were filtered by a q value (False 

Discovery Rate) threshold of 0.05, and a p value threshold of 0.05. pheatmap was used for 

correlation heatmaps, and heatmap.2 for the QC heatmap. Additionally, gene ontology (GO) 

analysis was performed using the publically available resource from the GO Consortium and 

the generated RNA-sequencing data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—Unless specifically noted, all data are representative of >3 separate 

experiments. Experimental group assignment was determined by genotype or, if all WT 

mice, by random designation. Statistical analyses were performed using GraphPad Prism 

software. Error bars represent standard error of the mean (S.E.M.) calculated using Prism. 

Specific statistical tests used were paired and unpaired t-tests and p values <0.05 were 

considered statistically significant. For pairwise comparisons, unpaired t tests were used 

unless otherwise noted. Investigators were not blinded to group assignment during 

experimental procedures or analysis. GO analysis was performed using the RNA-sequencing 

data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

In order to activate CD8+ T cells, myeloid populations direct tumor antigens to the lymph 

node (LN) for presentation to naive T cells. It has been supposed that LN myeloid cells 

can pass antigens to one another, but the biology underlying this remains unknown. We 

show that myeloid cells carry tumor antigen-laden vesicles to the LN, form tight synaptic 

contacts and share vesicles amongst each other. This transit pathway accounts for the 

majority of antigen displayed to T cells and provides CD8α resident dendritic cells 

access to antigen resulting in priming of differential T cell activation. This work defines 

cell biology that drives the first steps of the T cell response and represents a potential 

frontier for engineering anti-tumoral immunity.
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Figure 1. Visualization of tumor antigens within discrete migratory and resident myeloid 
compartments
(A) B16ZsGreen tumors injected into membrane-tdTomato (mT) expressing mice imaged by 

confocal microscopy. Representative image. Scale bar = 100 μm. Inlay image is higher 

magnification of intracellular ZsGreen puncta within mT host cells. Scale bar = 5 μm. (B) 

Tumor-derived ZsGreen within myeloid cells of the tumor. Plot is mean frequency (top) and 

mean fluorescence intensity (MFI, bottom) +/− SEM. n = 6. Representative of 3 independent 

experiments. (C) ZsGreen+ myeloid cells from B16ZsGreen tumors stained for tumor-

associated antigens, tyrosinase (Tyr, red) and gp100 (yellow). Frequency of colocalization 

for tumor-derived ZsGreen with tyrosinase and gp100 is quantified (right). Representative 

images. Arrows indicate puncta. Scale bars = 3 μm. (D) Tumor draining lymph node (tdLN) 

confocal imaging to detect ZsGreen. Representative image. White box inset (top) shows 

position of zoomed image (bottom). Top scale bar = 50 μm. Bottom scale bar = 5 μm. (E) 

Lattice light sheet imaging of sorted DC from B16ZsGreen tdLN. Left image is single z-

slice of cell. Representative image. Scale bar = 2 μm. Right is surface rendering to show 

single z-slice of membrane (red) with remaining depth of z plane in grey. Total 3D volume 
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of ZsGreen is surfaced (green). (F) Tumor-derived ZsGreen within myeloid cells and 

microparticles (MP) of the tdLN. migratory CD11b (m11b), resident CD11b (r11b). Plots is 

mean frequency (left), count (top, right) and MFI (bottom, right) +/− SEM. n = 4. 

