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The spleen contains phenotypically and functionally distinct conven-
tional dendritic cell (cDC) subpopulations, termed cDC1 and cDC2, which
each can be divided into several smaller and less well-characterized
subsets. Despite advances in understanding the complexity of cDC
ontogeny by transcriptional programming, the significance of post-
translational modifications in controlling tissue-specific cDC subset
immunobiology remains elusive. Here, we identified the cell-
surface–expressed A-disintegrin-and-metalloproteinase 10 (ADAM10)
as an essential regulator of cDC1 and cDC2 homeostasis in the splenic
marginal zone (MZ). Mice with a CD11c-specific deletion of ADAM10
(ADAM10ΔCD11c) exhibited a complete loss of splenic ESAMhi cDC2A
because ADAM10 regulated the commitment, differentiation, and
survival of these cells. The major pathways controlled by ADAM10
in ESAMhi cDC2A are Notch, signaling pathways involved in cell pro-
liferation and survival (e.g., mTOR, PI3K/AKT, and EIF2 signaling), and
EBI2-mediated localization within the MZ. In addition, we discovered
that ADAM10 is a molecular switch regulating cDC2 subset hetero-
geneity in the spleen, as the disappearance of ESAMhi cDC2A in
ADAM10ΔCD11c mice was compensated for by the emergence of a
Clec12a+ cDC2B subset closely resembling cDC2 generally found in
peripheral lymph nodes. Moreover, in ADAM10ΔCD11c mice, terminal
differentiation of cDC1was abrogated, resulting in severely reduced
splenic Langerin+ cDC1 numbers. Next to the disturbed splenic cDC
compartment, ADAM10 deficiency on CD11c+ cells led to an increase
in marginal metallophilic macrophage (MMM) numbers. In conclu-
sion, our data identify ADAM10 as a molecular hub on both cDC and
MMM regulating their transcriptional programming, turnover, ho-
meostasis, and ability to shape the anatomical niche of the MZ.
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The splenic marginal zone (MZ) represents a distinct and spe-
cialized structure located at the interphase between the scav-

enging red pulp (RP) and the lymphoid white pulp (WP). As the
MZ contains the arterial gateways, it harbors highly specialized
antigen-presenting cell (APC) populations that trap antigens from
the circulation for their clearance and degradation, as well as the
induction of adaptive immune responses. These sentinel APC include
CD11c+ conventional dendritic cells (cDC), which are scattered
throughout the MZ and enriched in so-called bridging channels
(1, 2), as well as CD169+ (Siglec-1) marginal metallophilic mac-
rophages (MMM) and SIGN-R1+ MZ macrophages (3).
cDC are generally divided into cDC1 and cDC2 lineages (4) but

can be further delineated into several distinct cDC subsets that exhibit

different immune-modulatory functions (5–9). cDC1 in lymphoid
organs are characterized as CD8α+CD24+CD205+XCR1+ cells.
Among cDC1, a CD103+Langerin+ subset is located predominantly
in the MZ, while Langerin– cDC1 are situated in the WP T cell
areas (10). Functionally, Langerin+ cDC1 are primarily involved in
the cross-presentation of circulating apoptotic cells, IL-12p70 pro-
duction, and viral and bacterial clearance, while Langerin– cDC1 are
less efficient in executing these tasks (1, 11–14). CD11b+SIRP-α+

cDC2 on the other hand are more heterogeneous than cDC1 and
express cell-surface markers that overlap with monocyte-derived DC
(Mo-DC) and macrophages (15). cDC2 consist of at least two pre-
dominant lineages based on the mutually exclusive expression of the
transcription factors (TF) T-bet and ROR-γt (16). T-bet+ cDC2A
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are further characterized by CD4 and endothelial cell-selective
adhesion molecule (ESAM) expression, while ROR-γt+ cDC2B
are ESAMlo and selectively express the C-type lectin-like re-
ceptor Clec12a. ESAMhi cDC2A are efficient in MHCII antigen
presentation and CD4+ T cell activation but poor in the pro-
duction of proinflammatory cytokines, which is a characteristic of
ESAMlo cDC2B (17–22).
While the transcriptional programming involved in cDC1 and

cDC2 subset fate commitment is partially known (7, 23–26),
numerous molecular cues regulating the fine-tuning of the final dif-
ferentiation and homeostasis of tissue-specific cDC subsets are still
unclear (27). Proteinases of the A-disintegrin-and-metalloproteinase
(ADAM) family are involved in the posttranslational modification
of cell-surface proteins via a process called ectodomain shedding
(28–32). Although the closely related ADAM10 and ADAM17
regulate a variety of cellular responses, such as the release of cell
adhesion molecules, cytokines, and chemokines, as well as the
generation of intracellular signals, for example, Notch signaling
(32, 33), little is known about their role in the immune system (34).
Yet, ADAM10, ADAM17, and several of their putative targets
are highly expressed on myeloid cells, suggesting that these pro-
teases are key molecules orchestrating cDC and macrophage
homeostasis (28–32, 34). In line with this, ADAM10-mediated
shedding of FLT3L was recently shown to be critical for the
development and maintenance of splenic ESAMhi cDC2A (35).
To determine the specific role of ADAM-mediated ectodo-

main shedding for the development and homeostasis of splenic
macrophages and cDC subsets, we analyzed mice with CD11c+

cell-specific genetic deficiencies of ADAM10 and/or ADAM17.
Our data establish that ADAM10, but not ADAM17, represents
an essential molecular switch governing critical aspects of splenic
macrophage and cDC homeostasis in the MZ. Notably, ADAM10
dependence was not restricted to the ESAMhi cDC2A subset but
was also vital for the homeostasis of splenic XCR1+Langerin+

cDC1 in the MZ. Moreover, these mice exhibited differences in
MMM, identifying nonredundant ADAM10-mediated posttrans-
lational modifications as an indispensable molecular hub on
CD11c+ APC, fine-tuning the biology and likely also the function
of the splenic MZ microenvironment.

Methods
Mice. Adam10flox/flox and Adam17flox/flox mice were generated previously (36,
37) and bred to B6.Cg-Tg(Itgax-cre)i-1Reiz/J (CD11c-Cre mice) (38) to gen-
erate Adam10flox/flox-CD11c-Cre (ADAM10ΔCD11c), Adam17flox/flox-CD11c-Cre
(ADAM17ΔCD11c), and Adam10flox/floxAdam17flox/flox-CD11c-Cre (ADAM10/
17ΔCD11c) mice, respectively. Adam10flox/flox mice were also crossed to
CX3CR1-Cre (39) (ADAM10ΔCX3CR1) and XCR1-Cre (40) mice (ADAM10ΔXCR1).
Germline transmitted EBI2fl-EGFP mice were crossed to the Cre deleter strain to
generate EBI2-deficient EBI2EGFP/EGFP mice (EBI2-KO) (41). All mice were used on a
C57BL/6 background and maintained under specific pathogen-free conditions at
the Translational Animal Research Center of the University Medical Center Mainz
(Mainz, Germany). CD11c-Cre+ mice and CD11c-Cre– littermate controls were
housed together to avoid cage bias, and animals (both male and female) were
between 8 and 16 wk of age at the start of the experiment. All mice were used
in accordance with institutional and national animal experimentation guidelines.

cDC Phenotyping by Flow Cytometry. Single cells were suspended in fluores-
cence-activated cell sorting (FACS) buffer (phosphate buffered saline [PBS]/
2mM EDTA/2% fetal calf serum [FCS]). Immunostaining was performed in
the presence of rat anti-mouse Fc-γRIII/II receptor (CD16/32; clone 2.4G2),
and cells were stained with appropriate antibodies at 4 °C in the dark for 30
to 45 min. Intracellular or intranuclear staining was performed using the
reagents provided in the Cytofix/Cytoperm kit according to the manufac-
turer’s instructions (BD Biosciences). Flow cytometry was performed with a
FACSCanto II or FACSymphony (both BD Biosciences), and data were ana-
lyzed using FlowJo software (TreeStar Inc). The full list of antibodies can
be found in SI Appendix, Table S1.

Additional Methods. In vivo treatments, sample preparation and cell sorting,
bonemarrow-derived DC cultures, RNA sequencing, microarray data analysis,

and transwell migration assays are described in SI Appendix, Materials and
Methods.

