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Human in vivo-generated monocyte-derived
dendritic cells and macrophages cross-present
antigens through a vacuolar pathway
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Presentation of exogenous antigens on MHC-I molecules, termed cross-presentation, is
essential for cytotoxic CD8T T cell responses. In mice, dendritic cells (DCs) that arise from
monocytes (mo-DCs) during inflammation have a key function in these responses by cross-
presenting antigens locally in peripheral tissues. Whether human naturally-occurring mo-DCs
can cross-present is unknown. Here, we use human mo-DCs and macrophages directly
purified from ascites to address this question. Single-cell RNA-seq data show that ascites
CD1ct DCs contain exclusively monocyte-derived cells. Both ascites mo-DCs and monocyte-
derived macrophages cross-present efficiently, but are inefficient for transferring exogenous
proteins into their cytosol. Inhibition of cysteine proteases, but not of proteasome, abolishes
cross-presentation in these cells. We conclude that human monocyte-derived cells cross-
present exclusively using a vacuolar pathway. Finally, only ascites mo-DCs provide co-
stimulatory signals to induce effector cytotoxic CD8T T cells. Our findings thus provide
important insights on how to harness cross-presentation for therapeutic purposes.
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ross-presentation is essential for the induction of cytotoxic

CD8' T cells and efficient immune responses against

infections or cancer!. Numerous studies in mice have
shown that cross-presentation is performed by dendritic cells
(DCs). DCs can be classified into four subsets based on onto-
geny?. “Classical” Batf3-dependent DC1 (cDCl1), “classical”
Batf3-independent DC2 (cDC2), and plasmacytoid DCs (pDCs)
derive from pre-committed bone marrow precursors. Monocyte-
derived DCs (mo-DCs) arise from monocytes recruited into tis-
sues and become the most abundant DC population during
inflammation. In mice, cross-presentation is mainly performed by
¢DCl1 in lymphoid organs"?, but mo-DCs have the unique ability
to cross-present antigens to CD8' T cells directly in peripheral
tissues?~. Cross-presentation by mo-DCs has a crucial role in the
rapid activation of tissue-resident memory CD8" T cells upon
infection? and in the efficacy of anti-tumoral treatments based on
immunostimulatory agents or chemotherapy>’. Harnessing the
cross-presentation capacity of mo-DCs for therapeutic interven-
tion is therefore an attractive prospect. However, determining
whether human mo-DCs that arise in tissues can cross-present,
and the molecular mechanisms involved, will be a prerequisite.

We and others have shown that the functional specialization
for cross-presentation is not conserved between mouse and
human DC subsets. In contrast to mouse DCs, human ¢DCI,
¢DC2, and pDCs all have a similar ability to cross-present anti-
gens®~ 11, Human mo-DCs generated in vitro from monocytes
cultured with GM-CSF and IL-4 can cross-present, and have long
been used as a model to understand the biology of cross-pre-
sentation, however this culture system gives rise to DCs that do
not closely resemble naturally-occurring mo-DCs found in vivo
in inflammatory fluids'2. Therefore, the cross-presentation ability
of human mo-DCs remains unclear.

Here, we address this question using human in vivo-generated
mo-DCs, directly isolated from peritoneal ascites from cancer
patients'?>!3, We find that mo-DCs and monocyte-derived mac-
rophages (mo-Mac) can both cross-present efficiently, using
exclusively a vacuolar pathway. However, only mo-DCs are able
to produce co-stimulatory signals for the induction of effector
cytotoxic CD8™" T cells.

Results

Tumor ascites CD1c™ DCs are monocyte-derived cells. Based
on phenotype and gene expression analysis, we have identified the
CDI1c™ DC population found in tumor ascites as naturally-
occurring mo-DCs!>13, Because of the sensitivity of the func-
tional assay for cross-presentation, a minor population of cDC
within ascites DCs could bias our results. Therefore, we first
sought to address the heterogeneity of ascites DCs using single-
cell RNA-seq analysis. We purified ascites DCs (gated as HLA-
DRTCD11c*CD1c¢"CD167), ascites macrophages (gated as
HLA-DRTCD11ctCD1c¢~CD16™) and, for comparison, tonsil
cDCs (gated as HLA-DRTCD11c"CD147), and analyzed single-
cell transcriptomes using a droplet-based method enabling 3’
mRNA counting'®. To increase the power of the analysis, we
combined this dataset with that of blood CD14" monocytes that
we had previously generated'?. To evaluate the heterogeneity of
these population, we performed unsupervised clustering using a
graph-based approach with the Seurat package!®. For visualiza-
tion of the cell clusters, we used ¢-distributed stochastic neighbor
embedding (#-SNE). Unsupervised clustering of the combined
dataset identified 13 main clusters (Fig. 1a, b), and three minor
clusters of contaminating cells that were removed from sub-
sequent analysis (see Methods for details). Cluster 1 contained
cells from monocytes; clusters 2-3: cells from the macrophage
sample; cluster 4: cells from both ascites DCs and macrophages

samples; clusters 5-7: cells from the ascites DCs sample; clusters
8-12: cells from the tonsil DCs sample; and cluster 13: cells from
the ascites DCs, ascites macrophages, and tonsil DCs samples
(Fig. 1a,b).

We then analyzed differentially expressed genes between
clusters (Fig. 1c and Supplementary Fig. 1). Cluster 1 displayed
high expression of monocyte genes such as CTSS, FCNI, S100A9,
LYZ, VCAN. Clusters 2 and 3 shared high expression of
macrophage genes such as LGMN, CTSB, CD14, APOE, CIQB,
MARCO, CDI163, FCGR3A. Cluster 4 expressed high levels of
monocyte and macrophage-related genes such as FCN1, SI00AS9,
VCAN, S100A8, MAFB. Clusters 5 and 6 expressed monocyte-
related genes such as FCN1, S100A9, VCAN, FCGRIA, FCGRIB,
as well as DC genes including CDIC, FCERIA, IFITM2,
CLECI10A, FCGR2B. Clusters 7 and 8 showed high expression
of DC activation genes CCR7, LAMP3, CCL19, MARCKSLI,
CD83, IDOI. Cluster 9 expressed ¢cDC2 hallmark genes CDIC,
FCERIA, CLECIOA. Cluster 10 displayed high expression of
macrophage genes LGMN, CTSB, CD14, APOE, MARCO, CDI63,
FCGR3A, S100A8, MAFB. Cluster 11 showed high expression of
c¢DC1 genes such as RAB32, CLEC9A, IRF8, Clorf54, IDOI.
Cluster 12 had high expression of genes expressed on progenitors
or related to cDC development such as LTB, PRDM16, LSTI,
RUNX3, CD164. Finally, cluster 13 showed high levels of cell cycle
genes including PCLAF, STMNI, MKI67, TOP2A, CDKI1. Of note,
cluster 13 contained cells from three different samples (ascites
DCs, ascites macrophages, and tonsil DCs), showing that in this
analysis, cells with similar transcriptional programs are grouped
in the same cluster independently of their sample origin.