Representative of 3 independent experiments. (G) ZsGreen+ myeloid cells sorted from 

B16ZsGreen tdLN and stained for tumor-associated antigens, tyrosinase (Tyr, red) and 

gp100 (yellow). Colocalization for tumor-derived ZsGreen with tyrosinase and gp100 is 

quantified (right). Arrows indicate puncta. Representative images. Scale bar = 4 μm. See 
also Figure S1 and Video S1.
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Figure 2. Tumor antigen transits to the draining lymph node via vesicle-laden migratory 
dendritic cells
(A) Schematic for tumor-draining lymph node (tdLN) confocal imaging (top). Image of 

B16ZsGreen tdLN at lower magnification (left, scale bar = 50 μm) and higher magnification 

(right, scale bar = 10 μm). LN regions are outlined and labeled. Higher magnification image 

zoom of white box. Representative images. (B) ZsGreen localization pattern in tdLN from 

image in A. Plot is number of ZsGreen+ events counted within intact tdTomato cell 

membrane (intracellular) compared to not (undetermined). (C) Lattice light sheet imaging of 

sorted resident CD11b+ DC from B16ZsGreen tdLN of mTmG mouse. Large image shows 

surface rendering of cell membrane (red) and tumor-derived ZsGreen (green). 

Representative image. Scale bar = 3 μm. White boxes show locations of numbered zoom 

images (right). Single plane of membrane shown with total 3D volume of ZsGreen surfaced 

(green). (D) Tumor-derived ZsGreen within myeloid cells or microparticles (MP) of tdLN 

from C57BL/6 WT or Ccr7−/− mice. Plot is mean frequency +/− SEM. n = 4. Representative 

of 3 independent experiments. migratory CD11b+ DC (m11b), resident CD11b+ DC (r11b). 

(E) Mean fluorescence intensity (MFI) of ZsGreen within migratory DC types in 

B16ZsGreen tumors and matched tdLN. Plot is MFI +/− SEM. n = 2. Representative of 2 

independent experiments. (F) Mean ZsGreen+ vesicle count per cell in migratory DC subsets 

(CD103, m11b) in the tumor and tdLN. Plot is mean frequency +/− SEM. n = 13–22. In all 

graphs: Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S2.
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Figure 3. Tumor antigen is transferred as membrane-encapsulated vesicles at points of live 
cell:cell contact
(A) Setup for A(bottom)-B. After co-culture, ZsGreen+CD45.1+ DC were sorted and imaged 

using lattice light sheet (LLS) microscopy. Bottom is LLS images of ZsGreen+CD45.1+ DC. 

Vesicle of ZsGreen (green) surrounded by mT (red) within CD45+ (purple) cell is shown as 

a maximum intensity projection (MIP) (left) and a z-slice (right). (B) Surface renderings of 

cell in A. show z-slice with additional depth for the cell membrane (CD45) while ZsGreen 

and mT signal is shown as a surfaced MIP. Representative image. (C) In vitro antigen 

transfer assay. Donor ZsGreen+ DC are isolated from B16ZsGreen tdLN and recipient DC 

are isolated from LN of nuclear-tdTomato (nT) mice. (D-E) ZsGreen+ donor cells were (D) 

co-cultured with individual recipient DC at ratio 1:1 or (E) co-cultured with an equal ratio 
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mix of all four recipient DC. Heat maps show mean frequency of ZsGreen+nT+ recipients 

after co-culture +/− SEM. Representative of 4–5 independent experiments. (F) Setup as in E 

with addition of 3 μm pore transwell. Error bars represent +/− SEM. n = 3–5. Representative 

of 3 independent experiments. (G) Setup as in E conducted in presence of zVAD. n = 6–7. 

Representative of 3 independent experiments. (H) Annexin V staining for DC types in the 

tdLN. n = 6. Plot is mean % of Annexin V+ cells. Error bars are +/− SEM. Representative of 

3 independent experiments. All graphs, Student’s t test, *p < 0.05, **p < 0.01,***p < 0.001. 

See also Figure S3.
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Figure 4. Mapping of dendritic cell heterotypic interactions shows establishment of durable, 
dynamic synaptic contacts
(A) Venn diagram of triple reporter (XCR1-Venus, CD11c-mCherry, CSF1R-CFP) gene 

expression for myeloid cells in the tumor draining lymph node (tdLN, top). Representative 

multiphoton microscopy images of tdLN explants of B16ZsGreen tumor-bearing, triple 

reporter mice (bottom). Images are timecourse of ZsGreen+XCR1-Venus+ cell contacts and 

other myeloid cells contacts in the tdLN. Labeled arrows indicate interactions. (B) 

Interaction times of myeloid cells within the tdLN. Inset is zoomed in view to show detail. 

