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SUMMARY

Dendritic cells (DCs) and macrophages (Mfs) share
close developmental pathways and functional fea-
tures, leading to blurring of the boundaries between
these two cell lineages. However, a deeper under-
standing of DC and Mf ontogeny and more refined
phenotypic and functional characterizations have
helped to delineate pre-DC-derived conventional
DCs (cDCs), including cDC1s and cDC2s, from
monocyte-derived Mfs. Here, we further refine
DC/Mf cell classification and report that classically
defined cDC2s contain a discrete population
of monocyte-derived migratory antigen-presenting
cells with Mf phenotype but functional DC features,
including cross-presentation.

INTRODUCTION

Since their discovery four decades ago (Steinman and Cohn,

1973), dendritic cells (DCs) have been extensively studied

for their central role as professional antigen-presenting cells

(APCs), bridging innate and adaptive immunity. Heterogeneity

within the DC population soon became evident, and subsets

of DCs with different functional attributes were identified

throughout the body (Hashimoto et al., 2011). Subsets of macro-

phages (Mfs) were also shown to act as APCs, further increasing

the complexity of APC classification. Intensive efforts by the

Immunological Genome Consortium, alongside several research

groups, resulted in the classification of different APCs based on

distinct surface marker and gene expression profiles and devel-

opmental dependence on certain transcription factors or cyto-

kines (Aliberti et al., 2003; Aziz et al., 2009; Caminschi et al.,

2008; Cheong et al., 2010; Dai et al., 2002; Dudziak et al.,

2007; Gautier et al., 2012; Guilliams et al., 2014; Hacker

et al., 2003; Hildner et al., 2008; Laouar et al., 2003; Lewis

et al., 2011; McKenna et al., 2000; Meredith et al., 2012a,

2012b; Miller et al., 2012; Satpathy et al., 2013; Schiavoni

et al., 2002; Schlitzer et al., 2013; Tailor et al., 2008; Tussiwand

et al., 2012, 2015; Waskow et al., 2008).

Thus, mouse DCs can be divided into conventional DCs

(cDCs; CD11chiMHCIIhi) derived from pre-DCs and monocyte-

derived, inflammation-driven DCs (MoDCs). cDCs can be further
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separated into two functionally distinct cDC1 and cDC2 subsets.

cDC1s (CLEC9A+XCR1+CD24+CD11b�) typically express CD8

in lymphoid organs and CD103 in non-lymphoid organs and

are developmentally dependent on BATF3 and IRF8 transcrip-

tion factors, while cDC2s (CLEC4A4+CD24+CD11b+) require

IRF4. MoDCs assume a typical DC phenotype in tissues

(CD11chiMHCIIhi); however, no transcription factors have been

identified that are uniquely required for their development, and

their monocyte origin has been challenged (Meredith et al.,

2012a).

Phenotypically classical mouse F4/80+ macrophages (Mfs)

can be unambiguously separated from cDCs by additional

markers, such as CD64 and MERTK. Moreover, differences in

ontogeny further refined the definition of Mfs; tissue-resident

Mfs (F4/80hi) are descendants of yolk sac precursors or fetal

monocytes, while tissue-infiltrating Mfs (F4/80int) are continu-

ously replenished by bone marrow monocytes (Hashimoto

et al., 2013; Sheng et al., 2015).

Here, we present an additional and distinct subset of

cross-presenting APCs that share features characteristic of

both cDC2s and tissue-resident Mfs. These hybrid F4/80hi

APCs reside in a typical ‘‘gate’’ of cDC2s (CD11chi

MHCIIhiCD11b+CD24+) in all tissues tested. However, they also

express classic Mf markers, such as CD64 and MERTK, and,

unlike cDC2s, are of monocyte origin. Interestingly, their pres-

ence is markedly increased in the tumor microenvironment,

where they are able to cross-present tumor antigens, thus repre-

senting an important addition to the arsenal of APCs.
RESULTS

Identification of a Distinct ‘‘Hybrid’’ cDC2/Mf F4/80hi

APC Subset
Ongoing work in our group to characterize DC populations in the

small intestine led to the serendipitous observation that the

CD11b+CD24+ cDC2 compartment could be further separated

into F4/80hi (F4/80hi APC) and F4/80low-int subsets (classical

cDC2) (Figure 1A). Corresponding cells were identified using

the same gating strategy (Figure 1A) in the mesenteric lymph

node by analyzing migratory DCs (MHCIIhiCD11chi), suggesting

that both F4/80hi and F4/80low-int subsets were capable of migra-

tion to the draining lymph nodes.

TheF4/80hi APCsubset could alsobe identified in several other

tissues. For instance, in the lung, CD11chiMHCIIhiCD11b+CD24+
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Figure 1. Identification of a CD24+CD11chiMHCIIhiF4/80hiCD169+ APC Subset

(A) Gating and staining strategy used to delineate distinct myeloid cell subpopulations (cDC1, cDC2, F4/80hi Mf, and F4/80hi APC) in the small intestine, lungs,

spleen, and mesenteric and mediastinal lymph nodes.

