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Abstract

Dendritic cells (DCs) are innate immune cells with a central role in immunity and

tolerance. Under steady‐state, DCs are scattered in tissues as resting cells. Upon

infection or injury, DCs get activated and acquire the full capacity to prime antigen‐

specific CD4+ and CD8+ T cells, thus bridging innate and adaptive immunity. By

secreting different sets of cytokines and chemokines, DCs orchestrate diverse types

of immune responses, from a classical proinflammatory to an alternative pro‐repair

one. DCs are highly heterogeneous, and physiological differences in tissue

microenvironments greatly contribute to variations in DC phenotype. Oxygen

tension is normally low in some lymphoid areas, including bone marrow (BM)

hematopoietic niches; nevertheless, the possible impact of tissue hypoxia on DC

physiology has been poorly investigated. We assessed whether DCs are hypoxic in

BM and spleen, by staining for hypoxia‐inducible‐factor‐1α subunit (HIF‐1α), the

master regulator of hypoxia‐induced response, and pimonidazole (PIM), a hypoxic

marker, and by flow cytometric analysis. Indeed, we observed that mouse DCs have

a hypoxic phenotype in spleen and BM, and showed some remarkable differences

between DC subsets. Notably, DCs expressing membrane c‐kit, the receptor for

stem cell factor (SCF), had a higher PIM median fluorescence intensity (MFI) than

c‐kit− DCs, both in the spleen and in the BM. To determine whether SCF (a.k.a. kit

ligand) has a role in DC hypoxia, we evaluated molecular pathways activated by SCF

in c‐kit+ BM‐derived DCs cultured in hypoxic conditions. Gene expression

microarrays and gene set enrichment analysis supported the hypothesis that SCF

had an impact on hypoxia response and inhibited autophagy‐related gene sets. Our

results suggest that hypoxic response and autophagy, and their modulation by SCF,

can play a role in DC homeostasis at the steady state, in agreement with our

previous findings on SCF's role in DC survival.
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1 | INTRODUCTION

Dendritic cells (DCs) are heterogenous cells of the innate immune

system, that play a central role in innate and adaptive immune

responses. DCs are scattered in lymphoid and extra‐lymphoid tissues,

wherein they sense the surrounding environment via their membrane

and cytoplasmic receptors (e.g., Toll‐like receptors [TLRs], NOD‐like

receptors, RIG‐I‐like receptors, etc.), acting as sentinels of possible

perturbations. In case of infection or tissue damage, ligands derived

from pathogens and/or injured cells bind to their corresponding

receptors expressed by DCs, thus inducing a switch of these cells

from a resting to an activated state, a transition which is often called

DC maturation.1 Depending on the newly released ligand(s), and on

pre‐existing cues from the tissue environment, DCs change their

surface marker expression, migratory capability, and functional state.

The resulting DC phenotype can range from a classical proinflamma-

tory to an alternative pro‐repair one.2 DCs orchestrate local and

systemic immunity by means of a wide variety of cytokines and

chemokines, and have a central role in antigen‐specific priming of

naïve CD4+ and CD8+ T cells, thus bridging innate and adaptive

immunity.