Grey line is line of best fit for 2-phase exponential decay. Green box denotes second phase 

of decay. (C) Interaction time half-life (T1/2) for DC:DC interactions and of DC:monocyte 

(Mono). Representative of 3 experiments. Plot is mean T1/2 of second phase decay +/− SEM. 

n = 5. Student’s t test, *p < 0.05. (D) Lattice light sheet (LLS) image of interaction interface 

of sorted CD103+ DC from membrane-tdTomato (mT) mice and CD8α+ DC from 

membrane-GFP (mG) mice. White box is interface location. Heatmap represents distance 

from reference z-slice (dark blue = 0). Interface is opened (black arrows) and rotated. 

Juxtaposed sites indicated with color-coded dots and dotted line. (E) LLS image showing 

membrane proximity of mG+CD8α+ resident DC (green) and mT+CD103+ DC (red). White 

box is interaction surface as z-slice (right). Scale bar = 5 μm. (F) Single z-slice of cells in E 

with membrane exchange (white arrrows). Scale bar = 5 μm. See also Figure S4 and Videos 

S2–S5.
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Figure 5. Contact-mediated antigen handoff potentiates stepwise tumor antigen cascade
(A) Imaging showing ZsGreen+CD103+ DC (green) sorted from B16ZsGreen tumor-

draining lymph nodes (tdLN) and a nuclear-tdTomato+ (nT) CD8α+ resident DC (red) sorted 

from steady state nTnG mouse. 2 cells marked with dotted lines. Transfer event is in middle 

panel. Scale bar = 5 μm. (B) ZsGreen acquisition mode of uptake (debris uptake versus 

DC:DC transfer) quantified from live imaging as in A. n = 6. (C) Multiphoton imaging of 

tdLN from B16ZsGreen, XCR1-Venus; CD11c-mCherry; MacBlue mice. Only Venus and 

mCherry channels shown. ZsGreen+ vesicle is surfaced (green); timecourse shown. Scale bar 

= 10 μm. (D) ZsGreen acquisition mode of uptake (debris uptake versus DC:DC transfer) 

quantified from live imaging as in C. n = 3. (E) Inducible ZsGreen B16 tumor experiments 

in F-G. (F-G) ZsGreen accumulation within cells of the tumor (F) and tdLN (G) following 
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induced expression of ZsGreen. Days indicate initiation of tamoxifen treatment prior to 

sacrifice. % Max. ZsGreen calculated as mean frequency of ZsGreen cells normalized to the 

average maximum % of ZsGreen accumulation (set to 100%) for each cell type. Plots are 

mean % Max. ZsGreen +/− SEM. n = 6–10. Representative of 3 independent experiments. 

Statistical analysis is single sample, two-sided, Student’s t test to determine on which day a 

cell type’s ZsGreen amount reached statistically above 0%, *p < 0.05, **p < 0.01. See also 
Videos S6–S8.
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Figure 6. Resident CD8α+ dendritic cells accumulate antigen as tumors grow and can prime 
anti-tumor, CD8+ T cells following antigen transfer
(A) B16ZsGreen mean tumor volume +/− SEM (n = 6). Representative of 2 independent 

experiments. (B-C) Tumor-derived ZsGreen within cells and microparticles (MP) of the 

tumor-draining lymph node (tdLN). migratory CD11b+ (m11b), resident CD11b+ (r11b). 

Mean frequency (B) and mean fluorescence intensity (MFI) (C) by flow cytometry. n = 6. 

Representative of 2 independent experiments. (D) OTI and OTII, T cell stimulation assay. 

