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DENDRITIC CELLS

Human lymphoid organ dendritic cell identity
is predominantly dictated by ontogeny,
not tissue microenvironment
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In mice, conventional and plasmacytoid dendritic cells (DCs) derive from separate hematopoietic precursors be-
fore they migrate to peripheral tissues. Moreover, two classes of conventional DCs (cDC1 and cDC2 DCs) and
one class of plasmacytoid DCs (pDCs) have been shown to be transcriptionally and functionally distinct entities.
In humans, these three DC subtypes can be identified using the cell surface markers CD1c (cDC2), CD141 (cDC1),
and CD303 (pDCs), albeit it remains elusive whether DC functionality is mainly determined by ontogeny or the
tissue microenvironment. By phenotypic and transcriptional profiling of these three DC subtypes in different
human tissues derived from a large number of human individuals, we demonstrate that DC subpopulations in
organs of the lymphohematopoietic system (spleen, thymus, and blood) are strongly defined by ontogeny rather
than by signals from the microenvironment. In contrast, DC subsets derived from human lung or skin differed sub-
stantially, strongly arguing that DCs react toward modulatory signals from tissue microenvironments. Collectively,
the data obtained in this study may serve as a major resource to guide further studies into human DC biology during
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homeostasis and inflammation.

INTRODUCTION

Dendritic cells (DCs) are key players not only in the induction of adap-
tive immune responses against foreign pathogens but also in the main-
tenance of tolerance to innocuous host proteins (1-4). Distinct subsets
of DCs have been defined on the basis of their ontogeny, functional
properties, and phenotypic markers that allow one to distinguish DC
subsets in both humans and animal models (5-12). In mice, DCs can
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be distinguished into plasmacytoid DCs (pDCs) and several lymphoid
and nonlymphoid tissue-resident and tissue-migratory conventional
DC subsets (2, 9, 13-16). Cross-presentation has been mainly associated
with conventional DCs of type 1 (cDCls, namely, CD8¢." and CD103"
DCs), albeit other DCs can also cross-present antigens, particularly
under inflammatory conditions (5, 17-22). Migration, expression of
effector molecules, the presentation of antigens, and the induction
of T cell activation by murine DC subsets have been extensively
studied in the past decades, resulting in a rather sophisticated model
describing DC biology in the context of immune activation, inflamma-
tion, and pathogenesis of many diseases. Murine DCs constitute a
separate hematopoietic cell lineage (8, 10, 12, 15) with postulated com-
mon precursors, including macrophage-DC precursor cells and com-
mon DC precursor cells (2, 7, 9, 10, 12, 15, 23). For both DC
precursors and differentiated DC subsets, combinations of transcrip-
tional regulators (TRs) involved in differentiation, cell type definition,
or function were identified (2, 10, 24-39). For example, Pu.1 is crucial
for the development of all murine DC subpopulations; E2-2 has been
linked to the pDC subset; and I1f8, Id2, and Batf3 seem to define CD8a*
and CD103" DCs, whereas CD11b* DCs were found to depend on
Irf4, Relb, and Notch2 (2, 9, 13, 24, 25, 27, 29, 30).

The expression of HLA-DR and the lack of lineage markers for
T cells, B cells, or natural killer (NK) cells are common to the myeloid
cell lineage, thus including all human DC subpopulations (2, 9, 40, 41).
Nevertheless, for a long time, interspecies comparisons of human and
murine DC subsets were hampered by the lack of markers allowing for
a comparable separation of DC subsets in both species. However, dur-
ing the past years, most of the human equivalents of the murine DC
subsets have been defined (9, 15, 40-50). CD303* (BDCA2) pDCs
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share very similar phenotypes and functions with murine pDCs (27,
29, 51, 52). Human CD1c" (BDCA1, cDC2) DCs may be the coun-
terpart of murine cDC2 DCs, and CD141" (thrombopoietin, BDCA3,
cDCl1) DCs may be the equivalent of conventional murine cDC1 DCs
(14-16, 40, 44, 45, 48, 50). In addition to individual phenotypic mark-
ers and the functional characterization, DCs have been extensively
studied by genome-wide assessment of transcriptional regulation
(53). However, the large majority of previous studies on human DCs
(i) addressed only the biology of in vitro generated monocyte-derived
DCs, (ii) were derived before the definition of the three major DC
subsets (CD303* pDCs, CD1c" DCs, and CD141* DCs), or (iii) assessed
only one of these subsets. Only a small number of transcriptomic studies
compared blood DC subsets to human skin, intestinal lamina propria,
lymph node, or tonsil DC subsets, but DCs from other human tissues
were not part of those reports (40, 50, 54-56).

In light of recent findings concerning the transcriptional plasticity
within the monocyte and macrophage compartment (57-59), it re-
mains to be answered whether such plasticity is also seen for human
DC subsets derived from different tissues. By studying CD1c" and
CD141" DCs, as well as CD303" pDCs in different lymphoid human
organs, we provide evidence that human DC subsets in organs of the
lymphohematopoietic system are mainly characterized by a subset-
specific transcriptional program with only a minor contribution of
tissue-derived signals to their overall functional phenotype. In con-
trast, DCs derived from tissues such as lung or skin differ substantially
from blood-derived DC subsets.