(B) t-SNE analysis of cDC1, cDC2, F4/80hi Mf, and F4/80hi APC in the small intestine, lungs, spleen, and lymph nodes based on multi-color flow cytometry. Data

are representative of nine mice from three independent experiments.
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Figure 2. Phenotypic Comparison between

cDC2s and F4/80hi APCs

(A) cDC2 and F4/80hi APCs isolated from the small

intestine, lungs, spleen, and mesenteric and medi-

astinal lymph nodes were gated according to the

strategy shown in Figure 1A. Both subsets were

tested for expression of core Mfmarkers, including

CD64, CD169, MERTK, and CX3CR1; core DC

markers, including CLEC4A4/DCIR2 and PLET1;

and the monocyte markers LY6C and CCR2. Red

histograms show surface marker expression on

cDC2 and F4/80hi APCs, and negative controls are

indicated in gray. Data are representative of eight

independent mice.

(B) Intranasal CFSE instillation schedule is shown in

the top left panel. Mediastinal lymph node subsets

were gated as migratory CD103+CD11b� cDC1,

CD103�CD11b+ cDC2, and CD169+ F4/80hi sub-

sets, as well as resident CD8+CD11b� cDC1 and

CD8�CD11b+ cDC2 populations (top right panel).

CCR7 expression and CFSE labeling are shown in

the corresponding histograms (bottom panels). Data

are representative of six mice from two independent

experiments.
cells could be divided into F4/80hi and F4/80low-int subsets (Fig-

ure 1A), clearly separating them from CD11chiMHCIIlow alveolar

Mf (Figure 1A). F4/80hi APCs were also present in the migratory

DC compartment of the mediastinal lymph node and in the sec-

ondary lymphoid tissue of the spleen (Figure 1A). Interestingly,

t-distributed stochastic neighbor embedding (t-SNE) analysis
Cell Rep
of the above tissues clustered F4/80hi

APCs between DCs and classical Mfs

(Figure 1B).

Phenotypic profiling of F4/80hi APCs in

a range of tissues identified expression

of several core Mf markers, including

CD64, CD169, and MERTK (Figure 2A).

Importantly, the cDC2 surface marker

CLEC4A4/DCIR2 was absent (Figure 2A),

although it should be noted that CLEC4A4

was also absent in lung and mediastinal

lymph node cDC2s (CD11b+CD24+F4/

80low-int). PLET-1, a specific marker of

cDC2s in the gastrointestinal tract, was

also not expressed by F4/80hi APCs (Fig-

ure 2A). The presence of both cDC2s and

F4/80hi APCs in several tissues, including

the draining mediastinal and mesenteric

lymph nodes, suggest that F4/80hi APCs

are migratory. In addition, we observed

that CD169 was a highly discriminatory

marker for F4/80hi APCs in the mediastinal

and mesenteric lymph nodes (Figure 2A),

and we therefore used CD169 instead of

F4/80 as a marker for cells from these tis-

sues in further analysis (Figure 1A). With

respect to chemokine receptors, CCR7

was expressed in all cDC1, cDC2, as well
as CD169+F4/80hi APC populations in lung mediastinal lymph

nodes, further supporting their phenotype as migratory cells

(Figure 2B, middle). Indeed, following intranasal application of

carboxyfluorescein succinimidyl ester (CFSE), CD169+F4/80hi

APCs in the mediastinal lymph nodes were labeled to a similar

extent as prototypic cDC1 and cDC2 fractions, while resident
orts 21, 1203–1214, October 31, 2017 1205
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Figure 3. Fate-Mapping Analysis Delineates

Distinct Origins for cDC2s and F4/80hi APCs

(A and B) YFP labeling index of four distinct myeloid

cell subpopulations determined in two different

fate-mapping mouse models: LysMCre/R26 (A) and

inducible KitMerCreMer/R26 mice (B). cDC1s, cDC2s,

F4/80hi Mfs, and F4/80hi APCs were gated ac-

cording to the strategy shown in Figure 1A. Repre-

sentative flow cytometry analysis illustrates labeling

efficiency in the small intestine, lungs, spleen,

and mesenteric and mediastinal lymph nodes of

LysMCre/R26 mice (A). YFP expression (x axis)

is plotted against CD11c or F4/80 (y axis).

KitMerCreMer/R26 inducible fate-mapping mice were

treated with tamoxifen, and cells obtained from lung

were analyzed after 3 months of chase (B). Repre-

sentative dot plots and histograms show the YFP

labeling efficiency of cDC1s, cDC2s, F4/80hi Mfs,

and F4/80hi APCs. Data are representative of five

mice from two independent experiments.
DCs, derived directly from the bone marrow, remained largely

unlabeled (Figure 2B, bottom).

F4/80hi APC Ablation in CD169-DTR Mice
CD169 is expressed on F4/80hi APCs in most tissues, with the

exception of the dermis, which lacks this CD169+ cell subset

(Figure S1A); therefore, we attempted to ablate CD169+F4/80hi

APCs by exploiting our recently generated CD169-DTR mouse

strain, which was developed to deplete classical tissue-resident

Mfs via diphtheria toxin (DT) injections (Purnama et al., 2014).

We observed efficient ablation of F4/80hi APCs in the gut lamina

propria, lung, spleen, and mesenteric and mediastinal lymph

nodes, alongside ablation of classical tissue-resident Mfs,

including F4/80hi Mfs in the lamina propria, alveolar Mfs in
1206 Cell Reports 21, 1203–1214, October 31, 2017
the lung, and red pulp Mfs in the spleen

(Figures S1B and S1C). The ablation

pattern of F4/80hi APCs further improved

our confidence in our flow cytometry defini-

tion of F4/80hi APCs and demonstrated the

utility of the CD169-DTR mouse strain as a

tool to study the functional importance of

F4/80hi APCs.