DC are sorted from B16ZsGminOVA tdLN based on ZsGreen status. (E) Flow cytometric 

plots of OTI stimulation assessed by eFluor670 dye dilution and CD44 upregulation. Setup 

in D. (F) % of max. CD8+, OTI, T cell stimulation. Setup in D. Plot is mean % of max. n = 

4–8. OTI stimulation as assessed by dilution of eFluor670 dye. 3 independent experiments 
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combined. (G) MHCI cross-dressing experiment shown in H-K. (H-K) H2-K from C57BL/6 

donor DC cross-dressing on Balb/cJ CD8α+ recipient DC (H), CD103+ Balb/cJ recipient 

DC (I), m11b+ Balb/cJ recipient DC (J) or r11b+ Balb/cJ recipient DC (K). Plots are mean % 

H2-Kb+ for each DC subtype. n = 2–3. Setup in G. Representative of 2 independent 

experiments. All graphs, error bars represent +/− SEM. See also Figure S5.

Ruhland et al. Page 30

Cancer Cell. Author manuscript; available in PMC 2021 June 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Resident CD8α+ dendritic cells exhibit suboptimal anti-tumor, CD8+ T cell priming 
characteristics
(A) Heatmap of differential gene expression for stimulated CD8+, OTI T cells detected by 

RNA-sequencing. orange = migratory CD11b+ DC, green = migratory CD103+ DC, blue = 

resident CD8α+ DC. GO terms for upregulated and downregulated genes are listed. (B) 

Flow cytometric mean fluorescence intensity (MFI) of CD69, IL7Rα, and KLRG1 staining 

on OTI T cells stimulated with DC subtypes. n = 3–6. 2 independent experiments combined. 

(C) Normalized ratio of KLRG1 MFI to IL7Rα MFI in OTI T cells stimulated with DC 

types. n = 4–5. 2 independent experiments combined. All graphs, error bars represent +/− 

SEM, Student’s t test, *p < 0.05, **p < 0.01. See also Figures S6–S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD11c BV650 (clone N418) Biolegend 117339