Statistical Analysis. In all experiments, data are presented as mean ± SEM and
were analyzed applying the two-tailed, unpaired Student’s t test or one-way
ANOVA with Bonferroni post hoc test, using GraphPad Prism 8 software. P
values of <0.05 were considered statistically significant. Significance is indi-
cated as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.

Results
ADAM10 Is Essential for the Homeostasis of Splenic Langerin+ cDC1
and ESAMhi cDC2. Both ADAM10 and ADAM17 are expressed on
myeloid cells, including splenic cDC1 and cDC2 (Fig. 1A). To ex-
amine their role in regulating cDC homeostasis, we generated
CD11c-specific knockouts (KO) of either ADAM (ADAM10ΔCD11c

and ADAM17ΔCD11c mice). As conditional deletion of, respectively,
ADAM10 and ADAM17 resulted in increased expression of the
other ADAM on BM-DC and splenic cDC2 (SI Appendix, Fig. S1 A
and B), we also analyzed ADAM10/17ΔCD11c double-knockout
(DKO) mice to exclude any possible compensatory effects.
Although splenic cDC frequencies were consistently reduced in

both ADAM10ΔCD11c and ADAM10/17ΔCD11c mice, ADAM10 or
ADAM17 deficiency did not affect absolute cDC numbers in the
spleen and peripheral lymph nodes (pLN) (Fig. 1B and SI Ap-
pendix, Fig. S1 C–E). Moreover, the division of cDC into XCR1+

cDC1 and SIRP-α+ cDC2 subsets was unaffected in the spleen of
ADAM10ΔCD11c mice (Fig. 1C). ADAM10 deficiency also did not
affect the cDC1/cDC2 subset distribution among resident and tissue-
derived migratory cDC populations in pLN (SI Appendix, Fig. S1E).
Nevertheless, unsupervised visualization of high-dimensional flow
cytometry data of splenic cDC using t-distributed stochastic
neighbor embedding revealed dramatic phenotypic changes within
both the cDC1 and cDC2 compartment (Fig. 1D). In line with
previous reports (35, 42), these changes could be attributed to the
depletion of ESAMhi cDC2 in the spleens from ADAM10ΔCD11c

and ADAM10/17ΔCD11c but not ADAM17ΔCD11c mice (Fig. 1E
and SI Appendix, Fig. S1F). Notably, also the unique population
of splenic Langerin+XCR1+ cDC1 was twofold reduced in
ADAM10ΔCD11c and ADAM10/17ΔCD11c mice (Fig. 1F and SI
Appendix, Fig. S1G). In contrast to the spleen, ADAM10 de-
ficiency did not result in dramatic changes in the phenotype and
homeostasis of cDC1 and cDC2 in pLN (SI Appendix, Fig. S1H). In
line with the spleen-restricted ADAM10 dependency, nonlymphoid
tissue DC populations, including Langerhans cells, dermal cDC, or
pulmonary CD103+ cDC1 and CD11b+ cDC2, appeared similar
between control and ADAM10ΔCD11c mice (SI Appendix, Fig. S1I).

ADAM10 Deficiency Results in the Expansion of MMM. To examine
the impact of the observed changes in the cDC1 and cDC2
compartments in the steady-state spleen, and since CD11c-Cre
does not exclusively target cDC, we also analyzed other splenic
cell populations in detail. Overall, there was no gross difference in
the cellularity or the distribution of hematopoietic cell populations
in ADAM10ΔCD11c and ADAM17ΔCD11c mice (SI Appendix, Fig.
S2A). Plasmacytoid DC (pDC) did not differ in number in
ADAM-deficient mice (SI Appendix, Fig. S2B), yet an eightfold
reduction in the number of pDC-like CX3CR1

+CD8-α+XCR1–

DC (43) was observed in ADAM10ΔCD11c mice (SI Appendix, Fig.
S2C). Moreover, eosinophils (70-fold) and monocyte-derived in-
flammatory DC (eightfold) were markedly increased in these mice
(SI Appendix, Fig. S2D), but ADAM10 deficiency did not result in
excessive immune activation, as the maturation state of cDC, de-
termined by the expression of activation markers like CD80 and
CD86, was similar to controls (SI Appendix, Fig. S2E).
Histological examination of the spleen revealed that ADAM10ΔCD11c

mice displayed a more diffuse and broader MZ as compared to
controls (Fig. 1 G and H). Specifically, CD169+ MMM were less
strictly confined to the MZ but scattered across the RP and WP.
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Moreover, the number of these MMM increased twofold in
ADAM10ΔCD11c but not ADAM17ΔCD11c mice (Fig. 1I and SI
Appendix, Fig. S2F). Of note, targeted ADAM10 deletion using
CX3CR1-Cre (expressed by mononuclear phagocytes including
MMM) but not by XCR1-Cre (expressed by cDC1) resulted in a
comparable twofold increase of MMM (Fig. 1J). Together, these
data demonstrate that CD11c-specific ADAM10, but not
ADAM17, uniquely contributes to the homeostasis of multiple
distinct splenic APC populations in the MZ, while it is dispensable
for cDC homeostasis in peripheral tissues and pLN.

Splenic Langerin+ cDC1 Selectively Depend on ADAM10. cDC1 in the
spleen consist of CD103+ and CD103– subpopulations (11), where
about half of the CD103+ cells coexpress Langerin. The frequency
of these Langerin+CD103+ cDC1 was strongly diminished in the
spleens of ADAM10ΔCD11c mice (Fig. 2A). Intriguingly, splenic
cDC1 total counts were maintained due to the expansion of
Langerin-negative cDC1 (Fig. 2B). Although ESAM is predomi-
nantly expressed on cDC2 (17, 44), ESAM+ cells were enriched
within the Langerin-expressing cDC1 fraction, and an approxi-
mately twofold reduction of this cDC1 subset was observed in
ADAM10ΔCD11c mice (Fig. 2C). Since Langerin+XCR1+ cDC1

E
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I JH

Fig. 1. ADAM10-mediated modifications are essential for the homeostasis of splenic ESAMhi cDC2 and Langerin+ cDC1. (A) Abundance of mRNA encoding
ADAM10 (Top) or ADAM17 (Bottom) in bulk-sorted splenic CD11c+MHCII+ CD8-α+ cDC1 (orange), CD4+ cDC2 (purple), and CD4– cDC2 (green) subsets pre-
sented in arbitrary units (AU). (B) Frequencies (flow cytometry plots) and absolute numbers (bar graphs) of splenic CD11c+MHCII+ cDC (Top) and
CD11chiMHCII+ LN-resident cDC and CD11c+MHCIIhi LN-migratory cDC (Bottom) in control versus ADAM10ΔCD11c mice. (C) Representative flow cytometry plots
showing frequencies of splenic XCR1+ cDC1 (orange gate) and SIRP-α+ cDC2 (aubergine gate) within the CD11c+MHCII+ cDC gate of control and ADAM10ΔCD11c

mice. Bar graphs indicate absolute numbers of XCR1+ cDC1 and SIRP-α+ cDC2 in spleens of control and ADAM10ΔCD11c mice. (D) t-distributed stochastic
neighbor embedding (t-SNE) embedding of three control and three ADAM10-KO concatenated samples with 4.000 cDC each, indicating cDC1 (orange) and
cDC2 (aubergine) classification based on XCR1 and SIRP-α expression, respectively. (E) Representative flow cytometry plot with average frequencies of splenic
ESAMhiSIRP-α+ cDC2 in control and ADAM10ΔCD11c mice. (F) Representative flow cytometry plot with average frequencies of splenic Langerin+XCR1+ cDC1 in
control and ADAM10ΔCD11c mice. (G) Immunofluorescence staining of anti-CD169 (Siglec-1) in spleens of control and ADAM10ΔCD11c mice (Olympus IX81, 10×).
(H) Bar graph represents MZ width, as determined by measuring the size of the MMM ring at four opposite locations of at least 10 MZ of three to four animals
per group with Olympus CellSense Dimension software. (I) Frequency (representative FACS plots) and quantification (bar graphs) of total MMM numbers in
spleen of control and ADAM10ΔCD11c mice. MMM were characterized as living CD45+ autofluorescent CD169+ cells. (J) Quantification of MMM numbers in
spleen of control, ADAM10ΔCX3CR1 (Left), and ADAM10ΔXCR1 (Right) mice. *P < 0.05 and ***P < 0.001 (Student’s t test). FACS plots show one representative
mouse/group with mean frequencies or mean fluorescent intensities ± SEM. Data are pooled from at least three experiments (n = 4 to 6 mice/experiment).
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are considered to represent a final cDC1 maturation stage (1), we
further phenotypically characterized the XCR1+ cDC1 population
in control and ADAM10ΔCD11c mice. Indeed, the fraction of CD8-
α–negative cells among XCR1+ cDC1 was substantially increased
in ADAM10ΔCD11c mice, and ADAM10-deficient cDC1 exhibited
increased CD24 expression suggesting a less differentiated state of
these cells (Fig. 2D).
XCR1+ cDC1 are distributed between the WP T cell area and