F4/80hi APC Origins
Given that F4/80hi APCs share several sur-

face markers with Mfs, we considered

whether they were derived from mono-

cytes. To probe their origins, we made

use of the LysM-Cre/Rosa26-LSL-eYFP

fate-mapping mouse model (Clausen

et al., 1999). F4/80hi APCswere found to la-

bel strongly with YFP to levels comparable

with typical Mfs (Figure 3A), while cDC1s

and cDC2s, as expected, labeled much

less strongly (Bogunovic et al., 2009), sug-

gesting that F4/80hi APCs and Mfs shared

the same monocytic origins.
To confirm the monocytic origin of F4/80hi APCs, we tested

whether F4/80hi APCs were present in Ccr2 knockout (KO)

mice given that CCR2 is required for efficient egress of mono-

cytes from the bone marrow (Serbina and Pamer, 2006). How-

ever, we could only observe a mild and non-significant decrease

of F4/80hi APCs in these mice across a range of different tissues

(data not shown). We postulated that slow and inefficient

(CCR12-independent) pathways might be sufficient to fill F4/

80hi APC niches under steady-state conditions in Ccr2�/� mice

(Shi and Pamer, 2011). We therefore generated competitive

bone marrow chimeras using wild-type (WT) and Ccr2�/�mouse

bonemarrow cells (in a 1:3 ratio) to test the CCR2 dependence of

F4/80hi APCs (Figures 4 and S2). After 4 months, we determined

theWT/KO ratio in control and experimental populations in these
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Figure 4. F4/80hi APCs Are Derived from

Ccr2-Dependent Bone Marrow Progenitors

For competitive bone marrow chimera experiments,

CD45.1+WT (13106) andCD45.2+Ccr2�/� (33106)

mouse bone marrow leukocytes were mixed and

transferred into lethally irradiated CD45.1+/CD45.2+

recipient mice. Reconstituted chimeric mice were

analyzed after 4 months by flow cytometry (top left).

Representative proportions of different donor cells

in bonemarrow stem cell (LSK) and progenitor (MDP

andCDP) compartments are shown (top right panel).

Bar charts (bottom) represent the CD45.1+/CD45.2+

ratio of LSK, MDP, and CDP progenitors in the bone

marrow (BM) and of cDC2s and F4/80hi APCs in the

small intestine (SI), lungs, spleen (SP), and mesen-

teric (mLN) and mediastinal (MLN) lymph nodes.

Data represent mean ± SEM (n = 14 mice from three

independent experiments).
chimeras. In the bone marrow of the recipients, the initial WT/KO

1:3 ratio was maintained in stem cell and progenitor populations

(Linease– Sca+ Kit+ [LSK], macrophage and dendritic cell pro-

genitor [MDP], and common dendritic cell progenitors [CDPs];

Figures 4 and S2). Similarly, the initial WT/KO 1:3 ratio was

observed in all peripheral cDC2 populations tested, indicating

their CCR2 independence. However, F4/80hi APCs in the same

tissues were strongly skewed towardWT cells, in further support

of their monocytic origin (Figures 4 and S2).

Given that F4/80hi APCs appear to share a commonmonocyte

origin, as well as several surface markers, with tissue-resident

Mfs (Figure 2A) and that both populations can be ablated in

CD169-DTR mice (Figure S1), we considered that they might,

in fact, represent a subpopulation of tissue-resident Mfs. To

test this, we exploited the KitMercremer/Rosa26-LSL-eYFP fate-

mapping mouse model to determine if F4/80hi APCs also share

embryonic origins with tissue-resident Mfs (Guilliams et al.,

2013; Sheng et al., 2015). Adult tamoxifen administration

induced robust YFP labeling in F4/80hi APCs, as well as in

cDC1s and cDC2s, suggesting that they are continuously pro-

duced during adulthood. In comparison, F4/80hi alveolar Mfs,

as representatives of tissue-resident Mfs, remained unlabeled

as a result of their embryonic origin (Figure 3B) (Guilliams et al.,

2013; Sheng et al., 2015). Thus, based on ontogeny, F4/80hi

APCs do not represent a subpopulation of tissue-resident Mfs.

CSF1 Supports Survival/Development of F4/80hi APCs
Because F4/80hi APCs share both DC and Mf features, we

considered whether their generation/survival is colony-stimu-

lating factor 1 (CSF1) or CSF2 dependent. We monitored the

numbers of tissue-resident F4/80hi Mfs and F4/80hi APCs in

either WT mice treated for two consecutive weeks with a block-

ing anti-CSF1R mAb or in CSF2-unresponsive Csf2rb KO mice

(Figures 5 and S3). Like Mfs, F4/80hi APCs demonstrated a

strong CSF1 requirement for their generation/maintenance in

both lymphoid and non-lymphoid tissues (Wynn et al., 2013)
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and were not dependent on CSF2. As ex-

pected, cDC2s were strongly dependent

on CSF2 in non-lymphoid tissue (gut lam-
ina propria) and partially dependent in most lymphoid tissues

(Figures 5 and S3) (Greter et al., 2012). Of note, lung alveolar

Mfs required CSF2 for their survival, while other tissue Mfs

were dependent on CSF-1 (Figures 5 and S3).