RESULTS

Identification of DC subpopulations in different human
lymphohematopoietic organs

To characterize human DC subpopulations in various lymphohema-
topoietic tissues, we prepared single-cell suspensions from tissue sam-
ples of healthy individuals. We first sought to elucidate the relative
distribution of the three main DC subpopulations CD1c" and CD141*
DCs, as well as pDCs, in comparison to CD14" monocytes/macrophages
in the various human tissues via multicolor flow cytometry according
to previous reports (14, 16, 40) (Fig. 1). After gating on living, single,
nonautofluorescent, lineage-negative (Lin") HLA-DR" cells (fig. S1),
we identified a varying percentage of the different DC subpopula-
tions and monocytes/macrophages dependent on the analyzed tissue
(Fig. 1, A to C, and table S1A). CD1c" DCs represented the most
prominent DC subpopulation in the Lin THLA-DR" compartment
in blood (2.14 + 1.26%, 30 donors), spleen (5.4 * 6.03%, 30 do-
nors), bone marrow (1.7 + 2.67%, 22 donors), and cord blood
(129 + 8.12%, 43 donors), whereas pDCs were the dominant popu-
lation within thymus (19.45 + 14.98%, 56 donors) and tonsils (15.8 =
15.64%, 54 donors) of all Lin T HLA-DR" cells. We found CD141" DCs
as the population with the lowest frequencies within the Lin"HLA-DR"
cell fractions in all investigated organs with the exception of human
spleen (3.7 + 6.83%) (Fig. 1, B and C). In summary, our data indi-
cate that the proportion of individual DC subpopulations is varying
between the different lymphohematopoietic organs but is conserved
between individuals.

To extend the knowledge of the expression profile of particular cell
surface molecules already described for blood DCs, we performed
parallel flow cytometry analyses using different organs (Fig. 1D). De-
spite the fact that SIRPA (CD172a), which is a common marker for
the determination of murine CD11b* DCs, was expressed on all CD1c"
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DCs, we also found high expression levels on CD14" monocytes as well
as on pDCs in the various tissues. Further along these lines, CD64
(FCGRY) is known as a macrophage marker, which we also found to
be expressed on the CD1c" DCs in blood, spleen, thymus, tonsils, and
bone marrow, albeit to a lower level compared with monocytes. In all
tissues analyzed, we detected a unique expression of Clec9A on CD141"
DCs, supporting the idea of Clec9A as a CD141" DC subset-specific
marker (47). BDCA-4 (CD304), CCR7, and CD45RA were specifically
present on steady-state pDCs, whereas the costimulatory molecule CD86,
but not the activation marker CD83, was expressed on all DCs and mono-
cytes in the different lymphohematopoietic organs.

DC subtype, not tissue of origin, is the major transcriptional
classifier in the human DC continuum

To understand global differences and the impact of tissue localization,
we performed whole transcriptome analyses on CD1c¢* DCs, CD141"
DCs, and pDCs, each derived from blood, spleen, and thymus from
up to three different individuals by high-purity cell sorting (table S2).
In addition, CD14" monocytes, CD3"CD4" and CD3"CD8" T cells,
and CD19"/CD20" B cells were sorted from the same peripheral blood
samples. From each of the 37 different samples, 10,000 cells were used
for transcriptomic analysis (fig. S2). Data were normalized and genes
expressed in at least one group (present probes) were used for further
analysis, including complexity reduction by principal components
analysis (PCA), self-organizing map (SOM) clustering, correlation
heat maps, coexpression networks, and heat map visualization of the
most variable genes within the data set (Fig. 2A and fig. S2A). As
expected, reducing the complexity by PCA revealed B and T cells to
be distinct from DCs and monocytes (fig. S2B). Coexpression network
analysis precisely identified four separate clusters, namely, (i) B and T
cells, (ii) pDCs, (iii) CD1c" and CD141* DCs, and (iv) CD14* mono-
cytes (fig. S2C), which was further corroborated by Pearson correla-
tion coefficient matrix analysis (fig. S2D) and SOM clustering (fig.
S2E). Metadata such as gender (fig. S2F) and age (fig. S2G) did not
show any impact on the data structure. By focusing on the DC com-
partment (Fig. 2, B to F), transcriptome analysis revealed several im-
portant points. PCA showed pDCs to be separated from CD1c" and
CD141" DCs irrespective of tissue origin (Fig. 2B). However, we also
identified concise differences between cells from different lymphohe-
matopoietic organs (Fig. 2C), suggesting that both cell type and
tissue localization contribute to the overall transcriptome of DCs.
SOM clustering based on all expressed genes corroborated this hy-
pothesis, because each of the DC subtypes showed a specific pattern
of gene regulation (Fig. 2D), indicating a contribution of cell type
and localization. Nevertheless, coexpression network analysis on
all present genes supported a hierarchy, with differences between
pDCs and the myeloid DCs being the most prominent (Fig. 2E).
Within the myeloid DC cluster, CD1¢* DCs and CD141" DCs were
located according to tissue origin. We could further validate these
data by hierarchical clustering of the 1000 most variable genes
(Fig. 2F), again demonstrating that cell type is the most important
denominator of differences within transcriptional programs in
human DC subtypes derived from organs of the lymphohemato-
poietic system.