To confirm the identity of these clusters, we analyzed signature
scores in individual cells for several sets of gene signatures
(Fig. 2a). For each cell, we calculated the average expression of
each signature, substracted by the aggregated expression of
control gene sets'®. We used published gene signatures for blood
¢DC1'7, blood cDC2'7, CD14" monocytes'’, and skin CD14*
cells'” (Supplementary Data 1). We also designed signatures for
tissue cDC2 bgf combining transcriptomic data from blood and
spleen cDC2!8, for in vitro-generated mo-Mac and mo-DCs
(obtained with M-CSF, IL-4, and TNFa!?), for genes enriched in
blood cDC2 compared to ascites DCs and ascites macrophages'?,
and for “activated DC” by selecting genes enriched in both blood
¢DC2 and in vitro-generated mo-DCs (obtained with GM-CSF
and IL-4) exposed to the same stimulus (Menomune microbial
vaccine)!®. Complete lists of genes and strategy for each signature
are shown in Supplementary Data 1. Only clusters 2 and 3
expressed the in vitro mo-Mac signature, confirming the identity
of these cells as macrophages. As expected from its cellular origin,
cluster 1 had the highest score for the CD14% monocyte
signature, but clusters 2, 3, 4, and 5 also displayed high scores
for this signature. In addition, clusters 1-6 had high scores for the
signature of skin CD14™ cells, which have been shown to derive
from monocytes®’. This is consistent with the notion that ascites
DCs and macrophages are related to monocytes. Cluster 11 had
the highest score for the blood ¢cDC1 gene signature, confirming
the results from differential gene expression. Clusters 6, 7, and 9
had the highest scores for the blood cDC2 signature. However,
when using the signature for tissue cDC2, we found that clusters
2, 3, and 9 had the highest scores, with some cells from clusters 5
and 6 also displaying high scores. This suggests that markers for
¢DC2 may be less robust than for other cell types, possibly due to
similar transcriptional programs between ¢DC2 and other
antigen-presenting cells (APC). Consistent with this, when
analyzing expression scores for genes enriched in cDC2 compared
to ascites DCs and macrophages, we found that clusters 11 and 8
displayed the highest scores. Clusters 7 and 8 had the highest
score for the in vitro mo-DC signature, with clusters 9 and 11
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Fig. 1 Ascites DCs are distinct from classical DCs. Purified ascites DCs, ascites macrophages, tonsil DCs, and blood monocytes were analyzed by single-cell
RNA-seq using a Drop-seq approach. Combined single-cell transcriptomes were analyzed. a, b t-SNE representation of cell clusters identified using
unsupervised clustering. Each dot represents an individual cell. a Colors represent sample origin; don donor. b Colors represent identified clusters. Clusters
are manually ordered and cell numbers for each cluster is indicated. ¢ Heatmap of scaled expression (log values of UMI) for the top 20 differentially

expressed genes of each cluster (based on log fold change)

displaying low scores. Finally, cluster 8 had the highest score for
the “activated DC” signature, with some cells from cluster 9 also
displaying high scores, and cluster 7 showing an intermediate
score for this signature.

Cluster 7 (from ascites DCs) and cluster 8 (from tonsil DCs)
shared a high number of markers genes (Fig. 1c) and displayed
mixed gene signatures (Fig. 2a). Nevertheless, these cells are not
grouped in the same cluster by the clustering algorithm,
independently of the resolution used (Supplementary Fig. 2),
suggesting that there are significant differences in their

transcriptional profile driving their identification as distinct
population. Similar profiles could be explained by the conver-
gence of transcriptional programs of mo-DCs and ¢DC2, in
particular for maturation genes, as observed for activated mouse
DCs of distinct ontogeny?!. Alternatively, the separation into
distinct clusters could be driven by differences due to tissue origin
(fluid versus lymphoid organ). To directly address whether ascites
DCs contain a population of cDCs in cluster 7 or whether tonsil
DCs contain a population of mo-DCs in cluster 8, we analyzed
genes that are the most differentially expressed between cluster 7
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Fig. 2 Ascites DCs are monocyte-derived cells. Purified ascites DCs, ascites macrophages, tonsil DCs, and blood monocytes were analyzed by single-cell
RNA-seq using a Drop-seq approach. Combined single-cell transcriptomes were analyzed. a Signature scores in individual cells for indicated gene

signatures. b Annotation of cell clusters

(containing ascites DCs) and cluster 8 (containing tonsil DCs)
(Supplementary Fig. 3A). Cluster 7 had higher expression for
genes reported to be highly expressed in CD14™ monocytes, such
as TYROBP (encoding DAP12)?%, TNFSF13B (encodin§ BAFF)%3,
NMT1 (a gene essential for monocyte development)?%, or genes
upregulated when monocytes differentiate into DCs such as
CST7?° and CDIE'? (Supplementary Fig. 3B). By contrast, cluster
8 had higher expression of genes preferentially detected in other
clusters of tonsil cDCs such as RELB, FAM60A, IER2, TNFAIP2,
SPI1, PTP4A2 (Supplementary Fig. 3C). These genes were found
in an independent study to be expressed at similar levels in
circulating cDCs from blood and resident cDCs from spleen (by
both ¢DC1 and cDC2) (Supplementary Fig. 3D)'%, indicating that
their differential expression between clusters 7 and 8 is more
likely related to distinct ontogeny rather than tissue type. This
analysis suggests that cluster 7 corresponds to mo-DCs rather
than ¢DCs.

Based on these results, we annotated cluster 1 as monocytes,
clusters 2 and 3 as mo-Mac, cluster 4 as monocyte-derived cells at
an early stage of differentiation, clusters 5 and 6 as mo-DCs,
cluster 7 as end-stage mo-DCs, cluster 8 as activated cDC2,
cluster 9 as cDC2, cluster 10 as contaminating tonsil macro-
phages, cluster 11 as ¢DC1, and clusters 12 and 13 as precursor
cells (Fig. 2b).

Collectively, these results show that ascites CD1c™ DCs do not
contain a population of cDCs and support their identification as
in vivo-generated mo-DCs.

Human mo-DCs and mo-Mac can both efficiently cross-
present. To address whether ascites mo-DCs can cross-present,
we analyzed cross-presentation of a model antigen using a
MelanA-specific CD81 T cell clone (HLA-A2-restricted). Ascites
mo-DCs, and mo-Mac for comparison, were incubated with a
34-aa long peptide (requiring processing for cross-presentation)
or a pre-processed short peptide corresponding to the minimal
epitope, as control for T cell activation ability (Fig. 3a). Ascites
mo-DCs and mo-Mac could both cross-present the MelanA
antigen, with ascites mo-Mac being more efficient than mo-DCs.
mo-Mac were also more efficient for presentation of the short
peptide, suggesting a better ability for T cell activation, possibly
due to greater MHC class I molecules expression. We also
compared the relative expression of genes involved in antigen
processing and presentation using Gene Set Enrichment Analysis.
Consistent with results from the cross-presentation assay, we did
not find any enrichment for gene signatures of antigen pre-
sentation between ascites mo-DCs and mo-Mac, although both
cell types were enriched for these signatures compared to blood
monocytes (Supplementary Fig. 4A-B).

This finding was surprising because we have previously shown,
using the same model antigen, that tonsil macrophages are poor
cross-presenting cells’. To assess whether the ability to cross-
present was induced in macrophages by the ascites environment,
we performed the same experiment using in vitro equivalents of
these cells, obtained by culturing monocytes with M-CSF, IL-4,
and TNFa'2. In vitro-derived mo-DCs and mo-Mac could both
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Fig. 3 Human mo-DCs and mo-Mac both cross-present efficiently. Purified
DCs and macrophages from tumor ascites (a) or in vitro culture of
monocytes (b, ¢), or DCs derived in vitro from CD34™" precursors (d) were
incubated with serial concentrations of MelanA long or short peptide

(a, b, d) or MelanA-coated beads (c). After washing, antigen-specific CD8*
T cells were added. After 24 h, IFN-y secretion was assessed as a measure
of T cell activation. Background level was subtracted. Mean + SEM of three
(a, d), six (b), or five (¢) independent experiments

cross-present MelanA antigen (Fig. 3b). mo-Mac were again more
efficient for presentation of the short peptide, due to higher
expression of the MHC class I molecule HLA-A2 (Supplementary
Fig. 4C). We confirmed this result using MelanA-coated beads as

a model for particulate antigen (Fig. 3c). As an internal control
for this assay, we used DCs obtained by culturing blood CD34"
precursors with GM-CSF, Flt3-L, and TNFa. CDla™ DCs could
cross-present efﬁcientéy, in contrast to CD14™ DCs (Fig. 3d), as
previously reported”?S. We conclude that mo-DCs and mo-Mac
both have the intrinsic ability to cross-present antigens.