the RP (45–48), while the Langerin+ subset specifically resides in
the MZ (1). In vivo labeling of cDC revealed that, in contrast to
control cDC1, ADAM10-deficient XCR1+ cDC1 preferentially
localized to sites in the spleen that are accessible to intravenously
injected anti-CD11c antibodies, that is, in the RP (Fig. 2E). To
study whether ADAM10 directly controls the terminal differ-
entiation of Langerin+ cDC1, or whether the loss of these cells is
secondary to the defect in MZ microarchitecture, we analyzed
this cDC1 subset in ADAM10ΔXCR1 and ADAM10ΔCX3CR1 mice
and found that the number of Langerin+ cDC1 was significantly
decreased in the spleens of both mice (Fig. 2F). As the splenic
MZ architecture in ADAM10ΔXCR1 mice was unaffected, these
data indicate that ADAM10 is intrinsically required for the
commitment and homeostasis of Langerin+ cDC1. On the other

hand, the number of Langerin+ cDC1 was also strongly dimin-
ished in ADAM10ΔCX3CR1 mice, which might suggest that indi-
rect effects of absent ADAM10 shedding on macrophages shape
appropriate cDC1 homeostasis (Fig. 2F).
To identify ADAM10-regulated pathways in cDC1, we per-

formed single-cell RNA sequencing (SC-seq-WTA) of splenic
CD11c+ cells from control and ADAM10ΔCD11c mice. This
analysis revealed extensive transcriptional changes in ADAM10-
deficient XCR1+ cDC1 with a down-regulation of numerous
genes that characterize Langerin+CD103+ cDC1 (11), including
Cd207 (encoding for Langerin) and Itgae (encoding for CD103)
upon loss of ADAM10 in cDC1 (Fig. 2G and Dataset S1). The
expression of cDC1-defining TF was not affected in ADAM10-
deficient cDC1, although Irf8 and Id2 were slightly increased (SI
Appendix, Fig. S3A). GO enrichment analysis identified that
mainly biological processes involved in cDC function rather than
development were affected by ADAM10 deficiency (SI Appen-
dix, Fig. S3B), indicating that ADAM10 is dispensable for cDC1
commitment but required for their terminal differentiation into
Langerin+ cDC1. Collectively, these data point toward foiled
terminal differentiation of splenic XCR1+ cDC1 in the absence
of ADAM10 on CD11c+ cells.
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Fig. 2. ADAM10 controls the terminal differentiation of splenic Langerin+ cDC1. (A) Frequency of Langerin+CD103+ cells within the XCR1+ cDC1 cDC pop-
ulation in spleens of control and ADAM10ΔCD11c mice. (B) Absolute numbers of splenic Langerin+ and Langerin– cDC1 in control and ADAM10ΔCD11c mice. (C)
Frequency of ESAMhi cells within the Langerin+ cDC1 subset. (D) Expression of CD8-α and CD24 on splenic cDC1 isolated from control and ADAM10ΔCD11c mice,
assessed by flow cytometry gated on CD11c+MHCII+XCR1+ cells. Filled histogram: isotype control. (E) Frequency of in vivo CD11c-labeled cDC1 in spleens of
control and ADAM10ΔCD11c mice. (F) Representative flow cytometry plot showing the frequency of splenic Langerin+XCR1+ cDC1 in control (Top),
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Loss of Splenic ESAMhi cDC2 in ADAM10ΔCD11c Mice Is Compensated for by
Emerging Clec12a+CX3CR1

+ESAMlo cDC2B. Spleens of ADAM10ΔCD11c

mice were almost completely depleted of ESAMhi cDC2 (Fig. 1E)
(35, 42). However, ADAM10 deficiency did not affect total SIRP-α+
cDC2 counts in the spleen, as ESAMlo cells strongly expanded in
these mice, thereby maintaining the physiologic levels of total
splenic cDC2 (Fig. 3A). The classical delineation of SIRP-α+
cDC2 into CD4+ and CD4– subpopulations indicated that these
expanding ESAMlo cells could be further characterized by low
CD4 but high CX3CR1 and CD11b expression (Fig. 3B). Although
ESAMhi cDC2A were present in normal number in ADAM10ΔXCR1

mice, these cells were significantly decreased in ADAM10ΔCX3CR1

mice (Fig. 3C). ADAM10-deficient cDC2 showed normal expres-
sion of cDC2-defining TF, although Relb, Stat3, and Ikaros (Ikzf1)
were significantly decreased (SI Appendix, Fig. S4A). RUNX3
cooperates with ZBTB46 to control ESAMhi cDC2 homeostasis,
as lack of RUNX3 shifts gene expression toward ESAMlo cells and
leads to a loss of the ESAMhi identity (49). Accordingly, ADAM10-
deficient cDC2 showed a trend toward reduced expression of both
Runx3 and Zbtb46 transcripts, while Zeb2 was increased (SI Ap-
pendix, Fig. S4A).
Notably, differential clustering of SC-seq-WTA data revealed

that the increase in splenic ESAMloSIRP-α+ cDC2 in ADAM10ΔCD11c

mice was not due to a simple expansion of the small ESAMlo

cDC2 population already present in the steady-state spleen
(Fig. 3D, subpopulation II) but that ADAM10 deficiency resulted
in the emergence of a unique splenic cDC2 subpopulation (Fig. 3D,
subpopulation III) that was transcriptionally different from splenic
CD4– (ESAMlo) cDC2 in control mice.
ESAMlo cDC2 in the spleen of ADAM10ΔCD11c mice have been

suggested to originate from circulating monocytes, as these cells
display a myeloid signature (35). Indeed, ADAM10-deficient
ESAMlo cDC2 appear like Mo-DC, as they expressed high levels
of Ly6C (Fig. 3E). Moreover, analysis of the top 15 most significant
gene expression features between the cDC2 subpopulations revealed
that the emerging ESAMlo cDC2 (population III) displayed higher
transcript levels of markers, which are typical of the monocyte/
macrophage lineage, including lysozyme 1 and 2, and the mannose
receptor 1 (CD206) (SI Appendix, Fig. S4B). On the other hand,
splenic ESAMlo cDC2 in ADAM10ΔCD11c mice express FLT3
(Fig. 3F), a receptor that is selectively expressed on pre-DC–derived
DC but not on Mo-DC (50). Moreover, emerging ESAMlo cDC2
could not be characterized as genuine CD11b+Ly6C+CD64+Mo-DC
(SI Appendix, Fig. S4C) (51) or CD26+CD64+MAR-1+ inflam-
matory cDC2 (SI Appendix, Fig. S4D) (52).
Recently, SIRP-α+ cDC2 were divided into ESAMhi cDC2A

and Clec12a+ cDC2B lineages (16). Indeed, the expanding ESAMlo

cDC2 expressed Clec12a (Fig. 3G). Moreover, ADAM10-deficient
cDC2 exhibited higher expression of ROR-γt, both on messenger
RNA (mRNA) and protein level, while T-bet was significantly re-
duced as compared to control cDC2 (Fig. 3 H and I). Within
ADAM10-deficient cDC2, the expression of cDC2A signature
genes was markedly decreased (down-regulation of 44 out of 69
cDC2A core genes), whereas cDC2B signature genes were enriched
in these cells (up-regulation of 133 out of 155 cDC2B core genes)
(16) (Fig. 3J and Dataset S2). In addition, the cDC2A signature
gene set (16) significantly overlapped with our SC-seq-WTA pop-
ulation I, whereas cDC2B signature genes were enriched in pop-
ulation III (Fig. 3J), indicating that the emerging ESAMlo cDC2
comprise a bona fide cDC2B population.
Interestingly, steady-state pLN-resident cDC2 appeared ESAMlo

and expressed various Mo-DC markers, including Ly6C and
Clec12a, at higher levels and frequency than their splenic counter-
parts, thereby phenocopying the emerging splenic ESAMlo cDC2B
subset in ADAM10ΔCD11c mice (Fig. 3E). To delineate the rela-
tionship between cDC2 subpopulations in the spleen and pLN,
molecular definitions of cDC subsets in these organs were gener-
ated using published gene expression data of wild-type (WT) splenic