Definition of signature genes of human
lymphohematopoietic DC subtypes

Because cell ontogeny and cell subtype mainly determined transcrip-
tional regulation of pDCs, CD1c" DCs, and CD141" DCs in blood,
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Fig. 1. Identification of DC subpopulations in different human lymphohematopoietic tissues. (A) Flow cytometric analysis of peripheral blood, spleen, thymus,
tonsils, bone marrow (BM), and cord blood (CB). Tissue preparations were performed as described in Materials and Methods. Gating strategy was adapted from fig. S1 to
display CD1c* DCs (red, CD1c*CD11c"9"), CD141* DCs (yellow, CD141*CD11c™), pDCs (blue, CD303*CD123*), and CD11b*CD14"* monocytes/macrophages (Mono) in
the LIN"(CD3"CD197CD20™CD56") HLA-DR* compartment. Numbers in each pseudo-color plot indicate frequencies of the respective DC subpopulation of LIN"HLA-DR" cells.
(B) Relative distributions of DC subpopulations within the LIN"HLA-DR* compartment are summarized. Bars represent median distribution frequencies. Two-tailed Student’s
t test (n > 30) or Mann-Whitney U test (n < 30) was applied. **P < 0.001, *P < 0.05; n.s., not significant P > 0.05. (C) Pie charts show the relative contribution of CD1c* DCs,
CD141%* DCs, and pDCs to the total DC pool in the respective organs. Numbers indicate donor counts analyzed. (D) Expression of typical DC or monocyte markers on cells
from different lymphoid organs. Gating is based on fig. S1. Colored histograms display marker expression, and gray histograms display isotype controls. Representative
data derived from at least five different donors per organ. Colors of gated cell populations are kept consistent throughout the article.
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Fig. 2. Transcriptomic analysis of DC subsets in blood, spleen, and thymus. DC subpopulations from three donors of blood, splenic, or thymus tissue were sorted by flow
cytometry, and whole human genome Agilent microarray analyses were performed. (A) Scheme describing the workflow. (B and C) PCAs (PC1 versus PC2) based on
20,957 present probes showing the distribution of samples according to (B) the DC subsets and (C) the organ. (D) SOM clustering based on present probes using 20,000
training iterations. (E) Coexpression network based on present probes. Two samples (nodes) are connected if the correlation score between their corresponding anti-
log, expression profiles is at least 0.97. (F) Hierarchical clustering based on the 1000 most variable probes across the data set. Log,-transformed expression values were

z-transformed and scaled to a minimum of —2 and a maximum of 2.
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spleen, and thymus, we were next interested to determine DC subset-
specific signature genes for these organs using linear support vector
regression (SVR) (60) (fig. S3A). On the basis of the model described
in Fig. 2, we predicted the largest number of signature genes for the
determination of the three classes of DCs, followed by signature genes
related to localization and the smallest number of signature genes for
each cell type in its specific localization (Fig. 3, A to C, and table S3).
We identified 76 signature genes for CD1c" DCs, 51 genes for CD141"
DCs, and 117 genes for pDCs (Fig. 3A). The number of signature
genes for DCs in a particular localization irrespective of DC subtype
ranged from 17 (spleen) to 43 (thymus) (Fig. 3B), and signature genes
for each cell type and localization ranged from 13 (pDCs in spleen) to
46 (CD1c" DCs in thymus) (Fig. 3C). To illustrate expression differ-
ences for individual examples of signature genes, we ranked them by
expression level and differential expression with respect to other DC
subtypes (table S3) and displayed absolute expression values as bar
plots (Fig. 3, D to F, and fig. S3, B to D). Several immunoregulatory
genes were found to be expressed only in one DC subtype; for exam-
ple, CLECI0A (CD301a), VEGFA, and FCGR2A (CD32A) were only
identified on all CD1c* DCs (Fig. 3D and fig. S3B), whereas CLEC9A,
IDOI, and XCRI (CCXCRI) were only found on all CD141" DCs (Fig.
3D and fig. S3B). All pDCs were characterized by the expression of
FAM129C, CUX2, and GZMB (Fig. 3D and fig. S3B). Whereas GZMB
expression in pDCs has been previously reported (61), the roles of
FAM129C and CUX2 in pDCs remain elusive. CLEC7A, CI701f87, and
ARRBI were expressed in all CD1c" and CD141* DCs but not in pDCs
(fig. S3C). We also identified genes that were expressed in all DC types
derived from a particular organ; for example, SCAPER and MANI1BI-
AS1 were expressed in all DCs derived from peripheral blood (Fig. 3E
and fig. S3D), HSPBI and BU963192 were expressed in DCs derived
from spleen, and USP41 and TRBC2 were expressed in DCs from thy-
mus (Fig. 3E and fig. S3D). Moreover, for each DC subtype within
blood, spleen, or thymus, we could also identify genes specifically ex-
pressed in only one organ (Fig. 3F). Collectively, we identified numer-
ous genes that can be used to distinguish different steady-state human
DC subtypes across different lymphohematopoietic organs.

Identification of specific surface proteins distinguishing
human lymphohematopoietic DC subtypes

Next, we aimed to identify genes encoding for cell surface proteins
that could be used to distinguish the DC subpopulations at differ-
ent localizations. We therefore determined the expression of up to
223 cell surface proteins on CD1¢" DCs, CD141" DCs, and pDCs from
blood, spleen, and thymus using a Lyoplate assay (Fig. 4, fig. S4, and
table S4). Following an algorithm depicted in Fig. 4A, we focused on
genes that showed differential expression on both mRNA and protein
levels. Irrespective of localization, seven cell surface proteins were
found on CD1c" DCs (TLR2, CD63, CD86, CD97, ITGAM, FCGR1,
and IFNGR1) but not on CD141" DCs or pDCs (Fig. 4B). DPP4, ANPEP,
and CD226 distinguish CD141" DCs from CD1c" DCs and pDCs. Fur-
thermore, LAIR4 (CD305) and CXCR4 (CD184) are solely expressed
on pDCs. When assessing marker genes for localization, only CD44
was shown to be expressed in all DCs in blood, and CD55 was shown
to be expressed in all DCs derived from thymus (Fig. 4C). Similarly
rare were markers identified on an individual subtype at a specific lo-
calization (Fig. 4D). Only for pDCs in thymus could we identify sev-
eral genes, including CD47, TFRC, CD36, and CD?7. Results of other
surface proteins are summarized in fig. S4 and table S4. Collectively,
we identified a decisive set of surface markers that can be used in com-
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bination with CD1c, CD141, and CD303/CD123 to distinguish human
DC subsets in different lymphohematopoietic organs.