mo-DCs and mo-Mac are poor for endosome-to-cytosol
transfer. Two main pathways have been described for cross-
presentation. In the “cytosolic pathway”, exogenous antigens
are transferred from endocytic compartments into the cytosol,
where they are degraded by the proteasome. In the “vacuolar
pathway”, internalized antigens are degraded in endocytic com-
partments by lysosomal proteases. To address the intracellular
pathway used by mo-DCs and mo-Mac for cross-presentation, we
first analyzed their ability to transfer exogenous p-lactamase into
their cytosol by measuring the cleavage of a cytosolic
B-lactamase-sensitive FRET probe”?’. Ascites mo-DCs and mo-
Mac were both poor at transferring exogenous -lactamase into
their cytosol (Fig. 4a, b). This was not due to the tumor ascites
micro-environment, as the same was found for in vitro-
differentiated mo-DCs and mo-Mac (Fig. 4a, b), nor to defi-
cient uptake of B-lactamase, as all population could efficiently
internalize fluorescent B-lactamase (Fig. 4c). By contrast, CDla™
DC:s could transfer exogenous B-lactamase into their cytosol more
efficiently than CD14" DCs, as previously reported® (Fig. 4a, b).
These results suggest that human mo-DCs and mo-Mac do not
use the cytosolic pathway for cross-presentation.

mo-DCs and mo-Mac use the vacuolar pathway. To confirm this
finding, we analyzed cross-presentation by mo-DCs and mo-Mac
in the presence of a proteasome inhibitor, lactacystin (Fig. 5a, b).
Cross-presentation by mo-DCs or mo-Mac was not impaired in
the presence of lactacystin. By contrast, lactacystin inhibited
cross-presentation by CDla® DCs, as previously reported’
(Fig. 5¢). To confirm that proteasome activity was inhibited by
lactacystin in mo-DCs and mo-Mac at the concentration used in
the cross-presentation assay, we performed a fluorometric assay
for the chymotrypsin-like activity of the proteasome (Supple-
mentary Fig. 5). Lactacystin significantly inhibited proteasome
activity in both mo-DCs and mo-Mac. Collectively, these results
show that proteasome activity was dispensable for cross-
presentation by mo-DCs and mo-Mac.

To directly assess the role of the vacuolar pathway, we used a
pan-cathepsin inhibitor to block the activity of lysosomal cysteine
proteases. Transcriptomic analysis showed that mo-Mac express
overall higher levels of lysosomal proteases than mo-DCs
(Supplementary Fig. 6A). In the presence of the cathepsin inhibitor,
cross-presentation by mo-DCs and mo-Mac was impaired
compared to vehicle control (Fig. 5d, e). This was not due to
toxicity of the inhibitor as cell viability was similar in all conditions
(Supplementary Fig. 6B). In addition, cross-presentation by CD1a™
DCs was not affected by the cathepsin inhibitor (Fig. 5f). These
results show that, in mo-DCs and mo-Mac, antigens are degraded
by lysosomal proteases for cross-presentation.

We conclude that human monocyte-derived cells use exclu-
sively the vacuolar pathway for cross-presentation.

Only mo-DCs are efficient inducers of cytotoxic CD8™ T cells.
To address the outcome of cross-presentation, we analyzed the
ability of ascites mo-DCs and mo-Mac to induce the differ-
entiation of cytotoxic effectors from naive CD8" T cells. For this
assay, we turned to an allogeneic culture system. We co-cultured
purified mo-DCs or mo-Mac with allogeneic naive CD8™ T cells,
and assessed T cell proliferation and expression of effector
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Fig. 4 Human mo-DCs and mo-Mac are inefficient for the transfer of exogenous proteins into their cytosol. a, b Purified DCs and macrophages from tumor
ascites, derived in vitro from monocytes, or DCs derived in vitro from CD34" precursors were loaded with a cell-permeable FRET-sensitive substrate of
B-lactamase, and incubated with or without exogenous p-lactamase. After 3 h, cleavage was measured by flow cytometry. a Representative results of six
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Representative results of three independent experiments

molecules (Granzyme A, Perforin, and IFN-y). Help from
CD4" T cells is necessary for the differentiation of effector
cytotoxic CD8F T cells?®-30, In the setting we used, CD4™ T cells
have been reported to be essential for CD8" T cell proliferation'?,
which we confirmed (Fig. 6a, b). When cultured with both naive
CD4" and CD8* T cells, only mo-DCs could induce significant
proliferation of CD8" T cells and expression of Granzyme A,
Perforin, and IFN-y (Fig. 6c, d). To evaluate the efficiency of
effector differentiation induced by mo-DCs, we performed the
same experiment with tonsil DC subsets. We purified cDCl1,
¢DC2, pDCs, and tonsil macrophages’. cDC1 and ¢DC2 were the
most efficient inducers of CD8™ T cell proliferation and effector
differentiation, while macrophages and pDCs were poor at it
(Supplementary Fig. 7). Overall, proliferation and induction of
effector molecules were comparable between ¢DCl1, ¢cDC2, and
ascites mo-DCs, suggesting that mo-DCs are indeed efficient
activators of cytotoxic CD8™ T cells.

Finally, to address the mechanisms underlying the superior
ability of ascites mo-DCs to prime effector CD8" T cells, we
compared the capacity of ascites mo-DCs and mo-Mac to
provide co-stimulatory signals. Transcriptome analysis showed
that ascites mo-DCs express higher levels of co-stimulatory
molecules than ascites mo-Mac (Fig. 7a). Consistent with this,
in our allogeneic culture system, mo-DCs were better
stimulators of naive CD4" T cell proliferation (Fig. 7b),
potentially inducing more CD4" T cell help. To address the
ability of ascites mo-DCs and mo-Mac to secrete cytokines
involved in the acquisition of CD8T T cell effector functions?!,
we measured the production of IL-12p70 after ex vivo
restimulation. Only ascites mo-DCs were able to secrete IL-
12p70 (Fig. 7c). Collectively, these results indicate that only
mo-DCs, but not mo-Mac, are able to provide the co-
stimulatory signals necessary for efficient cytotoxic CD8™ T
cell differentiation.
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Fig. 5 Human mo-DCs and mo-Mac use the vacuolar pathway for cross-presentation. Purified in vitro-generated mo-DCs (a, d), mo-Mac (b, e), or CD34+
cell-derived CD1at DCs (¢, f) were incubated with serial concentrations of MelanA long or short peptide, in the absence or presence of lactacystin (a-c) or
pan-cathepsin inhibitor (d-f). After washing, antigen-specific CD8™ T cells were added. After 24 h, IFN-y secretion was assessed as a measure of T cell
activation. Background level was subtracted. Mean + SEM of three (a), five (b, d, e), or three (¢, f) independent experiments

Discussion
Here, we show that human mo-DCs and mo-Mac, both naturally
occurring in vivo in peritoneal ascites and generated in vitro from
monocytes cultured with M-CSF, IL-4, and TNFa, cross-present
exclusively using a vacuolar pathway. However, only ascites mo-
DCs induce the differentiation of cytotoxic CD8" T cells.

Numerous studies have shown that DCs are the most efficient
cross-presenting cells’’. However, mouse macrophages can
cross-present in vitro®>~>4, and in vivo in some settings®>3°,
Human in vitro-generated macrophages can also cross-present
antigens®”>*%, in contrast to macrophages isolated from tonsils’.
Here, we found that human macrophages from tumor ascites can
cross-present as efficiently as mo-DCs from the same samples.
These discrepancies could be explained by functional differences
related to the adaptation of macrophages to their tissue
environment>>4,

Contradictory data exists on the pathway used for cross-
presentation by in vitro-differentiated DCs derived from mono-
cytes using GM-CSF and IL-4, with some studies showing for the

cross-presentation of soluble antigens a vacuolar pathway*!42

and others a cytosolic pathway>®*3~4>, while cross-presentation
of cell-associated antigen was reported to be proteasome-
dependent?®. The reasons for these discrepancies are not clear.
Using a culture model that yields mo-DCs closely resembling in
vivo-generated mo-DCs!?, we found that mo-DCs were ineffi-
cient for transferring exogenous proteins into their cytosol, and
use a vacuolar pathway for cross-presentation.