CD4+ cDC2 andWT pLN-derived CD4+ cDC2 (53) and compared
to the NGS expression profiles of splenic ADAM10-deficient cDC2.
This revealed that the expression of selected Mo-DC–associated
genes was elevated in both ADAM10-deficient CD4+ and CD4–

cDC2 and that these specific genes were also highly expressed
in WT pLN-resident cDC2 (SI Appendix, Fig. S4 E and F and
Dataset S3). Vice versa, certain splenic cDC2-associated factors
specifically decreased in WT pLN-resident cDC2 were also down-
regulated in splenic ADAM10-deficient cDC2B (SI Appendix, Fig.
S4 E and F and Dataset S3). Significantly, overlay of the WT
spleen/pLN identities with our ADAM10ΔCD11c SC-seq-WTA
data confirmed that the WT splenic cDC2 identity overlapped
with the splenic cDC2A (subpopulation I), while the pLN-
associated gene signature was specifically enriched in the emerg-
ing cDC2B found in ADAM10ΔCD11c mice (subpopulation III)
(Fig. 3K). Moreover, principal component analysis of NGS data
analysis of splenic ADAM10-deficient, ADAM10-control cDC2
subsets, and WT spleen/pLN cDC resulted in the clustering of
splenic WT CD4+ cDC2 with CD4+, as well as CD4– cDC2
isolated from ADAM10-control animals, while both ADAM10-
deficient splenic CD4+ and CD4– cDC2 subsets rather grouped
with WT CD4+ pLN-derived cDC2 (SI Appendix, Fig. S4G),
showing that loss of ADAM10 altered gene expression of the
residual cDC2A to a profile similar to the emerging ESAMlo
cDC2B in ADAM10ΔCD11c mice. In conclusion, rather than a
monocyte association, our data strongly point out that the
emerging splenic cDC2B in ADAM10ΔCD11c mice represent a
bona fide cDC2 subset closely related to pLN-resident cDC2 and
highlight further heterogeneity within the cDC2B population.

ADAM10 Governs the Commitment, Development, and Survival of
Splenic cDC2. To unravel how ADAM10 deficiency regulates the
homeostasis of spleen-specific cDC subsets, we investigated the
development of cDC and their precursors in ADAM10ΔCD11c

mice. As CD11c-cre–mediated deletion of ADAM10 occurs only
downstream of the common DC precursor (CDP) stage (54, 55), we
did not observe any differences in the number of commonmonocyte-
DC precursors and CDP in the BM between ADAM10ΔCD11c and
control mice (SI Appendix, Fig. S5A). Also, the committed cDC
precursor (pre-DC) compartment in the blood and spleen was un-
perturbed in ADAM10ΔCD11c mice (SI Appendix, Fig. S5B). Besides,
in vitro DC differentiation from BM progenitors in the presence of
recombinant FLT3L did not result in different cell yields of CD24+

cDC1 and CD11b+ cDC2 equivalents (SI Appendix, Fig. S5C),
demonstrating that ADAM10 is not essential for early cDC devel-
opment. Based on high or low Ly6C expression, pre-DC in the
spleen can be divided into precursors precommitted to either the
cDC2 or cDC1 lineage (54, 56, 57). Although ADAM10ΔCD11c mice
exhibited increased numbers of committed CD11cloLy6C+ pre-DC2
in the spleen (Fig. 4A), ADAM10 deficiency did impair further
differentiation into CD11chiSIRP-α+ pre-DC2 and instead diverted
progenitors toward CD24+ pre-DC1 development (17, 54) (Fig. 4B).
This indicates that ADAM10-deficient committed splenic pre-DC
are unable to support substantial cDC2 development in vivo.
Side-by-side analysis of enriched pathways using GO terms and

Canonical Pathway Analysis (IPA) from RNA sequencing data of
flow cytometry sorted CD4+ (ESAMhi) and CD4– (ESAMlo)
cDC2 cells revealed that in ADAM10-deficient cDC2A pathways
associated with cell cycle, energy metabolism, and migration were
significantly enriched for down-regulated genes, while many key
pathways associated with cellular processes, cell signaling, and
development were enriched for up-regulated genes (SI Appendix,
Fig. S5D). Considering these changes in canonical pathways as-
sociated with energy metabolism and cell proliferation, we sought
to determine whether ADAM10 deficiency negatively affected
ESAMhi cDC2A turnover and survival. For this, proliferation (in
vivo incorporation of BrdU) and apoptosis (Annexin V/7AAD
binding) of control and ADAM10-deficient splenic cDC was

Diener et al. PNAS | 5 of 12
Posttranslational modifications by ADAM10 shape myeloid antigen-presenting cell
homeostasis in the splenic marginal zone

https://doi.org/10.1073/pnas.2111234118

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://doi.org/10.1073/pnas.2111234118


assessed. Although the homeostatic proliferation of pre-DC in
BM and spleen (54, 55, 58, 59) was not impaired (SI Appendix,
Fig. S5E), BrdU labeling of splenic SIRP-α+ pre-cDC2 was
significantly reduced in ADAM10ΔCD11c mice as compared to
controls (Fig. 4C). Also, among differentiated ESAMhi cDC2,
the frequency of BrdU+ cells upon pulse labeling was diminished
(Fig. 4D). Surprisingly, the frequency of the cell-proliferation
antigen Ki-67+ cells among the few remaining ADAM10-
deficient ESAMhi cDC2A was increased (Fig. 4E), suggesting
that these cells prepared for cell-cycle entry but failed to prog-
ress with cell division. Consistently, the gene expression signa-
ture for G1/S and G2/M cell-cycle phases (60) was markedly
decreased in ADAM10-deficient cDC2 but not in ADAM10-
deficient cDC1 as compared to controls (Fig. 4F and Dataset S4).

The few remaining ESAMhi cDC2A isolated from ADAM10-
deficient mice displayed an increased frequency of apoptotic
cells, while the ESAMlo cDC2B and cDC1 populations were
not affected (Fig. 4G). Expression of IRF4, essential for final
cDC2 differentiation and survival (61–65), was diminished in
ADAM10-deficient cDC2 as compared to controls (Fig. 4H).
Although the expression of the death receptor FAS was in-
creased on ADAM10-deficient cDC2 (Fig. 4I), we did not
detect any differences in active caspase 3 levels between cDC
isolated from ADAM10ΔCD11c and control mice, suggesting that
caspase-independent pathways are involved. Collectively, these
data highlight that ADAM10 critically regulates the prolifer-
ation, differentiation, survival, and metabolic state of splenic
cDC2A.
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Fig. 3. ADAM10 deficiency results in the selective absence of splenic ESAMhi cDC2A that is compensated for by an emerging Clec12a+ cDC2B subset. (A)
Absolute cell counts of splenic ESAMhi and ESAMlo SIRP-α+ cDC2 in control and ADAM10ΔCD11c mice. (B) Phenotypic comparison of splenic CD11c+MHCII+SIRP-
α+ cDC2 isolated from control (Top) and ADAM10ΔCD11c (Bottom) mice, assessed by flow cytometry. (C) Frequency of splenic ESAMhi cDC2 in control,
ADAM10ΔXCR1, and ADAM10ΔCX3CR1 mice. (D) t-distributed stochastic neighbor embedding (t-SNE) analysis of SC-seq-WTA profiled control and ADAM10-
deficient cDC2 (gated for cells expressing Itgax, H2ab1, and Sirpa) showing automated clustering into an ESAMhi cDC2 subpopulation (subpopulation I,
purple) and two ESAMlo cDC2 subpopulations (subpopulations II and III, green). Each dot represents an individual cell. (E) Comparison of the expression of
CX3CR1 versus ESAM and Ly6C on SIRP-α+ cDC2 in spleen (Top) and pLN (Bottom) from control and ADAM10ΔCD11c mice assessed by flow cytometry. Filled gray
histogram: isotype control. (F) Flt3 RNA expression (Reads Per Kilobase Million) in splenic CD4+ and CD4– cDC2 subsets from control and ADAM10ΔCD11c mice.
(G) Flow cytometry plots show the frequency of Clec12a+SIRP-α+ splenic cDC2 in control and ADAM10ΔCD11c mice, while bar graphs represent the absolute
numbers of ESAMhi and Clec12a+ cDC2. T-bet and Ror-γT expression, either as protein expression on control and ADAM10-deficient SIRP-α+ cDC2 determined
by flow cytometry (H) or as RNA counts (Reads Per Kilobase Million) in bulk-sorted splenic CD11c+MHCII+CD4+ cDC2 (I). (J, Left) Violin plots show the ex-
pression of 69 Tbet+ cDC2A-associated key signature genes (purple) and 155 Tbet– cDC2B-associated key signature genes (green) across bulk-sorted CD4+ cDC2
subsets. Expression is log2 fold change between ADAM10 deficient/control. Gene sets are retrieved from published database and accessible as GEO GSE130201
(16). (Right) Unbiased t-SNE representation of SC-seq-WTA depicting cDC2 subpopulations I through III (Left, as in C), indicating the expression levels of the
cDC2A-associated gene signature (Top) and the cDC2B-associated gene signature (Bottom) in these cDC2 subpopulations. Each dot represents an individual
cell. (K) Unbiased t-SNE representation of SC-seq-WTA depicting cDC2 subpopulations I through III (Left, as in C), indicating the expression levels of splenic
cDC2-associated gene signature (comprised of 464 genes, Top) and the pLN-resident cDC2-associated gene signature (comprised of 184 genes, Bottom) in the
indicated cDC2 subpopulations. Each dot represents an individual cell. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test), FACS plots show one
representative mouse/group. Data are mean frequencies or mean fluorescent intensities ± SEM of more than five pooled experiments (n = 3 to 5 mice/ex-
periment). RNA expression data are from three Cre-negative and three Cre-positive ADAM10ΔCD11c mice.