The main DC subsets are classical or conventional DCs (cDCs),

that are specialized in naïve T‐cell priming, and plasmacytoid DCs

(pDCs), that have the capacity to produce huge amount of type I

IFN.3 According to a widely accepted ontogeny‐based classification,

cDCs are divided in cDC1s and cDC2s.4 Under steady‐state in the

mouse, cDCs are characterized by high major histocompatibility

complex (MHC)‐II and CD11c membrane expression, while pDCs

express low MHC‐II and intermediate levels of CD11c. Human DCs

constitutively express MHC‐II, while differences in membrane

expression of CD11c together with a set of blood dendritic cell

antigens (BDCA) distinguish pDCs and cDC subpopulations.3 cDC1s

express the chemokine receptor XCR1 in both mice and humans, and

are characterized by the expression of CD8α in the mouse and

BDCA‐3 (CD141) in humans; cDC2s express CD11b in the mouse

and BDCA‐1 (CD1c) in humans.3,4 Additional DC subpopulations

have been described, for example, cDC2As e cDC2Bs, which are

defined in mice by the mutual exclusive expression of the

transcription factors Tbx21 (also known as T‐bet), and ROR‐γt.5

Tissue specialization greatly contributes to DC phenotype variation.6

Oxygen tension is recognized as one key difference among

diverse physiological and pathological tissue environments. Normal

oxygen tension is about 70−100mmHg and 40−50mmHg in arterial

and venous blood, respectively. Notably, under physiological condi-

tions, oxygen tension is below 10mmHg in some lymphoid organ

areas, including bone marrow (BM) hematopoietic niches.7–9 Fur-

thermore, oxygen tension is typically decreased in ischemic and

necrotic lesions, inflamed tissues, and solid cancers.8,10 It has been

proposed that immune cell adaptations to tissue hypoxia have

evolved to enable appropriate regulation of immunity and tolerance

under diverse physiological and pathological conditions.11,12

Hypoxia‐induced response includes cell‐type specific changes as

well as metabolic reprogramming and autophagy, a highly regulated

degradation process involved in the homeostatic turn‐over of cellular

components.13 Hypoxic tissue environments can be mimicked in vitro

by cell exposure to reduced oxygen tensions. By these means, several

reports have demonstrated that hypoxia promotes migratory and

functional changes of DCs (reviewed in Bosco and Varesio14). Among

others, hypoxia was shown to inhibit the maturation of human

monocyte‐derived DCs and to modulate chemokine receptor

expression.15

The master regulator of cellular response to reduced oxygen

tension is the transcription factor hypoxia‐inducible‐factor‐1

(HIF‐1).16,17 HIF‐1 is a heterodimer formed by HIF‐1α and HIF‐1β,

an inducible and constitutive protein, respectively.16,17 In addition to

the ubiquitously expressed HIF‐1α, two tissue‐restricted isoforms,

that is, HIF‐2α and HIF‐3α, have been identified.16 HIF‐1 activity is

mostly dependent on the stability of the HIF‐1α protein, that under

normoxia has an extremely short half‐life, as it is rapidly degraded

following hydroxylation by the prolyl hydroxylases (PHDs), ubiquiti-

nation by the von Hippel−Lindau (VHL) E3 ubiquitin ligase and

subsequent proteosomal‐mediated decay. Hypoxia inhibits PHDs,

resulting in slower HIF‐1α degradation, and increased transcriptional

activity of the HIF‐1α/HIF‐1β heterodimer. Under physiological

conditions, HIF‐1α is typically highly expressed by the hematopoietic

stem and progenitor cells (HSPCs) in BM niches.18 HIF‐1α is also

upregulated by cancer cells in hypoxic tumor microenvironments.10

HIF‐1 drives the expression of genes relevant to erythropoiesis,

glucose metabolism, angiogenesis, inflammatory response, cell

recruitment to sites of injury, and so forth.16,19 It should be noted

that oxygen‐independent stimuli, for example proinflammatory

cytokines and the Gram‐negative bacteria lipopolysaccharide (LPS),

a TLR‐4 ligand, can also activate HIF‐1α in innate immune

cells,17,20,21 while stem cell factor (SCF, also known as kit ligand)

can induce HIF‐1α in hematopoietic stem cells (HSCs).22 In respect to

DCs, it has been shown that TLR engagement stabilizes HIF‐1α in

mouse BM‐derived DCs (BMdDCs) via a mechanism requiring

MYD88‐dependent NF‐kB activation, in contrast to the hypoxia‐

mediated HIF‐1α stabilization, which was preserved in the absence of

MYD88.23 Furthermore, our previous work showed that short‐term

hypoxia modulated human monocyte‐derived DC migration through

HIF‐1α and PI3K/Akt pathway.24

It was previously observed that mouse BMdDCs comparably

survived in vitro under either hypoxic or normoxic conditions25;

nevertheless, the possibility that DCs have a physiological hypoxic

metabolism and/or express HIF‐1α in vivo has not been investigated so

far. Furthermore, we and others showed that spleen and BM DCs

express c‐kit (CD117), the receptor for SCF, and demonstrated the

relevance of SCF in differentiated DC biology.26–30 Even though it is

well‐known that c‐kit is a tyrosine kinase receptor that upon SCF binding

activates PI‐3 kinase, PLCγ, src‐family kinases, and other intracellular

signaling molecules,31,32 the molecular pathways triggered by SCF in

c‐kit+ DCs under hypoxic conditions which mimic those typical of some

lymphoid niches8,9 have not been investigated yet.

Here, we asked whether hypoxia and c‐kit/SCF axis are

intertwined in mouse DCs. We observed that DCs have a hypoxic
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phenotype in physiological conditions in the spleen and BM, and

showed remarkable differences between DC subsets. We also

studied the molecular pathways activated by SCF in c‐kit+ BMdDCs

cultured in hypoxic conditions. We found that hypoxia response and

autophagy pathways are modulated in the presence of SCF, with

possible implications for DC maintenance and functionality.