It has been proposed that the choice of cytosolic versus
vacuolar pathway for cross-presentation is dictated by the form of
antigen. Consistent with this, human pDCs cross-present soluble
and cell-associated antigens using a cytosolic pathway”*’, but
cross-presentation of viral antigens has been shown to be
proteasome-independent and to use a vacuolar pathway*®. Fur-
thermore, human c¢DC1 cross-present soluble antigens using a
cytosolic pathway”*>4%, but cross-presentation of immune com-
plexes is inhibited by both proteasome and lysosomal proteases
inhibitors®®. The possibility to use either pathway for cross-
presentation may also be subset-specific. In support of this, the
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Fig. 6 Human mo-DCs, but not mo-Mac, are efficient inducers of effector cytotoxic CD8* T cells. Purified DCs and macrophage from tumor ascites were
cultured with allogeneic CellTrace Violet-stained naive CD8™ T cells for 7 days, in the absence (a, b) or presence (¢, d) of naive CD4™ T cells autologous to
CD8™ T cells. Expression of Granzyme A, Perforin, and IFN-y was assessed by intracellular flow cytometry. a, ¢ Representative results of eight independent
experiments. Gated on live CD8™ T cells. b Number of proliferating CD8™ T cells is shown. Symbols represent individual donors. N = 8. Median is shown. d
Number of CD8F T cells expressing effector molecules is shown. Symbols represent individual donors. N = 8. Median is shown. *p <0.05, **p < 0.01,

Wilcoxon non-parametric test

molecular requirements for cross-presentation are different
between mouse cDC1 and mo-DCs both in vivo and in vitro®">2,
Our results extend these observations to human DC subsets.
Mouse cDCI are recognized as the main cross-presenting cells".
mo-DCs can also cross-present efficiently in various inflammatory
settings*~7°15354 " Accumulating evidence indicate that mo-DCs
play a key role in the induction and regulation of cytotoxic T cell
responses, complementary to that of cDCI. In contrast to ¢DCI
that interact with CD8" T cells in lymphoid organs, mo-DCs are
able to cross-present antigens and to stimulate effector CD8§™
T cells directly in situ, in inflammed tissues*6. In addition, mouse
mo-DCs express high levels of co-stimulatory signals involved in
the differentiation of cytotoxic CD8" T cells, including CD70°4°°,

Our results suggest that human in vivo-generated mo-DCs are
equipped for playing a similar role.

Enhancing cross-presentation represents a way of improving
vaccination efficiency or anti-tumor immune responses. Deci-
phering cross-presentation in human DCs that are present in vivo
is a pre-requisite for its manipulating for therapeutic purposes. By
providing a better understanding of cross-presentation mechan-
isms in human DC subsets, our results should have important
implications for the design of DC-targeted therapies.

Methods
Human samples. Buffy coats from healthy donors (both male and female donors)
were obtained from Etablissement Frangais du Sang (Paris, France) in accordance
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with INSERM ethical guidelines. Tumor ascites from ovarian cancer patients were
obtained from Hépital de I'Institut Curie in accordance with hospital guidelines.
Tonsils from healthy patients (both male and female) undergoing tonsillectomy
were obtained from Hopital Necker (Paris, France). According to French Public
Health Law (art L 1121-1-1, art L 1121-1-2), written consent and IRB approval are
not required for human non-interventional studies.

Cell isolation. Tonsil samples were digested as described previously®®. In brief,
samples were cut into small fragments, digested with 0.1 mgmL~! Liberase TL
(Roche) in the presence of 0.1 mgmL~! DNAse (Roche) for 40 min at room
temperature before addition of 10 mM EDTA. Cells were filtered on a 40 pm cell
strainer (BD Falcon) and washed. Light density cells were isolated by centrifugation
on a Ficoll gradient (Lymphoprep, Greiner Bio-One). DCs were enriched by
depletion of cells expressing CD3, CD15, CD19, CD56, and CD235a using
antibody-coated magnetic beads (Miltenyi). Cell subsets were further isolated by
cell sorting on a FACSAria instrument after staining for CD11¢, HLA-DR, CD14,
CD304, CDIc, and CD141 (BD Biosciences). Peripheral blood mononuclear cells
(PBMC) were prepared by centrifugation on a Ficoll gradient. Blood CD14™
monocytes were isolated from healthy donors’ PBMC by positive selection using
anti-CD14-coated magnetic beads according to manufacturer’s instructions (Mil-
tenyi). DCs and macrophage population from ascites were isolated after cen-
trifugation of total ascites cells on a Ficoll gradient, enrichment by depletion of cells
expressing CD3, CD15, CD19, CD56, and CD235a using antibody-coated magnetic
beads (Miltenyi), and cell sorting on a FACSAria instrument. Ascites DCs were
gated as HLA-DRTCD11¢"CD1ctCD16™ and ascites macrophages as HLA-DR
TCD11c*CD1c™CD16™.

Cell culture. Blood CD34" cells were isolated from PBMC by positive selection
using anti-CD34-coated magnetic beads and magnetic columns according to
manufacturer’s instructions (Miltenyi). CD34™ cells were cultured for 9-10 days in
Yssel medium supplemented with 10% fetal calf serum (FCS), penicillin/strepto-
mycin, 50 ngmL~! GM-CSF (Miltenyi), 100 ng mL~! Flt3-L (Miltenyi), and

10 ngmL~! TNF-a (Miltenyi). DC subsets were isolated by cell sorting on a
FACSAria instrument (BD Biosciences) after staining for CD1la and CD14.
Monocytes (1x10° cells mL ™) were cultured for 5 days in RPMI-Glutamax med-
ium (Gibco) supplemented with antibiotics (penicillin and streptomycin) and 10%
FCS in the presence or absence of 100 ngmL~! M-CSF (Miltenyi), 40 ng mL~! IL-
4 (Miltenyi), and 5 ng mL~! TNF-a (Miltenyi). Cell population was isolated by cell
sorting on a FACSAria instrument after staining for CD1la and CD16.

Flow cytometry. Non-specific binding was blocked using TruStain (Biolegend).
Unless otherwise stated, cell viability was assessed using DAPI (Sigma). Cells were
stained with FITC anti-CD16 (catalog #555406, BD Bioscience, dilution 1/100),
APC anti-CD16 (catalog #302012, Biolegend, dilution 1/200), APC anti-CD1la
(catalog #300110, BioLegend, dilution 1/200), APC-Vio770 anti-CD1a (catalog
#130-105-527, Miltenyi, dilution 1/100), FITC anti-CD14 (catalog #11-0149-42,
eBioscience, dilution 1/100), APC-Vio770 anti-CD14 (catalog #130-098-076, Mil-
tenyi, dilution 1/100), PerCP/Cy5.5 anti-CD1c (catalog #331514, BioLegend,
dilution 1/100), APC anti-CD1c¢ (catalog #331524, BioLegend, dilution 1/100),
APC-eFluor780 anti-HLA-DR (catalog #47-9956-42, eBioscience, dilution 1/100),
Pe/Cy7 anti-CD11c (catalog #337216, BioLegend, dilution 1/100), APC anti-CD123
(catalog #130-090-901, Miltenyi Biotec, dilution 1/100), PE anti-BDCA3/CD141
(catalog #130-090-514, Miltenyi Biotec, dilution 1/100), PE anti-HLA-A2 (catalog
#558570, BD, dilution 1/25), FITC anti-TCR Vbeta2 (catalog #IM2407, Beckman
coulter, dilution 1/50), Alexa Fluor 488 anti-Granzyme A (catalog #507212, Bio-
Legend, dilution 1/100), PE/Cy7 anti-IFN-y (catalog #25-7319-82, eBioscience,
dilution 1/50), PerCP/Cy5.5 anti-CD8 (catalog #344710, BioLegend, dilution 1/
200), APC anti-CD4 (catalog #300514, BioLegend, dilution 1/200), and PE anti-
Perforin (catalog #308106, BioLegend, dilution 1/100). Cells were analyzed on a
FACSVerse instrument (BD Biosciences).