6 of 12 | PNAS Diener et al.
https://doi.org/10.1073/pnas.2111234118 Posttranslational modifications by ADAM10 shape myeloid antigen-presenting cell

homeostasis in the splenic marginal zone

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111234118/-/DCSupplemental
https://doi.org/10.1073/pnas.2111234118


ADAM10 Controls Both Notch2-Dependent and Notch2-Independent
Pathways in Splenic cDC2. ADAM10 has recently been implicated
to be essential for maintaining in vivo cDC2 homeostasis by
shedding autocrine FLT3L from cDC2 (35). We could confirm
that ADAM10-deficient cDC2 exhibited higher FLT3 expression
than control cDC2 (Fig. 5A), possibly in response to FLT3L
deprivation in situ. In agreement, signaling pathways down-
stream of FLT3 such as mTOR, PI3K/AKT, ERK, and FOXO3
were down-regulated in ADAM10-deficient cDC2A (Fig. 5B).
Treatment of ADAM10ΔCD11c mice with recombinant FLT3L
(rFLT3L) resulted in a more robust expansion of cDC as com-
pared to control mice (Fig. 5C). Although both Langerin+ and
Langerin– cDC1 expanded in control mice, rFLT3L supplemen-
tation could not restore splenic Langerin+ cDC1 numbers in
ADAM10ΔCD11c mice, despite the fact that the expansion of these
cells on a cell-based level was stronger than found in control mice
(2.6-fold increase of Langerin+ cDC1 in control mice as com-
parted to a 7.9-fold increase in ADAM10ΔCD11c mice upon
rFLT3L treatment) (Fig. 5D and SI Appendix, Fig. S6A). In con-
trast to the findings of an earlier study (35), rFLT3L treatment did
not affect the number of splenic ESAMhi cDC2A in both control
and ADAM10ΔCD11c mice, and as a consequence, rFLT3L did not
restore the ESAMhi phenotype in the ADAM10-deficient setting
but rather resulted in a strong expansion of CX3CR1

+ cDC2B,
supporting their conventional DC origin (Fig. 5E and SI Appendix,
Fig. S6B). These data suggest that although ADAM10 is essential
for autocrine FLT3L shedding (35), this pathway does not con-
tribute to the development and maintenance of splenic Langerin+

cDC1 and ESAMhi cDC2A in ADAM10ΔCD11c mice.
Next to cell-intrinsic control by certain TF, Notch2 and lym-

photoxin (LT-α1β2)-LT-βR signaling locally control the tissue-
specific development and/or homeostasis or proliferation of
ESAMhi cDC2 (17, 38, 44, 58, 66). As ADAMs have been im-
plicated in the shedding of both LT-α1β2 (67) and Notch2 (68),
our data suggest that the drop in ESAMhi cDC2A may be due to
impaired LT-βR and/or Notch2 signaling. Although ADAM10
deficiency resulted in a small but significant increase in Ltbr gene
expression (Fig. 5F), this did not translate into changes at the
protein level. In contrast, ADAM10-deficient cDC2A exhibited
significantly reduced levels of mRNA encoding for the NF-
κB–inducing kinase (NIK) and RelB, which are both compo-
nents of the downstream LT-βR signaling pathway (Fig. 5F). To
test whether activation of LT-βR signaling could rescue the cDC2
phenotype observed in ADAM10ΔCD11c mice, the animals were
treated for 6 d with agonistic LT-βR antibodies (66, 69). Although
anti–LT-βR treatment reduced the frequency of apoptotic cDC2
in ADAM10-sufficient animals, it failed to restore the ESAMhi

cDC2A and Langerin+ cDC1 in ADAM10ΔCD11c mice (Fig. 5G)
nor did it lower the expression of CD11b and CX3CR1 on cDC2.
Notch2 facilitates terminal differentiation and homeostasis of

tissue-specific cDC, in particular of the ESAMhi cDC2A subset
in the spleen (17, 38, 44). Flow cytometry analysis revealed a
significant up-regulation of the Notch2 receptor on ADAM10-
deficient cDC2 (Fig. 5H), suggesting impaired ligand-mediated
down modulation in the absence of ADAM10 shedding.
To address whether ADAM10 functions as a fate switch reg-

ulating splenic ESAMhi cDC2 homeostasis via Notch2 (17, 44),
we compared NGS data of control versus ADAM10-deficient cDC2
subsets with reanalyzed published gene expression microarray data
of Notch2-KO CD11b+ cDC2 (Dataset S5A) (44). This comparison
revealed that the gene expression signature of ADAM10-deficient
CD4+ cDC2A highly correlated with Notch2-KO cDC2, as the
expression of 437 out of 530 identified Notch2-dependent genes
(82%) was also significantly changed in ADAM10-deficient cells.
Additionally, also CD4– cDC2B displayed a significant overlap with
Notch2-KO cells (288 out of 530 Notch2-dependent genes were
changed) (Fig. 5I and Dataset S5B), including down-regulation of
the well-characterized canonical Notch2-target genes Dtx1, Hes1,

and Hey1 (SI Appendix, Fig. S6C). These observations strongly
suggest that in the absence of ADAM10 shedding, splenic cDC2 fail
to induce Notch2-mediated terminal differentiation into ESAMhi

cDC2A. Intriguingly, next to the Notch2 signature in ADAM10-
deficient cDC2, an even larger number of Notch2-independent
genes (1,002 out of 1,439 genes in CD4+ cDC2A [70%], and 620
out of 919 genes in CD4– cDC2B [67%]) differed significantly
between control and ADAM10-deficient cDC2, indicating that
ADAM10 affects additional developmental pathways required
for cDC2 homeostasis.
There was also a significant overlap of differentially expressed

genes (60%, 127 out of 212 genes), including Cd207 (Langerin),
between ADAM10-deficient cDC1, Notch2-deficient cDC1, and
splenic CD103+ DC (11) (Fig. 5J and Dataset S5C), suggesting
that ADAM10-mediated Notch2 signaling is essential for the
development and/or homeostasis of the splenic Langerin+ cDC1
subset. Among the Notch2-related genes that were differentially
expressed between ADAM10-deficient and control cDC1, 60
were also differentially expressed in ADAM10-deficient cDC2,
indicating that the ADAM10–Notch2 axis regulates several de-
velopmental pathways shared by both cDC1 and cDC2.