2 | MATERIALS AND METHODS

2.1 | Mice and treatment

Female C57BL/6J (B6) mice were purchased from Charles River and

housed at the animal facility of Istituto Superiore di Sanità of Rome

(ISS), according to institutional guidelines (DL116/92 and 26/2014),

under the Italian Ministry of Health authorization number 358/2018‐

PR. Untreated mice were euthanized for generation of BMdDCs, and

for HIF‐1α staining experiments. For experiments with pimonidazole

(PIM), mice were either injected intraperitoneally with PIM in PBS

(125mg/kg PIM) 3 h before euthanasia or left untreated.18,33 Spleen

and BM were obtained as we previously described.27

2.2 | Staining and flow cytometric analysis

Cell membrane staining of single‐cell suspensions from spleen and

BM was performed with fluorochrome‐conjugated monoclonal

antibodies (mAbs), after blocking with anti‐FcγR (clone 2.4G2) mAb.

The following mAbs were used (clone indicated in parentheses): anti‐

CD11c phycoerythrin (PE) (HL3), anti‐I‐Ab or MHC‐II PE‐Cy7 (M5/

114.15.2), anti‐c‐kit APC (2B8), Ly‐6A or Sca‐1 APC‐Cy7 (D7), Ly‐6G

or Gr‐1 peridinin chlorophyll protein (PerCP)‐Cy5.5 (RB6‐8C5), B220

PerCP‐Cy5.5 (RA3‐6B2), Ter‐119 PerCP‐Cy5.5 (Ter‐119), CD3

PerCP‐Cy5.5 (145‐2C11) (all from BD Biosciences; Biolegend;

eBioscience). Dead cells were excluded with propidium iodide (PI,

Sigma‐Aldrich). For intracellular staining, cells were fixed, permeabi-

lized, and stained using either anti‐HIF‐1α (241812) or mouse IgG1

FITC (both from R&D). For PIM staining, HP‐FITC‐MAb was used

(Hypoxyprobe Inc.). As a control, we used fluorescence minus one

(FMO)‐stained samples, that is, samples treated identically to the

others but without HP‐FITC‐Mab. Samples were analyzed by

FACSCanto II (BD Biosciences), and data were analyzed using FlowJo

software, v.9.7.6 and 9.9.6 (FlowJo).

2.3 | Pathways enrichment analysis of publicly
available bulk RNAseq data of mouse spleen DCs

RNAseq data from mouse spleen DCs were downloaded from GEO

(GSE130201)5 and normalized by DESeq2 method. Pathway enrich-

ment analysis was performed by using the gene set enrichment

analysis (GSEA) approach. To this end, we used the GSEA software

(release 4.1.0) that is freely available online at https://www.gsea-

msigdb.org/gsea/ as well as Gene Sets obtained from selected Gene

Ontology (GO) annotations of mouse genes, and formatted according

to the GSEA software manual (https://www.gsea-msigdb.org/gsea/

doc/GSEAUserGuideFrame.html) (Supporting Information: Table S1).

Differences were considered significant when the false discovery rate

(FDR) < 0.25.

2.4 | Clustering of publicly available single‐cell
RNA seq (scRNAseq) data and analysis of Kit+ mouse
spleen cDC1s

Raw counts from publicly available scRNAseq experiments per-

formed with mouse spleen DCs were downloaded from GEO

(GSE137710)5 and processed with the R package. Seurat v4.05 was

used under RStudio v4.1.5.34 In detail, we cleaned the data set by

removing cells with a gene number <200 and a mitochondrial gene

ratio ≥25%. Since the data set was sequenced in several cartridges,

we merged their data set with the Seurat “integration” function35 and

with “SCTransform” for normalization and data scaling.36 Highly

variable genes (HVG, n = 3000) were also identified with the

“SCTransform” function. The HVGs were used as input for principal

component analysis (PCA). The first 30 PCAs were utilized in the

subsequent analysis. Cells were then embedded by Uniform Manifold

Approximation and Projection (UMAP) plot and clustered with a

resolution of 0.7. We applied the “FindAllMarkers” to identify

differentially expressed genes (DEGs) among all genes by using the

Wilcoxon rank sum test. To assign cDC1, cDC2, and monocyte

identities, we referred to the original cell types from Brown et al.5 We

selected only genes that showed: (1) a minimal expression (min.pct ≥

2%) in at least one cluster; (2) an adjusted p ≤ .05; (3) an average log2‐

fold change (logFC) ≥ 0.2. Genes marking the Kit+ cDC1c cluster were

analyzed with the tool g:Profiler,37 after removing genes coding for

ribosomal proteins and pseudogenes (Supporting Information:

Table S2).