We also investigated the expression of known classical DC

and Mf transcription factors in F4/80hi APCs (Aliberti et al.,

2003; Aziz et al., 2009; Dai et al., 2002; Hacker et al., 2003; Hild-

ner et al., 2008; Laouar et al., 2003; Lewis et al., 2011; McKenna

et al., 2000; Meredith et al., 2012a, 2012b; Satpathy et al., 2013;

Schiavoni et al., 2002; Schlitzer et al., 2013; Tailor et al., 2008;

Tussiwand et al., 2012, 2015; Waskow et al., 2008). NOTCH2

and IRF4 have been reported to be important for DC develop-

ment (Lewis et al., 2011; Satpathy et al., 2013; Schlitzer et al.,

2013), and we observed strong expression of Irf4 and Notch2

in F4/80hi APCs (Figure S4). However, Mf transcription factors

(Maf, Mafb, and Spic) were also upregulated, and the core DC

transcription factor, zDC, was downregulated, suggesting that

F4/80hi APCs share features of both DCs and Mfs. In addition,

Csf1r (CD115) was significantly upregulated in F4/80hi APCs,

consistent with the CSF1 requirement observed above, while

the key DC receptor Flt3 was downregulated (Figure S4).

To explore the possibility of FMS-like tyrosine kinase 3 ligand

(FLT3L) dependence of F4/80hi APCs, we treatedWTmice with a

recombinant FMS-like tyrosine kinase 3 ligand-immunoglobulin

(FLT3L-Ig) fusion protein for 11 consecutive days. The number

of classical cDC1s and cDC2s was significantly expanded in

the spleen and mediastinal lymph nodes as expected, whereas

F4/80hi APCs expansion was much less pronounced (Figure S5).

Tumor Microenvironment Enriches F4/80hi APCs
The expression of the sialic-acid-dependent CD169 surface re-

ceptor (Crocker et al., 1991) on F4/80hi APCs led us to consider

whether F4/80hi APCs are enriched in the tumor micro-

environment, given that many different types of tumors produce

abundantly sialylated proteins (Pearce and Läubli, 2016) and

that inflammatory intratumoral conditions are known to attract
orts 21, 1203–1214, October 31, 2017 1207
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Figure 5. F4/80hi APCs and cDC2s Display Distinct Cytokine

Requirements

CSF1 signaling was neutralized by repetitive injections of anti-CSF1R blocking

antibody for two consecutive weeks. Csf2rb�/� mice were used to assess the

requirement of CSF2 signaling. The levels of F4/80hi Mfs and F4/80hi APCs

were determined according to the gating strategy shown in Figure 1A. Bar

charts indicate cell number (3103) of F4/80+ cells in the small intestine, lungs,

and spleen and of CD169+ cells in mediastinal and mesenteric lymph nodes

(LN). Data represent mean ± SEM. Statistical significance was determined

using one-way ANOVA followed by Bonferroni test. ns, not significant, *p <

0.05, **p < 0.01, ***p < 0.005, and ****p < 0.0001. WT mice, n = 7; Csf2rb�/�

mice, n = 3–5; CSF-1R-antibody-treated mice, n = 3–6; mice from two inde-

pendent experiments.
monocyte infiltration (Shi and Pamer, 2011). To test this, we uti-

lized two different mouse tumor models: a B16 melanoma lung

metastasis and an APCmin/+ colorectal cancer model (Figure 6).

In melanoma lung metastasis, F4/80hi APCs were strongly en-

riched over cDC2s when compared with tumor-free lung tissue

(Figure 6A). A similar pattern was also found in colonic ade-

nomas, where F4/80hi APCs were enriched compared with

healthy lamina propria (Figure 6B).

F4/80hi APCs Cross-Present Tumor Antigens In Vitro
and In Vivo
The augmented presence of F4/80hi APCs in tumors prompted

us to study whether this unusual APC subset is involved in the
1208 Cell Reports 21, 1203–1214, October 31, 2017
initiation of anti-tumoral immunity. To address this, we focused

our efforts on lung F4/80hi APCs for two reasons. First, we are

able to induce antigen-specific CD8 T cell responses (e.g.,

ovalbumin [OVA]-specific T cell receptor [TCR] transgenic

OT-1 model) in the B16 lung melanoma metastasis model, but

not in the APCmin/+ colon cancer model. Second, CSF1R anti-

body treatment results in specific depletion of intratumoral F4/

80hi APCs in the lung, but not of CSF2-dependent F4/80hi alve-

olar Mf.