ADAM10 Orchestrates EBI2-Mediated Migration and Positioning of
cDC2 in the MZ. So far, we established that ADAM10-deficient
ESAMhi cDC2A (and their immediate precursors) exhibit a slower
turnover and decreased survival. Appropriate positioning of CD4+

cDC2 in the splenic MZ, controlled by the G protein–coupled
receptor EBI2 (45, 46), is essential for their terminal differentiation
and sentinel function (70). Together, this suggests that ADAM10
might control the maintenance of committed ESAMhi cDC2A by
regulating their migration into the appropriate MZ microanatomi-
cal niche. Gpr183 mRNA (encoding for EBI2) is predominantly,
but not exclusively, expressed by cDC2 and was significantly
down-regulated in both ADAM10-deficient cDC1 and cDC2A
subsets as compared to control cDC (Fig. 6A). Control SIRP-α+
cDC2 migrated dose-dependently toward the EBI2 ligand 7α,25-
Dihydroxycholesterol (7α,25-OHC) in an in vitro transwell mi-
gration assay, until receptor internalization abrogated cDC2 mi-
gration at high ligand concentrations, while ADAM10-deficient
cDC2 completely failed to migrate in an EBI2-dependent manner
(Fig. 6B). As reported before, mice deficient for EBI2 had fewer
splenic SIRP-α+ cDC2 (45, 46), but in contrast to ADAM10ΔCD11c

mice, the spleens of EBI2-KO mice were not completely depleted
of ESAMhi cDC2 (Fig. 6C). Since both ESAMhi and CX3CR1

+

cDC2 were reduced in EBI2-KO spleens (Fig. 6D), this indicates
that additional pathways contribute to the regulation of ESAMhi

cDC2 homeostasis in ADAM10ΔCD11c mice. Next to EBI2,
cDC2 positioning in the splenic bridging channels is regulated
by Sphingosine-1 Phosphate Receptor 1 (S1PR1) signaling (71).
Although S1pr1 expression was strongly up-regulated on cDC2A
isolated from ADAM10ΔCD11c mice (Fig. 6E), ADAM10-deficient
cDC2 failed to migrate toward increasing concentrations of the
S1PR1 ligand S1P in an in vitro transwell setting (Fig. 6F). No-
tably, neither control nor ADAM10-deficient CD8-α+ cDC1
responded to chemoattract signals from 7α,25-OHC (Fig. 6B) or
S1P (Fig. 6F). In line with this, EBI2-KO mice exhibited no
differences in the number of splenic Langerin+ cDC1 (Fig. 6D),
indicating that proper MZ localization might not be crucial for
terminal differentiation of ADAM10-deficient cDC1.
To determine whether ADAM10 intrinsically regulates ESAMhi

cDC2A migration, or whether the observed migration defects
were due to abrogated EBI2 and S1PR1 responsiveness of the
emerging ESAMlo cDC2B population in ADAM10ΔCD11c mice,
we assessed WT cDC2 migration in the presence of the selective
ADAM10 inhibitor GI254023X (72). Pharmacological ADAM10
inhibition significantly blocked WT cDC2 migration toward
both 7α,25-OHC in a dose-dependent manner (Fig. 6G). Al-
though ADAM10-inhibition abrogated EBI2-mediated migration
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of both WT ESAMhi cDC2A and WT ESAMlo cDC2B, the
latter were less sensitive to GI254023X (Fig. 6H). In conclu-
sion, these data demonstrate that ADAM10 directly governs
EBI2- and S1PR1-dependent homing of cDC2, via yet unknown
mechanisms, which is essential for appropriate positioning and the
development of splenic cDC2A.

Discussion
To date, cDC subset development is mainly defined by differential
TF dependencies, which indeed drive the major cDC1 and cDC2
lineage fate decisions (7, 23–26), but might fail to elucidate final cDC
subset specifications that require tissue-specific cues (2). Indeed, as a
fraction of mature splenic cDC is proliferating at any given time (54,
58, 71, 73), this indicates that cDC do not represent terminally dif-
ferentiated cells inert to fine-tuning by external signals in situ but that
the local microenvironment may contribute to the differentiation of
the phenotypically and functionally distinct cDC subsets (74, 75). In
agreement with two recent publications (35, 42), we demonstrate
the requirement of ADAM10-mediated posttranslational protein
modifications for appropriate differentiation of splenic ESAMhi

cDC2A. Beyond this observation, we establish that ADAM10
critically regulates cDC2 homeostasis via a complex interplay
of signaling pathways involved in cell proliferation, survival,
and energy metabolism. Moreover, we discovered the emer-
gence of a splenic Clec12a+CX3CR1+ESAMlo cDC2B pop-
ulation in ADAM10ΔCD11c mice so that the size of the cDC2
compartment as a whole remains comparable to control mice.
Finally, we uncover that the ADAM10 requirement exceeds
the cDC2 compartment, as ADAM10 is also essential for
Langerin+ cDC1 and MMM homeostasis. Hence, our data
highlight that ADAM10-mediated ectodomain shedding on
splenic CD11c+ cells represents a crucial and nonredundant
mechanism in shaping the MZ microenvironmental niche by
fine-tuning the homeostasis of its major myeloid immune cell
populations.
Recently, it was demonstrated that cell-autonomous shedding

of FLT3L by ADAM10 is essential for the homeostasis of splenic
ESAMhi cDC2 (35). This study demonstrated an almost com-
plete absence of splenic cDC2 in ADAM10ΔCD11c mice, which is
in strong contrast to our observations. Since the treatment with
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cDC2 (D). (E) Flow cytometry analysis for the expression of the proliferation-associated marker KI-67 in CD8-α+ cDC1 and CD4+ or CD4– cDC2 subsets isolated
from control and ADAM10-deficient mice. (F) Violin plots showing expression of cell-cycle signature genes across bulk-sorted CD11c+MHCII+ CD8+ cDC1
(orange), CD4+ (purple), and CD4– (green) cDC2 subsets. Expression is log2 fold change between ADAM10 deficient/control. Gene sets are retrieved from the
publication by Tirosh et al. (60). (G) The frequency of (7AAD+Annexin V+) apoptotic cells among splenic ESAMhi and ESAMlo cDC2 in control and
ADAM10ΔCD11c mice. (H) Flow cytometric analysis of IRF-4 expression in splenic CD11c+MHCII+ SIRP-α+ cDC2. Cells were isolated from control or ADAM10ΔCD11c

mice. Filled histogram: isotype control. (I) The frequency of FAS (CD95)+ cells among splenic cDC1 and cDC2 subsets in control and ADAM10ΔCD11c mice. *P <
0.05, **P < 0.01, and ***P < 0.001 (Student’s t test); data are pooled from three or more experiments (n = 3 to 5 mice/experiment); FACS plots show one
representative mouse/group with mean fluorescent intensity ± SEM.
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rFLT3L resulted in rescued splenic cDC2 in ADAM10ΔCD11c

mice to numbers that were comparable to WT mice, and because
rFLT3L did not affect ESAMlo cDC2 numbers, the authors ar-
gued that the cDC2 recovery in these mice was due to the ex-
pansion of ESAMhi cDC2. In line with this, we demonstrate that
ADAM10-deficient cDC2 exhibit significant differences in cell
survival pathways like mTOR, PI3K/Akt, and Erk/Stat5 signaling
that are downstream of FLT3. This suggests that the observed
enhanced apoptosis of ADAM10-deficient cDC2 could be, at least
partially, due to lack of FLT3 signaling. However, although our
data also demonstrate an increase of cDC2 in ADAM10ΔCD11c

mice upon rFLT3L supplementation, this expansion was com-
pletely accounted for by the expansion of CX3CR1

+ cDC2, and

ESAMhi cDC2 numbers could not be rescued. Therefore, our data
demonstrate that FLT3 signaling is not crucial for the mainte-
nance of ADAM10-deficient cDC2. Notably, we also observed
that ADAM10-deficient Langerin+ cDC1 actually expanded more
strongly than control cells. However, this expansion of the small
remaining Langerin+ cDC1 population was not able to restore the
numbers as found in control mice, indicating that FLT3 signaling
does not contribute to the development and maintenance of
splenic Langerin+ cDC1 in ADAM10ΔCD11c mice.
The role of ADAM10 in Notch signaling is well established.