Identification of cell type- and tissue-associated

gene modules

Further, we wanted to determine specific gene modules either asso-
ciated with DC subtype or localization. Gene modules were defined
on the basis of coexpression (62) and visualized as a network focusing
on 452 signature genes previously identified in the data set (Fig. 5 and
fig. S5). The topology of this network exhibited seven major clusters
(C1 to C7, table S5). For each of the three DC subsets from blood,
spleen, and thymus, we mapped differential gene expression against
the overall mean onto the network, with genes enriched in the respec-
tive cell type displayed in red; for example, CD1c" DCs in peripheral
blood showed elevated expression of genes in clusters C5 and C6
(Fig. 5A). Elevated expression of genes in cluster C5 was found in CD1c"
DCs at all sites, suggesting that this cluster represented the CD1c" DC~
specific co-regulated genes irrespective of localization (Fig. 5, A, D,
and G). Cluster C2 harbored CD141" DC-specific genes (Fig. 5, B, E,
and H), and pDC-specific genes were defined by cluster C7 (Fig. 5,
C, F, and I). We also identified genes induced in all DC subtypes in
blood (harbored in C6), spleen (C4), or thymus (C3). Network anal-
ysis also validated the hallmark genes defined by linear SVR analysis
(Fig. 3); for example the pDC-related genes FAMI129C, CUX2, and
GZMB were central to the pDC-defining cluster C7. Other hallmark
genes are also displayed in Fig. 5.

TRs of human lymphohematopoietic CD1c* DCs,

CD141* DCs, and pDCs

The modular structure within the network allowed us to predict po-
tential TRs upstream of coexpressed genes (Fig. 6). We developed an
integrated approach (Fig. 6A) to identify groups of TRs that are
related to the three different DC subsets. As a first step, we filtered
the list of present genes for known TRs, which were further filtered by
differential expression between the three DC subsets and further en-
riched for TRs previously linked to DC function (10, 16, 25, 27, 28).
These candidate TRs were interrogated for binding prediction to the
gene loci of the subtype-specific gene sets described in Fig. 5 (clus-
ter C7 for pDCs, cluster C2 for CD141" DCs, and cluster C5 for CD1c"
DCs), followed by an integrated ranking approach (table S6). TRs
were subdivided into five categories, and normalized expression was
plotted for each cell type separately (Fig. 6, B to D). For example, the
TRs CEBPB, SPI1, RUNX3, NFKBI, and BHLHE40 were among the
top-ranked TRs in CD1c" DCs (Fig. 6B), and this subset was further
characterized by diminished expression and binding prediction of
IRF8, MEISI, NR5A1, TEAD2, and NFAT5. The TRs TEAD4, MYC, and
TCF7L2 were among the top-ranked TRs in CD141" DC (Fig. 6C),
whereas ETS1, ARID3A, FOXM1, and TCF3 were among those TRs
characterizing human pDCs (Fig. 6D).

To further corroborate these findings, we generated a coexpression
analysis (CEA) network of the 558 TRs themselves (Fig. 6, E and F,
and fig. S6). The topology of this network showed a circular structure
with genes elevated in CD1c" and CD141" DCs located mainly on the
right side, whereas pDC TRs were mainly elevated on the left side
of the circle (fig. S6). Accordingly, by mapping the top-ranked TRs onto
the TR network as determined and visualized in Fig. 6 (A to D), a larger
cluster of pDC-related TRs was found to be located on the left side and
a smaller CD1c" DC-related cluster was found to be located on the
top right, but a specific CD141" DC-related cluster was not apparent
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(Fig. 6E). When focusing on the top TRs being diminished in a par-
ticular DC subtype, we observed the opposite picture for pDCs, which
were characterized by a diminished expression of many of the TRs
elevated in CD1c" and/or CD141" DCs (Fig. 6F). There was a smaller
cluster for diminished TRs in CD141" DCs, whereas no cluster struc-
ture among the top-ranked TRs in CD1c" DCs was found (Fig. 6F).
Together, CEA not only validated the hallmark genes defined by linear
SVR analysis but also allowed us to predict the potential TRs respon-
sible for the respective cell type-specific transcriptional programs. Al-
though localization showed an influence on TR expression, the major

Heidkamp et al., Sci. Immunol. 1, eaai7677 (2016) 16 December 2016

differences were again seen between the three different subtypes, par-
ticularly between pDCs and conventional DCs, whereas the difference
between CD1c" and CD141" DC was not as prominent, reflecting
their close relationship.