To assess the capacity of F4/80hi APCs to take up tumor cells,

we generated lung metastases by injecting GFP-expressing B16

tumor cells into WT mice. After approximately 3 weeks, cDC1s,

cDC2s, F4/80hi APCs, and Mf were isolated from lung cancer

metastatic loci, and uptake of GFP-expressing tumor cells was

analyzed by flow cytometry. F4/80hi APCs were very efficient

at tumor cell uptake (comparable to F4/80hi Mfs), whereas

cDC1s and cDC2s were much less efficient (Figure 7A). Next,

we compared the capacity of F4/80hi APCs to cross-present an-

tigenwith the prototypic cross-presenting cDC1population (Piva

et al., 2012). To this end, we generated an OVA-expressing B16

cell line, which was irradiated to increase tumor cell death and

then injected intravenously into WT control mice, DT-injected

CLEC9A-DTR mice (lacking cDC1), or anti-CSF1R-antibody-

treated mice (lacking F4/80hi APCs, but not lung Mfs). After

2 hr, CSFE-labeled OVA-specific OT-I CD8+ T cells were in-

jected, and proliferation in the lymph node was assessed

2 days later. As expected, dead cell-associated antigens were

most efficiently cross-presented by cDC1s (Figure 7B). How-

ever, F4/80hi APC depletion also significantly decreased antigen

presentation and subsequent OT-I CD8+ T cell proliferation, indi-

cating that F4/80hi APCs contributed to cross-presentation. As a

direct test of the capacity of F4/80hi APCs to cross-present, we

isolated these cells from lymph nodes of B16-OVA inoculated

mice and co-cultured them in vitro with OVA-specific CD8+

OT-I T cells (Figure 7C). F4/80hi APCs were found to cross-pre-

sent tumor antigen as efficiently as the prototypic cross-present-

ing cDC1 subset (Figure 7C). Thus, it is likely that F4/80hi APCs

can provide an alternative cell population for cross presentation,

particularly in situations where cDC1 cells are limiting.

DISCUSSION

Here, we identify a discrete F4/80hi APC subset residing within a

typical cDC2 compartment (MHCIIhiCD11chiCD11b+CD24+).

Despite their presence in this DC gate, F4/80hi APCs also ex-

pressed typical Mf-associated markers, such as F4/80hi,

CD64, MERTK, and CD169. In a previous classification,

CD11b+ cells were divided into CD24+ cells, representing clas-

sical DCs, and CD64+ cells, representing Mfs (Schlitzer et al.,

2013). CD64+CD24+ cells were not considered in this model,

but it is entirely possible that CD64+CD24+F4/80hi APCs might

be overlooked, as they represent only a minor population under

steady-state conditions.

While there are some phenotypic, transcriptional, and func-

tional similarities between the identified F4/80hi APC fraction

and other CD169+ Mf and DC subsets, there are also a number

of discrepancies. For instance, F4/80hi APCs can be clearly

distinguished from ‘‘classical’’ Mf, such as the bone marrow
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Figure 6. F4/80hi APCs Are Enriched in the Tumor Microenvironment

Leukocytes obtained from lung metastases of B16 melanoma or from intestinal adenomas and surrounding tissues were analyzed according to the gating

strategy in Figure 1A. CD24 gating was included in the analysis but omitted from the plot for clarity.

(A) Schematic representation of the B16melanoma lungmetastasis model (top). Flow cytometry representation of myeloid cells in B16 tumor and tumor-free lung

tissue (bottom left) and bar chart analysis of F4/80hi APCs in B16 tumors and the surrounding lung tissue. Data are shown as mean ± SEM. Statistical significance

was determined using an unpaired Student’s t test. ****p < 0.0001; n = 9 mice from two independent experiments.

(B) Schematic representation of the intestinal adenoma model of APCMin/+ mouse. Adult APCMin/+ mice were treated with dextran sodium sulfate (DSS) in the

drinking water for 1 week. Cells were isolated and analyzed 3–4 weeks post-treatment (top). Intestinal adenomas and surrounding lamina propria were collected

and analyzed independently. Flow cytometry representation of myeloid cells in adenomas and intestinal lamina propria (bottom panel, left), and bar chart analysis

of F4/80hi APCs detected in adenomas and intestinal lamina propria, respectively. Data represent mean ± SEM. Statistical significance was determined using an

unpaired Student’s t test. ****p < 0.0001; n = 5 mice from two independent experiments.
CD169+ Mf population (Crocker and Gordon, 1986), by their

distinct CD11c and CX3CR1 expression pattern (Chow et al.,

2011; Crocker and Gordon, 1986). Similarly, spleen marginal

zone metallophilic Mfs are CD169+ (Hashimoto et al., 2011)

but lack F4/80. Both F4/80hi APC and subcapsular sinus (SCS)

Mf populations express CD169 (Pucci et al., 2016) but display

different levels of CD11c and F4/80 (Hashimoto et al., 2011).

We are also confident that F4/80hi APCs are distinct from

classical DC populations, including cDC1s, cDC2s, and
MoDCs. While we show that F4/80hi APCs display a capacity

for cross-presentation similar to that of cDC1s (Roberts

et al., 2016; Salmon et al., 2016), this subset also expresses

a number of markers normally absent on cDC1s, including

F4/80, MERTK, CD169, and CX3CR1. The observed ability of

F4/80hi APCs to cross-present antigen bears some resem-

blance to a population of lymph node-resident CD169+ Mfs

previously described by the group of Tanaka et al., although

the absence of a more detailed phenotypic description of their
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Figure 7. F4/80hi APCs Are Phagocytic and

Able to Cross-Present Antigen

(A) Phagocytic capacity of different Mf and DC

subpopulations. 18–21 days after injection of con-

trol B16 or B16-GFP melanoma cells into WT mice,

melanoma lung foci were analyzed (top). cDC1s,

cDC2s, F4/80hi Mfs, and F4/80hi APCs were gated

according to the strategy shown in Figure 6. B16-

GFP melanoma cell uptake is depicted by red

histograms. Gray full histograms represent back-

ground levels obtained from mice inoculated with

control B16 cells. Data are representative of 12 in-

dependent mice.