Indeed, ADAM10 deficiency results in the almost complete ab-
sence of the Notch2-dependent ESAMhi splenic cDC2A subset
(17, 38, 44). Furthermore, ADAM10-deficient cDC lack the
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Fig. 5. ADAM10 controls splenic cDC2 homeostasis via Notch2-dependent but FLT3- and LT-βR–independent pathways. (A) FACS plot shows expression of
cell-surface FLT3 on splenic SIRP-α+ cDC2 from control (black) and ADAM10ΔCD11c (blue) mice. Filled gray histogram: isotype control. Bar graph represents
quantification of FLT3 expression (mean fluorescent intensities, MFI) on splenic XCR1+ cDC1 and SIRP-α+ cDC2 from control and ADAM10ΔCD11c mice. (B)
Canonical pathway analysis (Ingenuity) associated with significantly changed genes between bulk-sorted ADAM10-deficient/control CD4+ cDC2A. Control and
ADAM10ΔCD11c mice were treated with recombinant FLT3 ligand (rFLT3L) or saline as control. (C) Absolute number of splenic cDC in saline and rFLT3L treated
control and ADAM10ΔCD11c mice. (D) Absolute number of splenic cDC1 (Left) and Langerin+ cDC1 (Right) in saline and rFLT3L-treated control and
ADAM10ΔCD11c mice. (E) Absolute number of splenic cDC2 (Left), ESAMhi cDC2A (Middle), and CX3CR1

+ cDC2B (Right) in saline and rFLT3L-treated control and
ADAM10ΔCD11c mice. (F) Ltbr, Nik, and Relb mRNA expression in bulk-sorted control or ADAM10-deficient splenic CD8-α+ cDC1, CD4+ cDC2, and CD4– cDC2
subsets. (G) Control and ADAM10ΔCD11c mice were treated with agonistic anti–LT-βR antibody or saline as control. Bar graphs shows the frequency of ESAMhi

cells among SIRP-α+ cDC2 (Left) or the frequency of apoptotic cells within this population (Right) in saline-treated and antibody-treated control versus
ADAM10ΔCD11c mice. (H) Flow cytometric analysis of Notch2 expression on splenic CD11c+MHCII+SIRP-α+ cDC2 from control (black line) and ADAM10ΔCD11c

(blue line) mice. Filled gray histogram: isotype control. (I) Venn diagram summarizing the pair-wise overlap of significant differentially expressed genes (DE
genes) between ADAM10-deficient/control CD11c+MHCII+CD4+ cDC2A (purple), ADAM10-deficient/control CD4– cDC2B (green), and Notch2-KO/control
CD11b+ cDC2 (yellow). Data from Notch2-KO/control CD11b+ cDC2 are retrieved from GEO, accession no. GSE45698 (44). (J) Venn diagram summarizing the
pair-wise overlap of significantly changed genes between ADAM10-deficient/control CD8-α+ cDC2 (orange) and Notch2-KO/control CD205+ cDC1 (yellow).
Data from Notch2-KO/control CD205+ cDC1 are retrieved from GEO, accession no. GSE45698 (44). *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test);
data are pooled from two or more experiments (n = 3 to 6 mice/experiment); FACS plots show one representative mouse/group with mean frequencies or
mean fluorescent intensity ± SEM.

Diener et al. PNAS | 9 of 12
Posttranslational modifications by ADAM10 shape myeloid antigen-presenting cell
homeostasis in the splenic marginal zone

https://doi.org/10.1073/pnas.2111234118

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

https://doi.org/10.1073/pnas.2111234118


expression of Notch2-dependent genes and exhibit a significant
overlap in gene expression with Notch2-KO cDC (44). However,
Notch2 deficiency leads to reduced total splenic cDC2 counts
(17, 38, 44), while ADAM10 deficiency prompts the emergence
of a discrete cDC2B subset completely compensating for the loss
of ADAM10-dependent cDC2A. Besides, we already observe
defective SIRP-α+ pre-DC2 development in the absence of
ADAM10, which is corroborating the observation that Notch2 is
not yet required at this developmental stage (17). In addition, a
larger fraction of differentially regulated genes in ADAM10-
deficient cDC2 and cDC1 are Notch2 independent. In accor-
dance, overexpression of the active Notch intracellular signaling
domain in ADAM10-deficient cDC2 is not able to rescue the
ESAMhi cDC2A subset (35). Therefore, we propose here that
insufficient Notch2 signaling in ADAM10-deficient cDC is merely
one mechanism by which ADAM10 regulates splenic cDC homeo-
stasis and that ADAM10 regulates cDC development and homeo-
stasis also via Notch2-independent mechanisms. For example,
mice deficient in LT-α1β2, LT-βR, or RelB, a component of the
downstream noncanonical NF-κB signaling pathway, exhibit re-
duced numbers of splenic ESAMhi cDC2A especially due to their
requirement for the homeostatic proliferation of these cells (17,
24, 58, 76, 77). Since ADAM10-deficient cDC2 reveal reduced
expression of the NF-κB signaling components NIK and RelB,
and because the phenotype of ADAM10ΔCD11c mice overlaps
with that of RelB-KO mice (78), ADAM10 deficiency may result
in insufficient LT-βR signaling in cDC2. Nevertheless, cDC2

homeostasis in ADAM10ΔCD11c mice cannot be rescued by
treatment with agonistic anti–LT-βR antibodies, indicating that
defective LT-βR signaling in ADAM10-deficient cDC2 does not
contribute to the observed splenic cDC phenotype.
Within the spleen, EBI2- and S1PR1-mediated migration into

the MZ provides ESAMhi cDC2A access to critical growth factors,
such as Notch2 and LT-βR signaling, emphasizing the importance
of the MZ microanatomical niche for cDC2 homeostasis. Mech-
anistical insights in how ADAM10 might control EBI2 expression
and cDC2 migration are still missing. Our data indicate that EBI2
is not a direct Notch2 or IRF4 target. EBI2-KO mice phenocopy
the loss of SIRP-α+ESAMhi cDC2A seen in ADAM10ΔCD11c

mice, although EBI2 deficiency does not affect cDC2 apoptosis,
and the remaining cDC2 retain expression of ESAM (45, 46).
Therefore, our data suggest that even though ADAM10 might
directly affect EBI2-mediated migration in vitro, the control of
cDC2 homeostasis and differentiation by ADAM10 in situ is
regulated at multiple levels during cDC development and differ-
entiation. For example, ADAM10 deficiency also affects S1P-
dependent cDC2 migration, suggesting that ADAM10 might
regulate general migration pathways in cDC.
Notably, in the absence of ADAM10, the physiologic number

of total splenic cDC2 is maintained by the emergence of a
Clec12a+CX3CR1+ESAMlo cDC2B population. The exact
developmental origin of this emerging cDC2B subset is unknown,
but these cells are distinct from the cDC2B subset present in the
steady-state spleen. ESAMlo cDC2B in ADAM10ΔCD11c might

A B C

0 1 1010
0
10

00

7�,25-OHC (nM)

 m
ig

ra
tio

n
(%

 o
f 
in

pu
t)

H

0

10

20

30

40

0 1 1010
0
10

00

cDC1 cDC2

0 0,5 5 50
0

2

4

6

8

10

12

Ctrl
ADAM10�CD11c

0

10

20

30

40

50

 G
pr

18
3 

ex
pr

es
si

on
 

(C
ou

nt
s)

CD4+CD4
_cDC1

cDC2

GI254023X (nM)

WT ESAMhi

WT ESAMlo

A10-KO ESAMhi

A10-KO ESAMlo

 m
ig

ra
tio

n
(%

 o
f 
in

pu
t)

*
*

***

0 0,5 5 50

2

4

6

8

10

 m
ig

ra
tio

n
(%

 o
f 
in

pu
t)

GI254023X (nM)

*

*

0

5

10

15

20

 m
ig

ra
tio

n
(%

 o
f 
in

pu
t)

S1P (nM)

0 1 1010
0
10

000 1 1010
0
10

00

cDC1 cDC2

*

*

**

E G

0.0

0.5

1.0

1.5

2.0

 S
1p

r 
ex

pr
es

si
on

 
(C

ou
nt

s)

CD4+CD4
_cDC1

cDC2

0

1.0

2.0

3.0

EBI2-KOCtrl

La
ng

er
in

+
 c

D
C
1 

(x
10

5 )

0

0.2

0.8

1.0

 c
D

c2
 (

x1
06

)