2.5 | BMdDCs stimulation with SCF under hypoxia

We generated DCs from BM cells of untreated B6 mice as previously

described.27 Briefly, 10−15 × 106 BM cells were cultured for 1 week

in an incubator at 37°C in normoxia (21% O2) in RPMI Medium 1640

(Sigma‐Aldrich) supplemented with glutamine, penicillin/streptomy-

cin, 50 μM β‐mercaptoethanol, 10% heat‐inactivated fetal calf serum

(FCS) and 20 ng/ml GM‐CSF (BD Falcon, BD Biosciences). Non-

adherent and slightly adherent cells were collected and CD11c+ cells

were purified with anti‐CD11c magnetic microbeads (Miltenyi

Biotec), thus obtaining BMdDCs (~98% CD11c+). BMdDCs were

cultured for 2 days in workstation InVIVO2 400 (Ruskinn) at 37°C in

hypoxia (2% O2, ~14mmHg)24 in Opti‐MEM medium supplemented

with glutamine, penicillin/streptomycin, 50 μM β‐mercaptoethanol,

and 20 ng/ml GM‐CSF, and then either treated for 6 h with

recombinant SCF (Immunotools) at 100ng/ml or left untreated. Cells
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were kept in hypoxic workstation and never exposed to normal air till

the end of the experiment.

2.6 | Gene expression microarrays and pathways
enrichment analysis of BMdDCs

BMdDCs stimulated or not with SCF as above were harvested and

centrifuged. For each condition, 2 × 106 BMdDCs were resuspended

in 1ml TRI‐reagent (Sigma‐Aldrich). Total RNA was extracted

following the Qiagen RNeasy (Qiagen) clean‐up procedure. Gene

expression was evaluated by Affimetrix GeneChip Array (mogene 2.1

ST array strip) by Transcriptomics Platform, Department of Medicine

and Surgery, University of Milano‐Bicocca (TP Bicocca). Arrays were

preprocessed and expression levels normalized across samples by

using the Robust Multichip Average (RMA) method by TP Bicocca.

Pathway enrichment analysis was performed by using the GSEA

software as above, together with microarray gene annotations

available from NCBI's GEO (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GPL17400) (Supporting Information: Table S3).

2.7 | Statistics

We performed a two‐tailed Student's t test (two groups) and ANOVA

test (>two groups) using Prism v.6.0, GraphPad Software. Differences

were considered significant when *p ≤ .05, **p ≤ .01, ***p ≤ .001.

3 | RESULTS

3.1 | DCs in spleen and BM express HIF‐1α

We performed flow cytometric analysis of HIF‐1α expression by the

spleen and BM DCs obtained from untreated C57BL6/J (B6) mice.

We focused our analysis on CD11chi MHC‐IIhi DCs, which typically

include cDCs but not pDCs.3 Examples of HIF‐1α histograms are

shown in Figure 1A,B. As a positive control, in each sample, we

analyzed BM CD11c− c‐kithi cells, that are enriched in HSPCs, a cell

population known to highly express HIF‐1α18 (representative

example in Figure 1C). We found that HIF‐1α median fluorescence

intensity (MFI) was significantly higher within spleen DCs than within

the total of spleen cells (Figure 1D). Similarly, BM DCs had a

significantly higher HIF‐1α expression than total BM cells (Figure 1E).

Notably, HIF‐1α MFI of spleen DCs and BM DCs were in the same

range, being on the average 1045 and 1004, respectively, and only

slightly lower than HIF‐1α MFI of HSPCs (Figure 1D,E). Supporting

Information: Figure S1 shows our gating strategy for DC flow

cytometric analysis (Supporting Information: Figure S1A,B), and

confirms that in our hands, BM Lin− c‐kithi Sca‐1− cells (BM LK+S−,

a phenotypically defined population of HSCs) contained a high

proportion of HIF‐1α+ cells (Supporting Information: Figure S1C,D), in

agreement with previous findings.18 Altogether, these results show

that DCs in spleen and BM express HIF‐1α at a much higher level

than total cells in the same organ, thus resembling BM HSCs in

the BM.