Transcriptional programs of DC subtypes in lung

and skin are distinct

To determine the cellular relationship of DC subsets in non-
lymphohematopoietic organs, we built upon a previous data set on
skin and blood DCs (40), which did not contain data on Langerhans
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cells, and extended this data set with DCs derived from human lung.
For comparison with our data set of DCs derived from spleen, thy-
mus, and blood, we developed an approach (Fig. 7A, fig. S7A, and
Supplementary Materials) that allowed us to further assess genes in-
terrogated in both studies (Fig. 7A and fig. S7B). Most of the differ-
entially expressed genes showed similar behavior in both data sets
(fig. S7C). For relationship analysis, we used Pearson correlation
values as well as Euclidean distances between the subsets based on
different sets of genes and performed hierarchical clustering on the
obtained values (Fig. 7A). With only a small set of most differentially
expressed genes, lymphohematopoietic CD1¢" DC, CD141" DC, and
pDC subsets were most closely related to each other irrespective of
tissue origin (Fig. 7B and table S7). When comparing DC subsets from
blood, skin, and lung, all DC subsets from one organ were more
similar than the same subset from another tissue (Fig. 7C and table
S7), indicating that transcriptional programs in DC subsets in non-
lymphohematopoietic tissues are strongly influenced by tissue-derived
signals. Nevertheless, when correlating a particular DC subset, for ex-
ample, CD1c" DCs from the skin, these cells showed the highest cor-
relation to CD1c" DCs from the other tissues (black squares), and the
same was true for the other DC subsets, indicating that albeit tissue
has a strong influence on transcriptional regulation of DCs in non-
lymphohematopoietic tissues, ontogeny is still a major part of the tran-
scriptional program. When extending the analysis to the 1000 genes
with the highest variance in the data set (Fig. 7, D and E, and table S7),
we obtained similar results, and even when using all present genes,
pDCs were still separated from conventional DCs in lymphohemato-
poietic tissues (Fig. 7F and table S7), whereas this was not the case for
non-lymphohematopoietic tissues (Fig. 7G and table S7). When using
Euclidean distances, we obtained similar results (fig. S7, D to G). Col-
lectively, DC subsets in lymphohematopoietic tissues are mainly
determined by ontogeny, whereas DCs in tissues integrate addition-
al tissue-derived signals, yet ontogeny remains an important driver of
non-lymphohematopoietic tissue DC identity.

Linking human DC transcriptomes to previous knowledge
To put our data into context of previous findings, we performed gene
set enrichment analysis (GSEA) using more than 10,000 gene sets in
Molecular Signatures Database (MSigDB) (63), including the 5000
most recently published immune signatures, and plotted the top en-
riched signatures as BubbleMaps (64) (Fig. 8, fig. S8, and table S8).
When comparing CD1c" and CD141" DCs, gene signatures derived
from human myeloid cells compared to either B cells, T cells, or pDCs
were apparent in CD1c" DCs (Fig. 8B), which at least in part might be
due to a better coverage of this DC subset in previous studies because of
their higher frequencies in tissues such as blood. In contrast, CD141*
DCs showed enrichment of signatures derived from murine B cells
and CD8" T cells, which most likely reflects the lack of signatures derived
from these less frequent DCs in previous data sets. When comparing pDCs
with either CD1c" or CD141" DCs, the top-ranked signatures were derived
from comparisons of human pDCs to either monocytes, monocyte-derived
DCs, or B cells. Similarly, when using Gene Ontology— and pathway-
defined gene signatures from MSigDB, enrichment of a larger number
of immune-related terms was observed for CD1c" DCs and pDCs,
whereas only very few signatures were enriched in CD141" DCs (table
S8), further indicating that the biology of these less frequent DCs is
not yet sufficiently reflected in previous data.

To determine the relationship of DC subsets derived from lympho-
hematopoietic organs with the corresponding DC subsets from non-

Heidkamp et al., Sci. Immunol. 1, eaai7677 (2016) 16 December 2016

lymphohematopoietic tissues, we generated an additional 50 gene
signatures derived from the most recent report on human and murine
DC subsets by Haniffa et al. (40) extended with the DCs derived from
human lung (Fig. 8C and table S8). In line with our own comparison
between blood-, spleen-, and thymus-derived DC subsets, lung-derived
pDCs were most closely related to pDCs from the other organs, and this
was similarly true for lung and skin CD1c" and CD141" DCs (Fig. 8C).

Collectively, these data demonstrate that DC subpopulations in or-
gans of the lymphohematopoietic system are mainly defined by ontogeny,
whereas DC subsets derived from non-lymphohematopoietic human
tissues, such as the lung or skin, are more strongly influenced by sig-
nals derived from their respective tissue microenvironments.