Cytosolic translocation assay. Cells (10 x 10° cells/condition for ascites cells and
5 x 10° cells/condition for in vitro-generated cultures) were incubated with

0.5 pgmL~! CCF4-AM (Invitrogen) for 30 min at room temperature at 10 x 10°
cellsmL~! in loading buffer (120 mM NaCl, 7 mM KCl, 1.8 mM CaCl,, 0.8 mM
MgCl,, 5 mM glucose, 25 mM Hepes, pH 7.3) containing solution B (dilution 1/20,
LiveBLAzer FRET-B/G loading kit, Invitrogen) and 1 mM probenecid (Invitrogen).
After washing, cells were incubated at 10 x 10° cells mL ™! in loading buffer con-
taining 1 mM probenecid in the presence or absence of 2 mg mL™! of B-lactamase
(Penicillinase from Bacillus cereus, Sigma) for 3 h at 4 or 37 °C. Cell viability was
assessed using Fixable Viability Dye eFluor780 (eBioscience). After washing, cells
were stained for surface markers (CD11c-PeCy7 and CD1c-APC for ascites cells;
CD1a-APC-Vio770 and CD16-APC for in vitro-generated monocyte-derived cells;
CD1a-APC and CD14-APC-Vio770 for CD34 " cells-derived cultures). Cells were
analyzed on a FACSVerse Instrument (BD Biosciences). CCF4-AM fluorescence
was assessed by measuring the 450 and 520 nm channels.

Internalization assay. -Lactamase was conjugated to Atto dye 633 according to
manufacturer’s instructions (Sigma). Cells were incubated with fluorescent p-
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lactamase in Yssel medium at 4 or 37 °C for 3 h. After extensive washing, cells were
analyzed with a FACSVerse Instrument.

Cross-presentation assay. Antigen sources were MelanA short peptide (EAA-
GIGILTV), MelanA long peptide (KGHGHSYTTAEEAAGIGILTVILGVL), or
beads coated with 750 uM of MelanA long peptide. In brief, Polybead 3-micron
polystyrene microspheres (Polypeptide) were washed 3 times in PBS, then incu-
bated at 4 °C overnight in PBS containing 750 uM of MelanA long peptide (in a
volume 4 times that of the initial volume of the beads). Beads were washed 3 times
in PBS and resuspended in PBS to their initial volume. Cross-presentation assay
was performed as described®”. In brief, purified HLA-A2 APCs were incubated
(10* cells per well) for 3-4 h in Yssel medium in V-bottom 96-well plates (Corning)
with different concentrations of MelanA long peptide, MelanA short peptide, or
MelanA-coated beads, in the presence or absence of 2.5 ug mL~! lactacystin
(clasto-Lactacystin -Lactone; Merck/Millipore), 10 uM Cathepsin Inhibitor I
(inhibiting cathepsin B, cathepsin L, cathepsin S, and papain; Calbiochem) or the
corresponding concentration of DMSO (Sigma). After extensive washing, APCs
were cultured for 24 h with CD8 T cell LT12 clones®® (2x10* cells per well) in Yssel
medium supplemented with 10% FCS. Supernatants were collected and kept at
—20 °C until measurement of IFN-y concentration by ELISA (BD Biosciences).
Background levels (APC cultured with LT12 cells without peptide) was substracted
for each cell type.

Proteasome activity assay. Proteasome activity was assessed using a proteasome
208 activity kit (Sigma). For proteasome activity assay, mo-DCs and mo-Mac from
in vitro cultures were purified using anti-CD16- or anti-CDla-coated magnetic
beads and magnetic columns according to manufacturer’s instructions

(Miltenyi). Cells (10° cells per well, triplicate wells) were incubated with or without
2.5 pgmL ™! lactacystin for 30 min at 37 °C in RPMI supplemented with 10% FCS.
Cells were then incubated with the assay loading solution for 3 h at 37 °C. Fluor-
escence ratio between 490 nm (excitation) and 525 nm (emission) was measured
using a FLUOstar Omega instrument (BMG Labtech). Background fluorescence of
blank wells (medium without cells) was substracted.

Cytotoxic T lymphocyte polarization assay. Naive CD8" T cells and CD4*

T cells were isolated from healthy donors’ PBMC using EasySep human Naive CD8
or CD4 isolation kit according to manufacturer’s instructions (StemCell Tech-
nologies). APC (1x10% cells per well) were cultured with naive CD8F T cells (5x10%
cells per well) with or without naive CD41 T cells from the same T cell donor
(5x10* cells per well) for 7 days in Yssel medium supplemented with 10% FCS. To
analyze T cell proliferation, CD8" T cells were stained with Cell Trace Violet
(CTV, Thermo Fisher) prior to culture. To assess the expression of intracellular
effector molecules, T cells were stimulated with PMA (50 ng mL~!) and ionomycin
(1ugmL~!) for 6h in the presence of BFA (4 uygmL™!) for 6 h (all from Sigma).
After washing, cells were stained for surface CD4 for 30 min at 4 °C, washed and
stained with Live/dead eFluor780 (Thermo Fisher Scientific) for 20 min at 4 °C.
Then the cells were fixed and permeabilized (Intracellular Fixation & Permeabili-
zation Buffer Set, eBioscience) and stained for intracellular proteins (Granzyme A,
Perforin, and IFN-y) at room temperature for 45 min in a buffer containing 2% of
normal mouse serum. The samples were acquired on a FACSVerse instrument (BD
Biosciences).

Cytokine secretion. Sorted cell population (2.5x10* cells per well) were incubated
during 24 h in Yssel medium in the absence or presence of 1 pgmL ™! dimerized
CD40-ligand (Alexis), 1000 IU mL~! IFNy (Miltenyi), and 1 pg mL~! R848
(Invivogen). Supernatants were collected and kept at —20 °C. IL12p70 secretion
was assessed by CBA (BD Biosciences).

Gene expression analysis. For differential gene expression analysis of ascites mo-
DCs and mo-Mac and blood monocytes, we used transcriptomic data from Affy-
metrix microarrays that we had previously generated (GSE40484)!3. Analysis was
performed using R (v3.3.3). Raw data was preprocessed using the Robust Multi-
array Average (RMA) method from oligo package®®. Gene expression levels were
analyzed on a base-2 logarithmic scale. Moderated t-tests were performed using the
limma package® and the p-values were corrected for multiple testing with the
Benjamini Hochberg method. Heatmaps were produced using R package gplots.
For gene expression analysis of blood and spleen cDC1 and cDC2, we used pub-
lished datasets (GSE77671)!8.

Gene Set Enrichment Analysis. GSEA®! was performed using the GSEA software
(v6.3)%2 and gene signatures from MSigDB (v6.1)%. GSEA has been performed
with the default parameters except for the number of permutations that we fixed at
n=1000 and the number of min gene at n=15.