anti-mouse/human CD11b BV605 (clone M1/70) Biolegend 101257

anti-mouse CD103 APC (clone 2E7) Biolegend 121413

anti-mouse Ly-6C BV711 (clone HK1.4) Biolegend 128037

anti-mouse CD90.2 BV785 (clone 30-H12) Biolegend 105331

anti-mouse/human CD45R/B220 BV785 (clone RA3– 6B2) Biolegend 103246

anti-mouse Ly-6G BV785 (clone IA8) Biolegend 127645

anti-mouse NK1.1 BV785 (clone PK136) Biolegend 108749

anti-mouse CD24 PE/Cy7 (clone M1/69) Biolegend 101822

anti-mouse MHC-II AF700 (clone M5/114.15.2) or BV421 Biolegend 107622, 107631

anti-mouse CD8a PerCP/Cy5.5 or PE/Cy7 (clone 53– 6.7) Biolegend 100734, 100722

Biotin, anti-mouse F4/80 (clone BM8) eBioscience 123105

Streptavidin BV510 Biolegend 405234

anti-mouse CD45 A700 (clone 30-F11) Biolegend 103128

anti-mouse CD4 APC-eFluor780 (clone RM4–5) eBioscience 47–0042-82

anti-mouse CD44 BV711 (clone IM7) Biolegend 103057

anti-mouse/human tyrosinase (TA99) Biolegend 917801

anti-mouse/human gp100 (clone HMB45) Biolegend 911504

anti-mouse biotin CD2 (clone RM2–5) Biolegend 100104

anti-mouse CD45 A647 (clone 30-F11) Biolegend 103124

anti-Fc receptor (clone 2.4G2) UCSF Hybridoma Core N/A

anti-mouse KLRG1 PE-Cy7 (clone 2F1/KLRG1) Biolegend 138416

anti-mouse CD127 PE (clone SB/199) Biolegend 121112

anti-mouse CD279/PD-1 PE (clone RMP1–14) Biolegend 114118

anti-mouse CD69 BV650 (clone H1.2F3) Biolegend 104541

anti-IgG2a Alexa 647 secondary Invitrogen A21241

anti-IgG1 Alexa 555 secondary Invitrogen A21127

anti-mouse/human Annexin V A647 BioLegend 640912

Biological Samples

Mouse tissue samples (LN, tumors, skin) UC San Francisco IACUC: AN170208

Chemicals, Peptides, and Recombinant Proteins

Fibronectin, bovine plasma EMD Millipore 341631

recombinant murine GM-CSF PeproTech 315–03

Pictilisib (GDC-0941) Selleck Chemicals S1065

VPS34-IN1 Selleck Chemicals S7980
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REAGENT or RESOURCE SOURCE IDENTIFIER

Z-VAD-FMK NLRP3 Inflammasome Inhibitor - Caspase inhibitor Invitrogen Z-VAD-FMK

5-(N,N-Dimethyl)amiloride hydrochloride (DMA) Sigma Aldrich A4562

Matrigel GFR, Phenol-red free Corning 356231

Collagenase, Type I Worthington Biochemical LS004197

Collagenase, Type IV Worthington Biochemical LS004189

DNAse I Roche 10104159001

OVA peptide (323–339) Genscript RP10610–1

OVA Peptide (257–264), SIINFEKL Genscript RP10611

Critical Commercial Assays

EasySep Mouse CD4+ T Cell Isolation kit STEMCELL Technologies 19852

EasySep Mouse CD8+ T Cell Isolation kit STEMCELL Technologies 19853A

eBioscience™ Cell Proliferation Dye eFluor™ 670 eBioscience 65-0840-85

Zombie NIR Fixable Viability Kit Biolegend 423106

Deposited Data

RNA sequencing data This paper GEO: GSE128980

Experimental Models: Cell Lines

B16-F10 ATCC CRL-6475

B16-ZsGreen UC San Francisco N/A

B16-CreERT2-lsl-ZsGreen UC San Francisco N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory 000664

Mouse: B6 CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) The Jackson Laboratory 002014

Mouse: OT-II (B6.Cg-Tg(TcraTcrb)425Cbn/J The Jackson Laboratory 004194

Mouse: OTI (C57BL/6-Tg(TcraTcrb)1100Mjb/J) The Jackson Laboratory 003831

Mouse: Ccr7−/− (B6.129P2(C)-Ccr7tm1Rfor/J) The Jackson Laboratory 006621

Mouse: XCR1-Venus Yamazaki, C et al. 2013 N/A

Mouse: mTmG The Jackson Laboratory 007676

Mouse: ActB-Cre (FVB/N-Tmem163Tg(ACTB-cre)2Mrt/J) received backcrossed to 
C57/Bl6

The Jackson Laboratory 003376

Mouse: nTnG (B6N.129S6-Gt(ROSA)26Sortm1(CAG-tdTomato*,-EGFP*)Ees/J The Jackson Laboratory 023537

Mouse: K14-Cre (B6N.Cg-Tg(KRT14-cre)1Amc/J) The Jackson Laboratory 018964

Mouse: Ccr2−/− (B6.129S4-Ccr2tm1Ifc/J) The Jackson Laboratory 004999

Mouse: CD11c-mCherry (Khanna et al., 2010) N/A

Mouse: MacBlue (Tg(Csf1r*-GAL4/VP16,UAS-ECFP)1Hume/J) The Jackson Laboratory 026051

Mouse: ZsGreen (B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J) The Jackson Laboratory 007906

Software and Algorithms

ChimeraX UC San Francisco https://www.rbvi.ucsf.edu/
chimerax/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Imaris Bitplane https://imaris.oxinst.com/

FlowJo Becton Dickinson https://www.flowjo.com/

STAR Dobin et.al. 2013 code.google.com/p/r na-star/.

R: The Project for Statistical Computing N/A https://r-project.org
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