DISCUSSION
Here, we provide a comprehensive assessment of the overall distribu-
tion of the three major DC subpopulations in more than 235 human
individuals in six lymphohematopoietic organs, including blood, spleen,
thymus, tonsil, bone marrow, and cord blood. Although there is inter-
individual variation, we observed tissue-specific distributions with high-
est frequencies of CD1c" DCs in blood, spleen, bone marrow, and cord
blood; CD141" DCs in spleen; and pDCs in thymus and tonsils. Com-
parative analysis of genome-wide transcriptional regulation revealed
that corresponding DC subsets derived from different lymphohemato-
poietic tissues (e.g., blood, thymic, and splenic pDCs) were most closely
related, whereas tissue environment had less influence on the overall
gene expression. However, when comparing blood-derived DCs as an ex-
ample of a lymphohematopoietic tissue with DC subsets derived from
other organs such as skin or lung, we revealed that signals from the tissue
microenvironment of such organs have a much stronger impact on over-
all transcriptional regulation of DC subsets. This seems to be similar to
monocytes and tissue macrophages that are characterized by very strong
influences of the tissue microenvironment on the overall gene expression
(58, 59). Combining the assessment of more than 200 cell surface protein
markers with global gene expression allowed us to define a set of marker
genes that can be used to characterize the three DC subpopulations across
tissues. CEA combined with network visualization revealed sets of genes
specifically enriched in either pDCs, CD1c" DCs, or CD141" DCs. This
information could be used to enrich prediction models for transcription
factor networks associated with the three DC subsets. Determining the
content of previously established knowledge in our human DC data set
by applying more than 10,000 previously reported gene signatures in-
dicated that the less frequent CD141" DCs are not sufficiently repre-
sented. We therefore propose a simple and straightforward approach
to using gene signatures from newly found cell subsets and integrate
these gene signatures into data depositories such as MSigDB (63, 65).
Reliable cell surface markers are critical to properly identify and
isolate different human DC subsets. In accordance with previous re-
ports and our findings in this study, we suggest not to use single markers,
but rather combinations such as CD123 and CD303 for pDCs, CD1c
and CLECI10A for CD1c" DCs, and CD141 and CLEC9A for CD141*
DCs in combination with HLA-DR, CD11c, CD11b, CD14, and a lineage
cocktail to exclude T, B, and NK cells (14, 16, 40, 44, 45, 50, 54-56, 66).
Furthermore, CLEC10A- and CLEC9A-specific expression on the dif-
ferent DC subpopulations seems to be conserved between species, as
revealed by the comparison to the InmGen database of murine DCs
(10). Therefore, according to our findings in up to six human lympho-
hematopoietic tissues, we postulate that these markers can be used
to define the three major DC subpopulations in other organs as well.
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the (B) top 10 or (C) top 5 positively enriched signatures of each of the four specified comparisons is displayed. Enrichment values in the first group are shown in red
(positive enrichment), whereas enrichment values in the second group are displayed in blue (negative enrichment). Node size correlates with the NES value, and
color intensity represents the FDR. Signatures were ordered according to their BubbleMap profiles. An asterisk (¥) in columns “Up-regulated group” or “Reference
group” indicates a special study background of the cells (for example, specifically treated cells), which is depicted in the column “Special study background.” H,
human; M, mouse; Macroph., macrophage; KO, knockout; WT, wild type; Tcony, cOnventional T cells; Tog, effector T cells; LPS, lipopolysaccharide; PBMC, peripheral
blood mononuclear cell; M-CSF, macrophage colony-stimulating factor; NKT cell, natural killer T cell; IL-27, interleukin-27; LCMV, lymphocytic choriomeningitis virus;
TIV, trivalent influenza vaccine.
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Reassessing transcriptomic data sets of DC subsets derived from hu-
man lung and skin further supported the panel design of markers for
the identification of DC subsets in human tissues as proposed here.

Although we used a tight definition of the different DC subsets
based on five to six surface markers each, our unbiased bioinformatic
analyses revealed a close relationship of the predefined DC subsets, as
illustrated by similar expression of several thousand genes. In contrast,
the rather small number of 89 transcripts differentially expressed in
DC subsets derived from different lymphohematopoietic tissues re-
flected a minor degree of microenvironmental influence, which will
be subject to future analyses. Recently, Watchmaker et al. were able to
demonstrate that the transcriptional identity of intestinal CD103"SIRPA™
DCs closely resembles the transcriptional identity of blood CD141*
DCs (50). This was in stark contrast to intestinal CD103*SIRPA* DCs,
which differed strongly in their transcriptional footprint from blood-
or skin-derived CD1c" DCs. This discrepancy might be either an evo-
lutionary consequence of a functional conservation across organs
within the CD141" DC lineage or a result of unique functional adapta-
tions due to microenvironmental factors within the CD1c" DC lineage.
Other recent studies suggested a precommitment of murine pre-DCs
early in the bone marrow before their immigration into the tissues
(26, 28, 36, 67). These murine studies and recent findings in the human
system (14, 16) support our hypothesis that the transcriptional identity
and function of human lymphohematopoietic DCs are mainly dictated
by ontogeny and not by their tissue microenvironment. We also extended
our analysis toward DC subset signature genes in skin- and lung-derived
DC populations, which, in contrast, indicated that these cells are signif-
icantly influenced by tissue-specific signals. It will be of great interest to
further define the links between marker gene expression and cellular
function of the DC subsets in different tissue microenvironments.

Distinct phenotypes and transcriptional programs in the DC sub-
populations require a differential composition of TRs governing these
processes. In the murine system, a number of TRs essential for the
differentiation of the three DC subpopulations have been identified.
For example, Irf8, Id2, and Baif3 have been linked to CD8a." and
CD103" DCs, whereas Irf4, Relb, and Notch?2 are critical for the develop-
ment of CD11b" DCs, and E2-2 is involved in the differentiation of
pDCs (10, 24, 25, 27, 28, 34). In contrast, in human DCs, much less
is known about the TRs that might regulate DC differentiation and
function. By integrating expression itself, differential expression be-
tween the DC subsets, binding prediction to subset-associated gene
clusters, previous knowledge about TRs in DCs, and a ranking ap-
proach, we defined a smaller set of candidate TRs associated with each
of the three DC subsets.

In our analyses, we found CEBPB, SPI1, RUNX3, NFKB1, and BHLHE40
to be among the top-ranking TRs in CD1c¢" DCs, whereas this subset
displayed a diminished expression of IRF8, MEISI, NR5A1, TEAD2,
and NFAT5. A similar expression profile of murine DC subsets and pre-
cursor DC cultures has already been described for Cebpb, Spil, Nfkbl,
Bhlhe40, and Irf8 (25, 50, 68). Recently, Batf3 has been defined as a
crucial TR for murine CD8¢." and CD103" DCs, and data demonstrated
that it also directs the development of human CD141* DCs in a huma-
nized mouse model and in in vitro cultures (16, 34, 47, 69). Beside the
strong presence of BATF3 in all analyzed CD141" DCs, we found
TEAD4, MYC, and TCF7L2 as the top-ranked TRs, whose functional
roles still need to be determined. We could further demonstrate the pres-
ence of the TRs ETSI, ARID3A, FOXM1, BCL11A, and TCF3 in pDCs.
On the basis of published murine studies, TCF3 and BCL11A, both
involved in E2-2-dependent transcriptional regulation, might also be
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crucial for the development of human pDCs (70). A recent comparison
of cultured human pDCs and monocyte-derived DCs by Bornstein et al.
demonstrated that IRF8 functions as an epigenetic and fate-determining
TR, including a negative influence on CEBPB (71). Similarly, indepen-
dent of tissue origin, we found a clear separation of pDCs from CD1c"
and CD141" DCs, with the first ones highly positive for IRF8 and the
conventional DCs highly positive for CEBPB gene family members.