0.4

0.6

ESAMhi
ESAMlo

EBI2-KOCtrl

F

*

*

**

*

*

0

Ctrl
ADAM10�CD11c

*

0 10
4

10
5

0

10
4

10
5

0

10
4

10
5

ES
A
M

SIRP�

Control

EBI2-KO

58,6±
4,2% 

45,1±
4,4% 

D
**

Control
ADAM10�CD11c

Control
ADAM10�CD11c

**

Fig. 6. ADAM10 regulates EBI2-mediated migration of cDC2 in vitro. (A) Gpr183 (Ebi2) transcript expression in bulk-sorted control or ADAM10-deficient
splenic CD8-α+ cDC1, CD4+ cDC2, and CD4– cDC2. (B) In vitro transwell migration of CD11c-purified control and ADAM10-deficient cDC toward indicated
concentrations of 7α,25-OHC. Migration was calculated as the ratio of the number of cells migrating with/without chemoattractant; migration of cDC1 and
cDC2 subsets was determined by staining for XCR1 and SIRP-α, respectively. (C) Representative flow cytometry plot with average frequencies of splenic
ESAMhiSIRP-α+ cDC2 in control and ADAM10ΔCD11c mice. (D) Absolute numbers of splenic Langerin+ cDC1 (Left) and absolute cell counts of splenic ESAMhi and
ESAMlo SIRP-α+ cDC2 (Right) in control and EBI2-KO mice. (E) S1pr transcript expression in bulk-sorted control or ADAM10-deficient splenic CD8-α+ cDC1, CD4+

cDC2, and CD4– cDC2. (F) In vitro transwell migration of CD11c-purified control and ADAM10-deficient cDC toward indicated concentrations of S1P. (G) In
vitro transwell migration of WT and ADAM10-deficient CD11c-purified cDC toward 10 μM 7α,25-OHC in the presence of indicated concentrations of the
ADAM10-inhibitor GI254023X. (H) In vitro transwell migration of ESAMhi and ESAMlo cDC2 in the presences of ADAM10-inhibition as in F. *P < 0.05, **P <
0.01, and ***P < 0.001 (Student’s t test). Migration data represent mean frequencies ± SEM of four pooled experiments (n = 3 mice/experiment), while bulk
RNA-seq and SC-seq-WTA data both represent three control and three ADAM10-deficient samples.

10 of 12 | PNAS Diener et al.
https://doi.org/10.1073/pnas.2111234118 Posttranslational modifications by ADAM10 shape myeloid antigen-presenting cell

homeostasis in the splenic marginal zone

https://doi.org/10.1073/pnas.2111234118


comprise Mo-DC, as they preferentially express monocyte-specific
genes (35), although much lower than monocytes or macrophages.
However, our data indicate that the emerging ESAMlo cDC2B are
rather bona fide cDC2B expressing the cDC-specific TF PU.1 and
ZBTB46. Moreover, ADAM10-deficient cDC2B strongly expand
upon rFLT3L treatment. ESAMlo cDC2B do not seem to derive
from monocytes nor CDP (17, 79), and it is suggested that both
cDC2A and cDC2B arise from pre-DC of which the commitment
into either cDC2A or cDC2B is instructed by the local tissue
microenvironment (16). Why then ADAM10 specifically impacts
cDC2A and not cDC2B differentiation, especially in the light of
the reduced commitment and proliferation of pre-DC2, is still
unclear. However, both cDC2A and cDC2B can originate from
ROR-γt+ precursors (16), suggesting that the default differen-
tiation step of precDC2 is toward cDC2B and that additional
ADAM10-mediated differentiation cues (e.g., localization within
the MZ and Notch2 signaling) are required for the generation
of mature ESAMhi cDC2A. Our data indicate that splenic
ADAM10-deficient ESAMlo cDC2B most likely represent a di-
verging branch of lymphoid-tissue cDC2B that share a prominent
gene expression signature with pLN-resident cDC2. This empha-
sizes the heterogeneity within the cDC2B compartment and re-
veals a role of ADAM10 in controlling the bifurcation and lineage
identity of cDC2A and cDC2B. The existence of different cDC2B
subsets may explain why ADAM10 deficiency does not affect pLN
cDC2 homeostasis and suggests that cDC2B subsets follow distinct
developmental pathways or depend on different programming by
the local microenvironment.
Beyond cDC2, our observations highlight the critical role of

ADAM10 within the cDC1 compartment, where its absence
abrogates the development of Langerin+ cDC1. Recent studies
have shown that among cDC1, in particular, this Langerin+ cDC1
subset contributes to key cDC1 functions like cross-presentation
and CD4+ Th1 cell induction (1, 11–14). So far, conclusive
evidence about the ontogeny and subset relationship of Langerin+

cDC1 is lacking. Langerin-expression on cDC1 may represent
distinct developmental stages within the splenic cDC1 population,
where Langerin– cDC1 constitute the precursors of the functionally
more mature Langerin+ state (1). While ADAM10 is essential for
early cDC2 development, it is dispensable for cDC1 commitment as
ADAM10 appears to support the terminal differentiation into
Langerin+ cDC1 cells. Since Langerin+ and Langerin– cDC1 share
their dependence on certain TF, including IRF8 and Batf3, both
subsets presumably differentiate from the same precursors (1, 13).
Thus, our data suggest a selective requirement of ADAM10 for the
terminal differentiation of splenic cDC1 into Langerin+ cDC1,
which depends on Notch2 signaling and other developmental fac-
tors. Mature XCR1+ cDC1 do not express CX3CR1; however, both
ADAM10ΔXCR1 and ADAM10ΔCX3CR1 mice exhibit a drastic re-
duction in the number of splenic Langerin+ cDC1. Although this
might suggest additional extrinsic control of Langerin+ cDC1 ho-
meostasis, pre-DC are CX3CR1 positive, and therefore the effects
seen in ADAM10ΔCX3CR1 mice are likely due to Cre-mediated
ADAM10 deletion at early stages of cDC1 development (80).

The pivotal role of macrophages in tissue homeostasis, in par-
ticular at the interface of the MZ, is reflected by the phenotypic
and functional heterogeneity of CD11c+ macrophage populations
(3). Although the factors regulating MMM development and
maintenance in the spleen are largely unknown, here we demon-
strate that both CD11c-Cre and CX3CR1-Cre–mediated deletion
of ADAM10 increase the number of MMM and that these MMM
are affected in their localization in situ. Although, the changes
within the splenic cDC compartment might indirectly impair
MMM homeostasis via a lack of chemokines and/or growth factors
provided by the missing cDC, our data so far exclude any role
of XCR1+ cDC1 in regulating MMM homeostasis. Therefore,
we rather argue for a cell-intrinsic negative regulatory role of
ADAM10 shedding on MMM homeostasis.
ADAM10 and ADAM17 are involved in the shedding of more

than 70 known substrates (31, 32, 34, 81–86). Whereas certain
substrates are specifically shed by either ADAM10 or ADAM17,
many of these substrates can be processed by both ADAMs.
Although ADAM10 and ADAM17 are similar in sequence and
structure, we prove that ADAM10, but not ADAM17, is essential for
splenic cDC1 and cDC2 homeostasis. This underlines that ADAM10
and ADAM17 activity in vivo is spatially and/or temporally regulated
within a particular cell or tissue, ensuring functional specialization
of the two proteases. For example, proteolytic cleavage of
CX3CL1 under steady-state conditions is mediated by ADAM10,
while during inflammation shedding is executed by ADAM17 (87,
88). Notably, our analysis reveals that ADAM10/17ΔCD11c DKO
mice faithfully phenocopy ADAM10ΔCD11c single KO, excluding
any compensatory effects of ADAM17 and emphasizing that the
spatial and/or temporal regulation of the two sheddases in the
spleen is reliably maintained in the absence of ADAM10.
In summary, we identified several pathways by which ADAM10

governs critical aspects of cDC biology. ADAM10 is not only es-
sential for the development and survival of pre-cDC2, and for cDC2
localization and final differentiation within the unique microenvi-
ronment of the MZ, but it also regulates the terminal differentiation
of cDC1 and the homeostasis of MMM. Thus, our data highlight
the significance of posttranslational modifications for shaping the
unique and dynamic microenvironment of the MZ and reveal an
unexpected complexity of CD11c-specific ADAM10 shedding on
the homeostasis of a broad range of splenic myeloid cells.

Data Availability. RNA sequencing data have been deposited in
GEO (GSE154309 and GSE154767). All other study data are
included in the article and/or supporting information.
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