Single-cell RNA-seq library preparation. Cellular suspension (3500 cells) of cell-
sorted ascites DCs (gated as HLA-DR1TCD11¢TCD1ctCD167), ascites macro-

phages (gated as HLA-DRTCD11c*CD1c CD16"), or tonsil DCs (gated as HLA-
DRTCD11c¢tCD147) was loaded on a 10x Chromium instrument (10x Genomics)

according to manufacturer’s protocol based on the 10x GEMCode proprietary
technology. Single-cell RNA-Seq libraries were prepared using Chromium Single
Cell 3’ v2 Reagent Kit (10x Genomics) according to manufacturer’s protocol.
Briefly, the initial step consisted in performing an emulsion where individual cells
were isolated into droplets together with gel beads coated with unique primers
bearing 10x cell barcodes, unique molecular identifiers (UMI), and poly(dT)
sequences. Reverse transcription reactions were engaged to generate barcoded full-
length cDNA followed by the disruption of emulsions using the recovery agent and
cDNA clean up with DynaBeads MyOne Silane Beads (Thermo Fisher Scientific).
Bulk cDNA was amplified using a GeneAmp PCR System 9700 with 96-Well Gold
Sample Block Module (Applied Biosystems) (98 °C for 3 min; cycled 14x: 98 °C for
155, 67 °C for 20s, and 72 °C for 1 min; held at 4 °C). Amplified cDNA product
was cleaned up with the SPRI select Reagent Kit (Beckman Coulter). Indexed
sequencing libraries were constructed using the reagents from the Chromium
Single Cell 3’ v2 Reagent Kit, following these steps: (1) fragmentation, end repair,
and A-tailing; (2) size selection with SPRI select; (3) adaptor ligation; (4) post
ligation cleanup with SPRI select; (5) sample index PCR and cleanup with SPRI
select beads. Library quantification and quality assessment was performed using
Qubit fluorometric assay (Invitrogen) with dsDNA HS (High Sensitivity) Assay Kit
and Bioanalyzer Agilent 2100 using a High Sensitivity DNA chip (Agilent Geno-
mics). Indexed libraries were equimolarly pooled and sequenced on an Illumina
HiSeq2500 using paired-end 26 x 98 bp as sequencing mode. Using a full Rapid
flow cell, a coverage around 100 million reads per sample were obtained corre-
sponding to 100,000 reads per cell.

Single-cell RNA-seq data analysis. Single-cell expression was analyzed using
the Cell Ranger Single Cell Software Suite (v2.0.1) to perform quality control,
sample de-multiplexing, barcode processing, and single-cell 3’ gene counting!4,
Sequencing reads were aligned to the UCSC hg38 transcriptome using the Cell
Ranger suite with default parameters. Samples were merged using Cellranger
aggregate function with default parameters. A total of 8404 single cells were
analyzed. Mean raw reads per cell were 59,333. Further analysis was performed
in R (v3.4) using the Seurat package (v2.2.1)!5. The gene-cell-barcode matrix of
the samples was log-transformed and filtered based on the number of genes
detected per cell (any cell with less than 400 genes or more than 5000 genes per
cell was filtered out). Any cell with more than 6% of mitochondrial UMI counts
and more than 50% of ribosomal UMI was filtered out. Regression in gene
expression was performed based on the number of UMI and the percentage of
mitochondrial genes. Only genes detected in at least three cells were included.
Cells were then scaled to a total of 1% molecules. Altogether, 6964 cells were kept
for statistical analysis. To reduce data dimensionality, 5789 variable genes were
selected based on their expression and dispersion (expression cut-off =0, and
dispersion cut-off = 0.5). PCA was run on the normalized gene-barcode matrix.
Barnes-hut approximation to t-SNE®* was then performed on the first 19
principal components to visualize cells in a two-dimensional space. The first 19
principal components were used for the t-SNE projection and clustering analysis
using the Elbow Plot approach. Clusters were identified using the “Find_Clus-
ters” function in Seurat with a resolution parameter of 0.8. This graph-based
clustering method relies on a clustering algorithm based on shared nearest
neighbor (SNN) modularity optimization. Unique cluster-specific genes were
identified by running the Seurat “Find_All_Markers” function using the MAST
framework®. Three clusters containing contaminating cells were removed from
the analysis: a cluster of 65 cells from the tonsil DCs sample corresponding to
NK T cells (top genes: CTSW, KLRBI, CD7, TRDC, XCL2, XCL1, AC092580.4,
GNLY, IL2RB, TRBCI, KLRCI, CD3E), a cluster of 58 cells from the ascites DCs
sample corresponding to inflammatory CD11c™ B lymphocytes (top genes:
IGKC, CD79A, JCHAIN, IGLC2, CPNES5, ISG20, CD79B, MZB1, MS4A1, IGHAI,
IGHG3, AL928768.3), a cluster of 13 cells from both tonsil DCs and ascites DCs
samples corresponding to epithelial cells (top genes: CCDC80, KRT18, TM4SF1,
KRT8, CALDI, SLPI, PRG4, NNMT, PLA2G2A, KRT19, DSRN, C3). Heatmaps
and violin plots were plotted using Seurat. Data is available at GEO (accession
numbers GSE115007 and GSE115006). Scripts used to perform this analysis are
available on GitHub (https://github.com/p-gueguen/tang_et_al_2018).

Analysis of gene signatures at the single-cell level. Signature scores were
computed using the Seurat function “AddModuleScore” using the gene signature
of interest. This function calculates for each individual cell the average expres-
sion of each gene signature, subtracted by the aggregated expression of control
gene sets'®. All analyzed genes are binned into 25 bins based on averaged
expression, and for each gene of the gene signature, 100 control genes are
randomly selected from the same bin as the gene. Featureplots were plotted
using minimum and maximum cutoff values for each feature were respectively
quantile 3 and quantile 97. We used published gene signatures for skin CD14™
cells, blood ¢DC1, blood ¢cDC2, and blood CD14" monocytes'”. To design genes
signature, we used the GeneSign module of BubbleGUM software® with our
transcriptomic data (GSE40484 and GSE102046)!312. To extract genes enriched
in blood ¢cDC2 compared to ascites DCs and ascites macrophages, we used the
Mean(Test)/Mean(Ref) method and cut-off of 1% for the adjusted p-value and
1.5 for fold change. To extract genes enriched in in vitro mo-DCs compared to
in vitro mo-Mac and monocytes or in vitro mo-Mac compared to in vitro mo-

10 | (2018)9:2570 | DOI: 10.1038/541467-018-04985-0 | www.nature.com/naturecommunications


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE40484
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE77671
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115007
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115006
https://github.com/p-gueguen/tang_et_al_2018
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE40484
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102046
www.nature.com/naturecommunications

ARTICLE

DCs and monocytes, we used the Minimal Pairwise (Mean(Test)/Mean(Ref))
method and cut-off of 1% for the adjusted p-value and 2 for fold change. To
design a gene signature for tissue cDC2, we used the GeneSign module of
BubbleGUM software®® with published transcriptomic data (GSE77671)'$, using
the Minimal Pairwise (Mean(Test)/Mean(Ref)) method and cut-off of 1% for the
adjusted p-value and 2 for fold change. To design a signature of genes upre-
gulated upon DC activation, we use published gene expression data of blood
¢DC2 and in vitro-generated mo-DCs cultured with GM-CSF and IL-4, exposed
to the same stimulus (GSE56744 and GSE44721)'°. We identified the genes that
are concomitantly (i) up-regulated genes in mo-DCs activated with Menomune
(Neisseria meningitidis vaccine, MGL) compared to unstimulated, and (ii) up-
regulated genes in ¢cDC2 activated with MGL compared to unstimulated. Gene
expression levels were analyzed on a base-2 logarithmic scale. Moderated t-tests
were performed using the limma package® and the p-values were corrected for
multiple testing with the Benjamini Hochberg method. We used a cut-off of 1%
for the adjusted p-value and 2 for fold change.

Software and statistical analysis. Flow cytometry data were analyzed using
FlowJo software v9.9 or v10 (Tree Star). Statistical analyses were performed using
the Prism software v7 (GraphPad). Wilcoxon non-parametric test was used. Var-
iance was similar between the groups being compared.

Data availability. Single-cell RNA-seq data that support the findings of this study
have been deposited in GEO with accession codes: GSE115007 for ascites DCs and
ascites macrophages and GSE115006 for tonsil DCs.

Received: 17 December 2017 Accepted: 8 June 2018
Published online: 02 July 2018

References

1. Segura, E. & Amigorena, S. Cross-presentation in mouse and human dendritic
cells. Adv. Immunol. 127, 1-31 (2015).

2. Guilliams, M. et al. Dendritic cells, monocytes and macrophages: a unified
nomenclature based on ontogeny. Nat. Rev. Immunol. 14, 571-578 (2014).