Some functions of murine DCs have also been shown to be governed
by the activity of certain TRs, such as Rel or Nfkb, which are involved
in activation of DCs upon interaction of pathogen-associated molec-
ular patterns with Toll-like receptors (72). Because we found those
TRs especially present in CD1c" DCs, further studies need to elucidate
whether their high degree of expression accounts for a dominant role
of CD1c" DCs in pathogen recognition. Besides their role in the de-
fense against foreign antigens, DCs are also important for the main-
tenance of peripheral tolerance. In line with this, one of our earlier studies
demonstrated the involvement of murine cDC2 DCs in the expansion of
regulatory T cells, which was dependent on transforming growth factor-§
(TGE-B) signaling (73). In the present study, we found RUNX3 as a main
TR in CD1c" DCs, a factor important for the regulation of the response
to TGE-B (74). Certainly, the exact function of individual TRs predicted
to be associated with DC subset—specific cellular programming, function,
and phenotype requires further experimental validation.

To link genome-wide data sets to previous knowledge, numerous
approaches, including gene ontology and pathway enrichment analysis,
have been proposed and established in the past. A well-defined data-
driven approach to linking data sets to previous knowledge is GSEA
(63). By far, the largest collection of data-defined gene signatures has
been provided by MSigDB (63), with a very recent extension of ~5000
immune-related signatures [ImmuneSigDB (65)]. Although we could
demonstrate that pDCs and the more frequent CD1c" DCs are already
reflected in this rich resource, the infrequent CD141" DCs were not
yet present within these signatures, although this cell subset had al-
ready been described in the literature. We therefore developed a sim-
ple approach that allowed us to quickly test additional gene signatures
not yet being part of ImmuneSigDB. Applying 50 additional signa-
tures from murine and human blood-, skin-, or lung-derived DC sub-
sets to our data set corroborated our major observation that the
three DC subsets are distinct cellular entities. Further, microenviron-
mental signals do not seem to change the major transcriptional
programs to a comparable extent observed in other myeloid cell
populations. Therefore, the extension of our analyses to other cell
types (such as Langerhans cells) for the identification of common mo-
lecular signatures will be subject to future investigations (75). To en-
rich MSigDB and ImmuneSigDB for such findings, we would suggest
a mechanism that allows the integration of external signatures into
these important databases (Fig. 8).

The resource that we provide here should encourage and support
future research in DC biology. For example, it will be interesting to
understand why there is a differential distribution of the three DC
subsets in different tissues. Because very distinct functions have been
associated with the three cell types (49), it will be interesting to address
whether different ratios of these cells lead to differential functionality
of the complete DC compartment within a given tissue. Furthermore,
albeit the responding DC subsets are similar in different tissues, fur-
ther studies could address whether the migratory capacities differ and,
if so, how these differences are encoded in the transcriptome. Simi-
larly, it will also be important to link tissue residency to the transcrip-
tional modules responsible for this function.
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Together, we provide a resource of data containing the three ma-
jor human DC subpopulations in lymphohematopoietic tissues. More-
over, we encourage the community to use our findings when studying
human DCs in the context of tissue homeostasis but more impor-
tantly during pathophysiological processes in the context of human
diseases.

MATERIALS AND METHODS

Tissue preparation

Leukocyte reduction cones were retrieved from anonymous healthy
adult donors. Cord blood was obtained from normal childbirth.
Bone marrow was received from biopsies applied for the exclusion
of lymphoma or leukemia. Thymus samples were retrieved from cardiac
surgeries of otherwise healthy children. The sources of spleen or ton-
sil samples were patients requiring therapeutic splenectomy or tonsil-
lectomy, respectively. All samples were received under local ethical
committee approvals (Ethikkommission der Universitit Erlangen-
Niirnberg), and informed written consents were obtained in accord-
ance with the Declaration of Helsinki.

None of the donors were positive for HIV or hepatitis C virus, and
only samples with reconfirmed negative status of tumor, chronic, or
immunological diseases were used in this study. For statistical analyses of
DC subpopulation frequencies in the various tissues, 235 different
samples (with 30 donations from both blood and spleen, 56 donations
from thymus, 54 from tonsils, 22 from bone marrow, and 43 from cord
blood) have been analyzed (Fig. 1). All analyzed tissues were derived
from different human donors.

All tissue samples were freshly isolated, immediately processed,
and enzymatically digested in phosphate-buffered saline (PBS), 2%
fetal calf serum (Biochrom) or mixed human serum type AB (Lonza),
collagenase D (400 U/ml) (Serva), and 100 ug (spleen and tonsil) to
300 pg (thymus) of deoxyribonuclease I (Sigma). Mechanical disrup-
tion was conducted using the gentleMACS tissue dissociator (Miltenyi
Biotec). The tissue samples were filtered twice. Single-cell suspensions
or directly received donations of blood, cord blood, and bone marrow
were diluted with RPMI 1640 medium in a 1:1 ratio, followed by gra-
dient centrifugation as described before as a standard procedure for
blood preparation. Surface molecule expression and maturation state
of DC subpopulations were not influenced by the applied procedures.
In particular, CD83, a marker indicating DC activation, was not ex-
pressed on any DC population of the investigated and prepared single-
cell suspensions, supporting the finding that the specialized tissue
preparations did not initiate the maturation of the different DC sub-
sets (table S1B).