(B) F4/80hi APCs can cross-present in vivo. DT-in-

jected Clec9A-DTR mice and anti-CSF1R-treated

WT mice were injected with 43 106 irradiated OVA-

expressing B16 cells followed 2–3 hr later by injec-

tion with 1 3 106 CFSE-labeled OVA-specific CD8+

T cells. Two days later, the percentage of dividing

CD8+ T cells was determined by measuring CFSE

staggering. On the left, representative histograms

illustrating CFSE labeling of isolated CD8+ T cells

fromWT, Clec9A-DTR, and anti-CSF1R-treated WT

mice. Bar chart on the right indicatesmean +SEMof

the percentage of undivided cells. Statistical sig-

nificance was determined using one-way ANOVA

followed by Bonferroni test. ***p < 0.005 and ****p <

0.0001; n = 3 mice for each experimental group.

(C) Ex vivo cross-priming assay. B16-OVA tumor

inoculation and co-culture schedule is shown in the

top panel. Dividing CD8+ T cells were determined by

measuring CFSE staggering. On the left, represen-

tative histograms illustrating the CFSE-labeling of

co-culture with no DCs, cDC1s, and F4/80hi APCs.

Bar chart on the right shows mean + SEM of the

percentage of undivided cells. Statistical signifi-

cance was determined using one-way ANOVA fol-

lowed by Bonferroni test. ****p < 0.0001; n = 4–5

mice for each experimental group.
Mf population precludes direct comparison (Asano et al.,

2011).

Likewise, although classical cDC2s and F4/80hi APCs both ex-

press CD11b, F4/80hi APCs do not express the c-type lectin

CLEC4A4/DCIR2 (Dudziak et al., 2007; Lewis et al., 2011). More-

over, the F4/80hi APC fraction does not correspond to the

recently described KLF4-dependent lymph node cDC2 popula-

tion, which are described to be CD11b�CD103� (Tussiwand

et al., 2015). Lastly, despite their monocytic origin and CCR2 de-

pendency, F4/80hi APCs are phenotypically different from clas-

sical MoDCs because of the expression of CD24, which is absent
1210 Cell Reports 21, 1203–1214, October 31, 2017
on MoDCs (Tamoutounour et al., 2013).

F4/80hi APCs also express high levels of

the chemokine receptor CX3CR1, delin-

eating them from intestinal MoDCs, which

express intermediate levels (Bain et al.,

2013).

In 2012, the Immunological Genome

Consortium (Gautier et al., 2012; Miller

et al., 2012) attempted to set clear bound-

aries between DCs and Mfs using defined
markers. However, MHCIIhiCD11chiCD64+CD24+CD169+F4/80hi

APCs present a conflicting hybrid DC/Mf phenotype that contra-

venes the established criteria. Indeed, the defining features (or

lack thereof) of DCs and Mfs remain under extensive debate

(Hume et al., 2013; Jenkins and Hume, 2014; Mabbott et al.,

2010). For instance, it has been suggested that Mfs are strongly

phagocytic, whereas DCs are not (Jenkins and Hume, 2014). F4/

80hi APCs demonstrated efficient phagocytic properties via up-

take of labeled dead cells and therefore might be considered

Mfs on this basis. In support of this, LysM-Cre fatemapping indi-

cated a common monocytic origin with Mfs in mice, and F4/80hi



APCs displayed a CCR2 and CSF1 dependency in common with

most Mf. Furthermore, F4/80hi APCs responded poorly to in vivo

FLT3L treatment compared with cDCs, which underwent marked

expansion in the spleen andmediastinal lymph node. Compatible

with a ‘‘hybrid’’ DC/Mf phenotype, F4/80hi APCs shared tran-

scription factors with both Mf (e.g., MAF, MAFB, and SPIC) and

cDC2 (e.g., IRF4 and KLF4), although the prototype DC-related

zinc-finger transcription factor, zDC, was absent. Given that clas-

sically defined DCs and Mfs share a macrophage dendritic cell

progenitor (MDP) during their development in the bone marrow

(Liu et al., 2009), it is perhaps unsurprising to find MDP descen-

dants with mixed phenotypes.

Importantly, although F4/80hi APCs represent a minor popula-

tion under steady-state conditions, this subset becomes much

more prominent in the tumor microenvironment. This substantial

increase in cell numbers might be a consequence of monocyte

recruitment and differentiation to F4/80hi APCs in response to

factors present in the tumor microenvironment. For instance, it

has been reported that CSF1 is highly expressed in tumor sites

(Gow et al., 2014; Kacinski, 1995; Smith et al., 1995), which could

contribute to the development and survival of intratumoral F4/

80hi APCs. Furthermore, we found that F4/80hi APCs can

cross-present tumor antigen efficiently and may represent a

compensatory mechanism under circumstances where profes-

sional cross-presenting cDC1 have become limiting, such as in

inflammatory tumor tissue (Bell et al., 1999). Consequently,

these ‘‘hybrid’’ APCs could offer additional targets for immune

stimulation in therapeutic interventions (Chen et al., 2012).

EXPERIMENTAL PROCEDURES

Mice and Animal Ethics Statement

Congenic CD45.1+ C57BL/6 (B6.SJL-PtprcaPepcb/BoyJ), C57BL/6J-APCMin/J,

and Csf2rb KO mice were purchased from Jackson Laboratory (Bar Harbor,

ME, USA). C57BL/6 (CD45.2+), CD45.1+/CD45.2+ C57BL/6, and Rag2�/�

CD45.1+ C57BL/6 mice were maintained in our animal facility. Ccr2�/�,
LysCre, CX3CR1-GFP, andRosa26LSL-eYFP transgenicmicewere kindlyprovided

by Dr. Ng Lai Guan and Dr. Florent Ginhoux (SIgN, A*Star, Singapore).