3. Cruz, F. M, Colbert, J. D., Merino, E., Kriegsman, B. A. & Rock, K. L. The
biology and underlying mechanisms of cross-presentation of exogenous
antigens on MHC-I molecules. Annu. Rev. Immunol. 35, 149-176 (2017).

4. Wakim, L. M., Waithman, J., van Rooijen, N., Heath, W. R. & Carbone, F. R.
Dendritic cell-induced memory T cell activation in nonlymphoid tissues.
Science 319, 198-202 (2008).

5. Ma, Y. et al. Anticancer chemotherapy-induced intratumoral recruitment and
differentiation of antigen-presenting cells. Immunity 38, 729-741 (2013).

6. Ji, Q, Castelli, L. & Goverman, J. M. MHC class I-restricted myelin epitopes
are cross-presented by Tip-DCs that promote determinant spreading to CD8
(+) T cells. Nat. Immunol. 14, 254-261 (2013).

7. Kuhn, S, Yang, J. & Ronchese, F. Monocyte-derived dendritic cells are
essential for CD8(+) T cell activation and antitumor responses after local
immunotherapy. Front. Immunol. 6, 584 (2015).

8. Mittag, D. et al. Human dendritic cell subsets from spleen and blood are
similar in phenotype and function but modified by donor health status. J.
Immunol. 186, 6207-6217 (2011).

9. Segura, E.,, Durand, M. & Amigorena, S. Similar antigen cross-presentation
capacity and phagocytic functions in all freshly isolated human lymphoid
organ-resident dendritic cells. J. Exp. Med. 210, 1035-1047 (2013).

10. Nizzoli, G. et al. Human CD1c+ dendritic cells secrete high levels of IL-12 and
potently prime cytotoxic T cell responses. Blood 122, 932-942 (2013).

11. Tel, J. et al. Human plasmacytoid dendritic cells efficiently cross-present
exogenous Ags to CD8+ T cells despite lower Ag uptake than myeloid
dendritic cell subsets. Blood 121, 459-467 (2013).

12. Goudot, C. et al. Aryl hydrocarbon receptor controls monocyte differentiation
into dendritic cells versus macrophages. Immunity 47, 582-596 (2017).

13. Segura, E. et al. Human inflammatory dendritic cells induce Th17 cell
differentiation. Immunity 38, 336-348 (2013).

14. Zheng, G. X. et al. Massively parallel digital transcriptional profiling of single
cells. Nat. Commun. 8, 14049 (2017).

15. Satija, R, Farrell, J. A, Gennert, D., Schier, A. F. & Regev, A. Spatial
reconstruction of single-cell gene expression data. Nat. Biotechnol. 33,
495-502 (2015).

16. Tirosh, L. et al. Dissecting the multicellular ecosystem of metastatic melanoma
by single-cell RNA-seq. Science 352, 189-196 (2016).

17. Carpentier, S. et al. Comparative genomics analysis of mononuclear phagocyte
subsets confirms homology between lymphoid tissue-resident and dermal
XCR1(+) DCs in mouse and human and distinguishes them from Langerhans
cells. J. Immunol. Methods 432, 35-49 (2016).

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Heidkamp Gordon, F. et al. Human lymphoid organ dendritic cell identity is
predominantly dictated by ontogeny, not tissue microenvironment. Sci.
Immunol. 1, 7677 (2016).

Banchereau, R. et al. Transcriptional specialization of human dendritic cell
subsets in response to microbial vaccines. Nat. Commun. 5, 5283 (2014).
McGovern, N. et al. Human dermal CD14(+) cells are a transient population
of monocyte-derived macrophages. Immunity 41, 465-477 (2014).

Manh, T. P, Alexandre, Y., Baranek, T., Crozat, K. & Dalod, M. Plasmacytoid,
conventional, and monocyte-derived dendritic cells undergo a profound and
convergent genetic reprogramming during their maturation. Eur. J. Immunol.
43, 1706-1715 (2013).

Schleinitz, N. et al. Pattern of DAP12 expression in leukocytes from both
healthy and systemic lupus erythematosus patients. PLoS ONE 4, 6264
(2009).

Gomez, A. M., Ouellet, M. & Tremblay, M. J. HIV-1-triggered release of type I
IFN by plasmacytoid dendritic cells induces BAFF production in monocytes. J.
Immunol. 194, 2300-2308 (2015).

Shrivastav, A. et al. Requirement of N-myristoyltransferase 1 in the
development of monocytic lineage. J. Immunol. 180, 1019-1028 (2008).
Hashimoto, S. et al. Serial analysis of gene expression in human monocyte-
derived dendritic cells. Blood 94, 845-852 (1999).

Klechevsky, E. et al. Functional specializations of human epidermal
Langerhans cells and CD14+ dermal dendritic cells. Immunity 29, 497-510
(2008).

Cebrian, I. et al. Sec22b regulates phagosomal maturation and antigen
crosspresentation by dendritic cells. Cell 147, 1355-1368 (2011).

Ahrends, T. et al. CD4(+) T cell help confers a cytotoxic T cell effector
program including coinhibitory receptor downregulation and increased tissue
invasiveness. Immunity 47, 848-861 (2017).

Bevan, M. J. Helping the CD8(+) T-cell response. Nat. Rev. Immunol. 4,
595-602 (2004).

Castellino, F. & Germain, R. N. Cooperation between CD4+ and CD8+

T cells: when, where, and how. Annu. Rev. Immunol. 24, 519-540 (2006).
Cox, M. A., Harrington, L. E. & Zajac, A. J. Cytokines and the inception of
CD8 T cell responses. Trends Immunol. 32, 180-186 (2011).
Kovacsovics-Bankowski, M., Clark, K., Benacerraf, B. & Rock, K. L. Efficient
major histocompatibility complex class I presentation of exogenous antigen
upon phagocytosis by macrophages. Proc. Natl. Acad. Sci. USA 90, 4942-4946
(1993).

Norbury, C. C., Hewlett, L. J., Prescott, A. R., Shastri, N. & Watts, C. Class I
MHC presentation of exogenous soluble antigen via macropinocytosis in bone
marrow macrophages. Immunity 3, 783-791 (1995).

Pfeifer, J. D. et al. Phagocytic processing of bacterial antigens for class I MHC
presentation to T cells. Nature 361, 359-362 (1993).

Asano, K. et al. CD169-positive macrophages dominate antitumor immunity
by crosspresenting dead cell-associated antigens. Immunity 34, 85-95 (2011).
Bernhard, C. A, Ried, C., Kochanek, S. & Brocker, T. CD169+ macrophages
are sufficient for priming of CTLs with specificities left out by cross-priming
dendritic cells. Proc. Natl. Acad. Sci. USA 112, 5461-5466 (2015).

Buseyne, F. et al. MHC-I-restricted presentation of HIV-1 virion antigens
without viral replication. Nat. Med. 7, 344-349 (2001).

Dinter, J. et al. Variable processing and cross-presentation of HIV by dendritic
cells and macrophages shapes CTL immunodominance and immune escape.
PLoS Pathog. 11, €1004725 (2015).

Lavin, Y. et al. Tissue-resident macrophage enhancer landscapes are shaped by
the local microenvironment. Cell 159, 1312-1326 (2014).

Gosselin, D. et al. Environment drives selection and function of enhancers
controlling tissue-specific macrophage identities. Cell 159, 1327-1340 (2014).
Ma, W. et al. Long-peptide cross-presentation by human dendritic cells occurs
in vacuoles by peptide exchange on nascent MHC class I molecules. J.
Immunol. 196, 1711-1720 (2016).

Chiang, M. C. et al. Differential uptake and cross-presentation of soluble and
necrotic cell antigen by human DC subsets. Eur. J. Immunol. 46, 329-339
(2016).