Flow cytometry

Eight- to 18-color flow cytometry was performed on single-cell sus-
pensions (5 x 10° to 8 x 10° cells) of freshly prepared or frozen tis-
sue samples. Cells were stained in one to four steps with differently
labeled monoclonal antibodies. For the screening of cell surface
molecule expression (Lyoplate assay, BD), the unconjugated anti-
body (or only PBS, 2% human serum as negative control) was applied
first, followed by a secondary goat anti-mouse immunoglobulin G
(IgG) or goat anti-rat IgG Alexa Fluor 647 antibody, respectively. In a
third round, fluorochrome-conjugated antibodies for the discrimination
of different cell populations were used in PBS and 2% human serum.
4',6-Diamidino-2-phenylindole (0.1 pg/ml) was applied for the exclu-
sion of dead cells.
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Cell sorting

Cell sorting was conducted from single-cell suspensions. A DC-defining
antibody cocktail was applied, as listed in table S2. A total of 10,000
cells from each sample were directly sorted into RPMI and 2% human
serum-containing polymerase chain reaction tubes and washed. During
and after sorting, the cells were strictly kept on ice. Pellets were sub-
sequently cryopreserved in liquid nitrogen and stored at —80°C for later
experiments. All samples were simultaneously processed by Miltenyi
Biotec, including RNA preparation, RNA quality control, RNA super
amplification, and microarray hybridization (Whole Human Genome
Oligo microarray, 8x60K, Agilent). Raw data files were analyzed using
Partek Genomics Suite software.

Summary of bioinformatic analyses

An extended description of all bioinformatic analyses is provided in
the Supplementary Materials. Briefly, PCA, SOM clustering, CEA, and
a coexpression network were used to display the overall structure of
the data set containing the three major DC subsets from three differ-
ent tissues, as well as blood CD14" monocytes, B cells, and T cells (fig.
S2). The same approaches were used to explore the structure of a re-
duced data set containing the three DC subsets from blood, spleen,
and thymus alone (Fig. 2). Working further with the reduced data
set only, genes being specifically expressed in a certain cell type (CD1c"
DCs, CD141" DCs, and pDCs) or organ (blood, spleen, and thymus)
or in one of the DC subsets in a particular organ were identified using
linear SVR (60) (Fig. 3 and fig. S3) or by considering candidates that
show high correlations between gene and protein expression (Fig. 4
and fig. S4). On the basis of the gene lists identified by SVR, a coex-
pression network (62) was generated and used to highlight cell type—
specific gene clusters (Fig. 5 and fig. S5). Furthermore, from all annotated,
present, and highly correlated TRs in the data set (fig. S6), candidates
were allocated to a specific cell type if their target genes showed a large
overlap with a corresponding gene cluster in Fig. 3 (Fig. 6). To extend
the comparison to non-lymphohematopoietic tissues, an additional
data set containing DCs from human blood, skin (40), and lung
was assembled. Using Pearson correlation values (Fig. 7) and Euclid-
ean distances (fig. S7), the similarities between the DC subsets of dif-
ferent tissues were depicted for each data set separately and then
compared. Last, using GSEA (63) and BubbleGUM (64), gene sets
from MSigDB (63), from ImmuneSigDB (65), and from a large data
set previously assembled (40) combined with previously unpublished
data from human lungs were linked to CD1c" DCs, CD141" DCs, and
pDCs and visualized in the form of BubbleMaps (Fig. 8 and fig. S8).

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/1/6/eaai7677/DC1

Materials and Methods

Fig. S1. Gating strategy for DC subpopulations and monocytes from different human
lymphohematopoietic organs.

Fig. S2. Comparative transcriptomic analysis of DCs, monocytes, and T and B cells.

Fig. S3. Marker genes for human lymphohematopoietic DC subsets.

Fig. S4. Cell surface molecule expression of lymphohematopoietic tissue DC subpopulations
and monocytes.

Fig. S5. Generation of coexpression networks.

Fig. S6. Overlaying expression information onto the TR network of human DC subpopulations.
Fig. S7. Comparative analyses of different human lymphohematopoietic and non-
lymphohematopoietic tissue DC and monocyte transcriptional data sets.

Fig. S8. ImmuneSigDB signatures related to the major DC subpopulations in blood, spleen, and
thymus.

Table S1. Frequencies of human lymphohematopoietic DC subpopulations and expression of
common DC or monocyte markers.
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Table S2. Gating strategy for sorting DC subpopulations, monocytes, and T and B cells.
Table S3. Signature and marker genes for human lymphohematopoietic DC subsets.

Table S4. Marker genes for the different lymphohematopoietic DC subpopulations.

Table S5. Seven clusters of coexpressed genes.

Table S6. TRs of human lymphohematopoietic DC subpopulations.

Table S7. Similarities between lymphohematopoietic and non-lymphohematopoietic DC subsets.
Table S8. Ranked list of ImmuneSigDB signatures.
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Editor's Summary Dendritic cell branchesDendritic cell (DC) subsets have been well studied in
mice; however, the relative contribution of ontogeny and tissue microenvironment to DC function
in humans is less clear. Now, Heidkamp et al. perform phenotypic and transcriptional profiling of
three DC subtypes in different human tissues from a large number of individuals. They find that
DC subpopulations in more lympho-hemaotopoietic organs (spleen, thymus, and blood) are
more strongly influenced by ontogeny, whereas those from lung and skin may be influenced by
the issue microenvironment. The data collected here provide an in depth look at the
transcriptional profile of dendritic cell subsets in humans and inform our understanding of human
DC hiology.
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