KitMerCreMer mice, CD169-DTR, and Clec9A-DTR mice were generated in our

laboratory (Muzaki et al., 2016; Purnama et al., 2014; Sheng et al., 2015). Age-

matched littermates (6–8 weeks old) of female and male mice were used in all

experiments.

All mice were bred in the specific-pathogen-free Nanyang Technological

University animal facility. This study followed National Advisory Committee

for Laboratory Animal Research guidelines under the Animal & Birds (Care

and Use of Animals for Scientific Purposes) Rules of Singapore. A-0096,

A-0097, A-0133, A-0158, A-0258, and A-0351 protocols were approved by

the Institutional Animal Care and Use Committee (IACUC) of the Nanyang

Technological University of Singapore.

Bone Marrow Chimeras

One day before transplantation, recipient congenic CD45.1+/CD45.2+ C57BL/

6mice received a total of 11 Gy irradiation administered 4 hr apart in two sepa-

rate doses of 5.5 Gy. Irradiated mice were then injected intravenously with 13

106 CD45.1+ and 33 106 CD45.2+Ccr2�/� bonemarrow leukocytes (1:3 ratio).

Chimeric mice were analyzed 4 months later.

CSF1R Antibody, FLT3L-Ig, and DT Treatment

CSF1R blocking antibody (clone BE0213) was purchased from Bio X Cell (UK).

Blocking antibody (20 mg/g bodyweight) was injected every 2 days for 2weeks.

DT (322326; Merck, Kenilworth, NJ, USA) was resuspended in PBS/1%mouse

serum and injected at 20 ng/g body weight into DTR and control mice via intra-
peritoneal injection once a day for 2 days for acute target cell depletion or

every 3–4 days for long-term injection. The generation of recombinant

FLT3L-Ig has been previously described (Onai et al., 2006). FLT3L-Ig

(10 mg/mouse) was injected subcutaneously for 11 days prior to analysis. Iso-

type control antibodies and DT were injected into matched littermates.

Cell Lines

TogenerateB16-GFPandB16-OVAmelanomacell lines, thePlatinumRetroviral

Expression Complete System (Cell Biolabs, San Diego, CA, USA) was used.

Briefly, GFP and OVA sequences were inserted into the pMyc retroviral vector

and then transfected into thePlatinumRetroviral PackagingCell Line. Viral prog-

enywas used to transduce the original B16melanomacell line. All cell lineswere

validated by flow cytometry and tested for the absence ofmycoplasma (catalog

number 4460623; Thermo Fisher Scientific, Waltham, MA, USA).

Animal Tumor Models

For the lungmetastasismodel, 23 105 B16melanoma cells were resuspended

in PBS and injected into mice via tail vein injection. Inoculated mice were

analyzed 18–21 days later.

For the intestinal tumor model, APCmin/+ mice were treated with 1.5%

dextran sodium sulfate (DSS) dissolved in drinking water for 1 week. Mice

were analyzed 3–4 weeks later.

Lethal Irradiation of B16 Tumor Cells

B16 cells were g-irradiated at 40 Gy in a BIOBEAM gamma irradiator device

(Gamma Service Medical, Leipzig, Germany) and kept in culture for 24 hr to in-

crease cell death.

In Vitro and In Vivo CFSE Assays

A single-cell suspension was obtained from spleens ofRag2�/�OT-1-CD45.1+

transgenic mice. CD8+ cells were purified using MACS beads (Miltenyi Biotec,

Bergisch Gladbach, Germany) and labeledwith 5 mMCFSE (Molecular Probes,

Life Technologies, USA) according to the manufacturer’s protocol.

CD45.1+ CFSE-labeled OT-I CD8+ T cells (1 3 106) were injected into

CD45.2+ recipient mice that had received an intravenous injection of g-irradi-

ated B16-OVA cells (4 3 106) 2–3 hr earlier. Two days later, draining medias-

tinal lymph nodes were harvested, and T cell proliferation was determined by

flow cytometry based on CSFE staggering.

To monitor the capacity of F4/80hi APCs to stimulate in vitro T cell prolifera-

tion, migratory cDC1 and F4/80hi APC fractions were isolated and purified by

cell sorting from lung-draining mediastinal lymph nodes of mice bearing OVA-

expressing B16 tumors andmixedwith CFSE-labeled OVA-specific OT-I CD8+

T cells at a 1:20 ratio. Flow cytometry cell analysis was performed after co-cul-

ture for 3–4 days.

To track the migratory property of F4/80hi APCs, 50 mL CFSE solution

(25 nM) was applied intranasally under ketamine-induced anesthesia (Legge

and Braciale, 2003). Lymph node cell analysis was performed 3–4 days later.

Fate Mapping

Both LysMCre and KitMerCreMermouse lines were mated with the ROSA26-LSL-

eYFP reporter mouse strain to generate a LysMCre/R26 fate-mapping mouse

and a KitMerCreMer/R26 inducible-mapping mouse, respectively. Tamoxifen

(T5648; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in corn oil

(C8267, Sigma-Aldrich) and administered by gavage for five consecutive

days (4mg/mouse) for adult fate mapping. Analysis was performed aminimum

of 3 months later.