Menager, J. et al. Cross-presentation of synthetic long peptides by human
dendritic cells: a process dependent on ERAD component p97/VCP but Not
sec61 and/or Derlin-1. PLoS ONE 9, €89897 (2014).

Baleeiro, R. B. et al. Spatial separation of the processing and MHC class I
loading compartments for cross-presentation of the tumor-associated antigen
HER2/neu by human dendritic cells. Oncoimmunology 4, 1047585 (2015).
Baleeiro, R. B. & Walden, P. Immature human DCs efficiently translocate
endocytosed antigens into the cytosol for proteasomal processing. Mol.
Immunol. 88, 148-154 (2017).

Fonteneau, J. F. et al. Characterization of the MHC class I cross-presentation
pathway for cell-associated antigens by human dendritic cells. Blood 102,
4448-4455 (2003).

Hoeffel, G. et al. Antigen crosspresentation by human plasmacytoid dendritic
cells. Immunity 27, 481-492 (2007).

| (2018)9:2570 | DOI: 10.1038/541467-018-04985-0 | www.nature.com/naturecommunications 1


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE77671
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE56744
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE44721
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115007
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115006
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Di Pucchio, T. et al. Direct proteasome-independent cross-presentation of
viral antigen by plasmacytoid dendritic cells on major histocompatibility
complex class I. Nat. Immunol. 9, 551-557 (2008).

Jongbloed, S. L. et al. Human CD141+ (BDCA-3)+ dendritic cells (DCs)
represent a unique myeloid DC subset that cross-presents necrotic cell
antigens. J. Exp. Med. 207, 1247-1260 (2010).

Flinsenberg, T. W. et al. Fcgamma receptor antigen targeting potentiates
cross-presentation by human blood and lymphoid tissue BDCA-3+ dendritic
cells. Blood 120, 5163-5172 (2012).

Segura, E., Albiston, A. L., Wicks, I. P., Chai, S. Y. & Villadangos, J. A.
Different cross-presentation pathways in steady-state and inflammatory
dendritic cells. Proc. Natl. Acad. Sci. USA 106, 20377-20381 (2009).

Kretzer, N. M. et al. RAB43 facilitates cross-presentation of cell-associated
antigens by CD8alpha+ dendritic cells. J. Exp. Med. 213, 2871-2883 (2016).
Langlet, C. et al. CD64 expression distinguishes monocyte-derived and
conventional dendritic cells and reveals their distinct role during
intramuscular immunization. J. Immunol. 188, 1751-1760 (2012).
Ballesteros-Tato, A., Leon, B., Lund, F. E. & Randall, T. D. Temporal changes
in dendritic cell subsets, cross-priming and costimulation via CD70 control
CD8(+) T cell responses to influenza. Nat. Immunol. 11, 216-224 (2010).
Chang, Y. H. et al. Dichotomous expression of TNF superfamily ligands on
antigen-presenting cells controls post-priming anti-viral CD4(+) T cell
immunity. Immunity 47, 943-958 (2017).

Durand, M. & Segura, E. Dendritic cell subset purification from human tonsils
and lymph nodes. Methods Mol. Biol. 1423, 89-99 (2016).

Segura, E. Cross-presentation assay for human dendritic cells. Methods Mol.
Biol. 1423, 189-198 (2016).

Dufour, E. et al. Diversity of the cytotoxic melanoma-specific immune
response: some CTL clones recognize autologous fresh tumor cells and not
tumor cell lines. J. Immunol. 158, 3787-3795 (1997).

Carvalho, B. S. & Irizarry, R. A. A framework for oligonucleotide microarray
preprocessing. Bioinformatics 26, 2363-2367 (2010).

Smyth, G. K. Linear models and empirical bayes methods for assessing
differential expression in microarray experiments. Stat. Appl. Genet. Mol. Biol.
3, Article 3 (2004).

Subramanian, A. et al. Gene Set Enrichment Analysis: a knowledge-based
approach for interpreting genome-wide expression profiles. Proc. Natl. Acad.
Sci. USA 102, 15545-15550 (2005).

Subramanian, A., Kuehn, H., Gould, J., Tamayo, P. & Mesirov, J. P. GSEA-P: a
desktop application for Gene Set Enrichment Analysis. Bioinformatics 23,
3251-3253 (2007).

Liberzon, A. et al. Molecular signatures database (MSigDB) 3.0. Bioinformatics
27, 1739-1740 (2011).

van der Maaten, L. Barnes-Hut-SNE. Proc. International Conference on
Learning Representations, 2013.

Finak, G. et al. MAST: a flexible statistical framework for assessing
transcriptional changes and characterizing heterogeneity in single-cell RNA
sequencing data. Genome Biol. 16, 278 (2015).

Spinelli, L., Carpentier, S., Montanana Sanchis, F., Dalod, M. & Vu Manh, T.
P. BubbleGUM: automatic extraction of phenotype molecular signatures and
comprehensive visualization of multiple Gene Set Enrichment Analyses. BMC
Genomics 16, 814 (2015).

Acknowledgments

This work was supported by INSERM, Agence Nationale de la Recherche (ANR-10-
LABX-0043, ANR-CHIN-0002, and ANR-10-IDEX-0001-02 PSL), Institut Curie (CIC
IGR-Curie 1428 and ICGex-2017), the European Research Council (2013-AdG No.
340046 DCBIOX), La Ligue Nationale contre le Cancer (EL2014.LNCC/SA). T.-L.T.-H. is
supported by an industry-funded PhD scholarship (CIFRE) at Université Paris Descartes
(Paris V). P.G. is supported by a PhD fellowship from Ligue Nationale contre le Cancer
at Université Paris Descartes (Paris V). High-throughput sequencing performed by the
ICGex NGS platform of the Institut Curie was supported by grants ANR-10-EQPX-03
(Equipex) and ANR-10-INBS-09-08 (France Génomique Consortium), by Cancéropole
Ile-de-France, by SESAME program from Région Ile-de-France, and by SiRIC-Curie
program (SiRIC Grant “INCa-DGOS- 4654”). The authors wish to thank the Flow
Cytometry Platform of Institut Curie for cell sorting.

Author contributions

T-L.T.-H,, C.G,, B.P,, S.A,, and E.S. designed experiments. T.-L.T.-H. and E.S. performed
experiments. M.D. performed tonsil single-cell RNA-seq. M.B. participated in single-cell
RNA-seq experiments. T.-L.T.-H., P.G., C.G., and E.S. analyzed the data. T.-L.T.-H,, P.G,,
and E.S. prepared the figures. S.B. provided expertise on sequencing. T.-L.T.-H. and E.S.
wrote the manuscript, with input from all authors. E.S. supervised the project.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-04985-0.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

| (2018)9:2570 | DOI: 10.1038/541467-018-04985-0 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-018-04985-0
https://doi.org/10.1038/s41467-018-04985-0
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Human in vivo-generated monocyte-derived dendritic cells and macrophages cross-present antigens through a vacuolar pathway
	Results
	Tumor ascites CD1c+ DCs are monocyte-derived cells
	Human mo-DCs and mo-Mac can both efficiently cross-present
	mo-DCs and mo-Mac are poor for endosome-to-cytosol transfer
	mo-DCs and mo-Mac use the vacuolar pathway
	Only mo-DCs are efficient inducers of cytotoxic CD8+ T�cells

	Discussion
	Methods
	Human samples
	Cell isolation
	Cell culture
	Flow cytometry
	Cytosolic translocation assay
	Internalization assay
	Cross-presentation assay
	Proteasome activity assay
	Cytotoxic T lymphocyte polarization assay
	Cytokine secretion
	Gene expression analysis
	Gene Set Enrichment Analysis
	Single-cell RNA-seq library preparation
	Single-cell RNA-seq data analysis
	Analysis of gene signatures at the single-cell level
	Software and statistical analysis
	Data availability

	References
	Acknowledgments
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