Myeloid Cell Isolation and Flow Cytometry Analysis

For isolation of tissue leukocytes, aprotocolwasadapted fromaprevious study

(Sheng et al., 2015). Briefly, 50mLPBSwere used to perfuse themice after CO2

euthanasia. Bone marrow cells were flushed out with PBS/2% fetal bovine

serum from femurs and tibias. Small intestine, spleen, and lungs were also

collected and processed. Tissues (with the exception of the intestine) were

minced, followed by incubation at 37�C for 60–90minwith 1–5mL collagenase

(1mg/mL) (catalog number 11088882001, Sigma) containing 20 mL/mLDNase I

(catalog number 18047-019; Life Technologies, Thermo Fisher). Intestinal tis-

sue was incubated at 37�C for 60 min in 5 mM EDTA prior to collagenase
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digestion. Tissue suspensions were then passed through a 19G syringe to pre-

pare single cells. Leukocytes were enriched through a two-layer (40%:70%)

Percoll gradient (catalog number 17-0891-01; GE, Healthcare, Chicago, IL,

USA). Enriched leukocytes were blocked with 100 mg/mL Fc-blocking anti-

FcgRIII/FcgRII antibody (clone: 2.4G2) for 15 min and then labeled for 30 min

with the indicated antibody combinations. The following antibodies were

used: CD11c (clone: N418), CD3 (145-2C11), CD19 (clone: 6D5), NK1.1 (clone:

PK136), CD172 (clone: P84), GR-1 (clone: RB6-8C5), CD11b (clone: M1/70),

CD45 (clone: 30F11), Ly6C (HK1.4), Ly6G (clone: 1A8), EMR1 (also known as

F4/80) (clone: BM8), CD64 (clone: X54-5/7.1), CD16/32 (clone: 2.4G2), MHC

II (clone:M5/114.15.2), CD117 (clone: 2B8), and CCR2 (clone: SA203G11),

CLEC4A4 (clone: 33D1), and CD115 (clone: AFS98) (all purchased from

BioLegend, San Diego, CA, USA). CD169 (clone: Ser4) was purchased from

eBioscience. Siglec-F (clone: E50-2400) was purchased from BD Biosciences

(USA). MERTK (clone: BAF591) was purchased from R&D Systems (USA).

PLET1 antibody was generated in-house. Labeled cells were subsequently

analyzed using a 5-laser Fortessa X20 (BD Biosciences, St. Jose, CA, USA).

Data were analyzed with FlowJo software (Tree Star, Ashland, OR, USA).

t-SNE analysis was performed using the FlowJo t-SNE plugin.

qPCR Analysis

Spleen cells were isolated and labeled as described above. Sorting was per-

formed using an Aria II (BD Biosciences) cell sorter. RNA was isolated from

sorted cells using a PicoPure RNA isolation kit (Thermo Fisher Scientific,

KIT0204) according to the manufacturer’s protocol. cDNAs were generated

by reverse transcription (Promega, M1701), and qPCRs were performed using

a master mix (PrimerDesign, UK) on the Eco system (Illumina, Singapore). The

following primers were used: Actb forward (F): 50-aag gcc aac cgt gaa aag

at-30, reverse (R): 50-cct gtg gta cga cca gag gca tac a-30; Batf F: 50-ggg agc

cag cta gtg aga ag-30, R: 50-tca gat gag tcc tgt ttg cc-30; Batf2 F: 50-tga ctg

aga cag acc ttg gg-30, R: 50-tct cca agg att cgt gct g-30; Batf3 F: 50-cac aga

gtt ctc ctg ctc ca-30, R: 50-gaa gaa gca gac cca gaa gg-30; Id2 F: 50-ctg aac

acg gac atc agc a-30, R: 50-cga cat aag ctc aga agg ga-30; Irf8 F: 50-tga cac

caa cca gtt cat cc-30, R: 50-ctg ctc tac ctg cac cag aa-30; Irf4 F: 50-tga gcc

aag cat aag gtc tg-30, R: 50-tca gct ctt tca cga gga tg-30; Notch2 F: 50-ggt
tgg tgt caa ctg tga gg-30, R: 50-ctg gca gtt gta gcc ttt ga-30; Klf4 F: 50-gaa
ctc aca cag gcg aga aa-30, R: 50-aaa ggc cct gtc aca ctt ct-30; Zbtb46 F:

50-gca gcc gag act caa atg ta-30, R: 50-gcc caa gta gct ggt ttc tc-30; Maf

F: 50-agt ttg ctt cta ctc ctg act gc-30, R: 50-gaa cgc ctt cag tgc atg t-30; Mafb

F: 50-ccc aca cat tgg caa cta ac-30, R: 50-aac gga agg gac ttg aac ac-30;
Spic F: 50-gga aga ggc agg aga aag c-30, R: 50-cca gag ttc agc gag tgt tt-30;
Flt3 F: 50-ccc tac ttt cca ggc aca tt-30, R: 50-cat tga acc ctg aga gct ga-30;
Csf1r F: 50-ggt ggc tgt gaa gat gct aa-30, R: 50-agg tcc tcc gtg agt aca gg-30;
Rbpj F: 50-ggc gag agt ttg tgg aag at-30, R: 50-gct tcc cta gtg agt cgt ttg-30;
Ltbr F: 50-tct ctg cag aaa gct ggg ta-30, R: 50-aga cat ggg tag gag tgg ct-30.

Statistical Analysis

GraphPad Prism version 6.0 was used for plotting data and statistical ana-

lyses. Data are expressed as mean ± SEM. Statistical significance was

calculated using a one-way ANOVA (Bonferroni post hoc test) for multiple

comparisons or an unpaired Student’s t test for single comparison.
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