3.2 | DCs in the spleen and BM have a hypoxic
phenotype

To investigate whether spleen and BM DCs have a hypoxic

phenotype in vivo, we took advantage of pimonidazole (PIM), a drug

forming intracellular adducts in conditions of low oxygen tension and

hypoxic metabolism, that can then be detected by a specific anti‐PIM

mAb.18,33 We treated mice with 125mg/kg PIM, and after 3 h

analyzed DCs from the spleen and BM, and HSPCs. Untreated mice

were analyzed in parallel as a control. PIM treatment did not cause

any significant change in the percentage of spleen DCs (Supporting

Information: Figure S2A), nor in that of BM DCs (Supporting

Information: Figure S2B). Similarly, CD11c MFI and MHC‐II MFI

were comparable between DCs from PIM‐treated mice and DCs from

untreated mice, both in the spleen (Supporting Information: -

Figure S2C) and in the BM (Supporting Information: Figure S2D).

Independently of PIM treatment, MHC‐II MFI was higher in BM DCs

than in spleen DCs, in agreement with previous studies by us and

others.27,38 PIM assay specificity was reflected by a statistically

significant increase of PIM mAb MFI in PIM‐injected mice compared

with untreated mice, even though some background staining was

detected in untreated mice. Specifically, PIM MFI mean ± SD values

of three untreated and six PIM‐injected mice were, respectively:

spleen DCs 1205 ± 59 and 2923 ± 300 (p ≤ .01); BM DCs 1453 ± 88

and 3199 ± 340 (p ≤ .01); and BM HSPCs 2861 ± 181 and 6233 ± 795

(p ≤ .01). Examples of PIM histograms are shown in Figure 2A. As

summarized in Figure 2B, we found that PIM mAb MFI of spleen DCs

from PIM‐injected mice was significantly higher than that of total

spleen cells from the same mice. Similarly, BM DCs had a significantly

higher PIM mAb MFI than BM total cells (Figure 2C). We used HSPCs

from BM as a positive control,18 and observed that PIM mAb staining

was on average twofold higher in HSPCs than in BM DCs (Figure 2C).

Taken together, our results on HIF‐1α and PIM suggest that DCs in

the spleen and BM have a hypoxic phenotype under steady‐state

conditions, and express higher levels of HIF‐1α than the total cells in

the same organ.

3.3 | Spleen and BM DC heterogeneity with
respect to hypoxia

Beyond the widely accepted division of cDCs into the two main subsets,

cDC1 and cDC2,4 novel experimental approaches have enabled the

discovery of further subpopulations, especially among cDC2s.5,6 Brown

et al.5 exploited T‐bet reporter mice and performed transcriptional and

chromatin analysis to dissect mouse spleen DC heterogeneity. These

authors identified two new cDC2 subsets, so‐called cDC2A and cDC2B,

with anti‐inflammatory and proinflammatory profiles, respectively.5
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cDC2As expressed Tbx21 (alias T‐bet), while cDC2Bs did not, and were

positive for ROR‐γt expression.5 We used the publicly available bulk

RNA sequencing (RNA‐seq) data from the study by Brown and

coworkers to evaluate the hypoxia‐induced molecular pathway in

mouse spleen cDC1s, cDC2As and cDC2Bs from Tbx21RFP‐Cre mice.5

Our comparison between cDC2As and cDC2Bs by GSEA39 revealed

that both the response to hypoxia gene set (gene set matching the GO

term 0001666) and the cellular response to hypoxia gene set (GO term

0071456) had a statistically significant bias toward cDC2Bs, while a

similar comparison between cDC2As and cDC1s revealed a slightly less

pronounced but still significant bias toward cDC1s (Supporting

Information: Figure S3, Table S1). No significant difference in the

annotation of assayed genes to the biological process negative

regulation of cellular response to hypoxia (GO term 1900038) was

observed when comparing cDC2As and cDC2Bs, nor cDC2As and

cDC1s. Furthermore, no significant difference in the annotation of

assayed genes in the three gene sets above was observed between

cDC2Bs and cDC1s (Supporting Information: Figure S3, Table S1).

Variation in c‐kit expression contributes to mouse cDC

heterogeneity,27,28 while pDCs are negative for this receptor.3,40

In agreement with our previous findings,27 most spleen CD11chi

MHC‐IIhi DCs, and a minor fraction of BM CD11chi MHC‐IIhi DCs

expressed c‐kit on their membrane (representative c‐kit histo-

grams in Figure 3A,B, left panels). We investigated whether DCs

expressing c‐kit in either spleen or BM had a different hypoxic

phenotype than c‐kit− DCs in the same organ. We observed that

HIF‐1α expression was roughly similar in c‐kit+ and c‐kit− DCs

(examples of HIF‐1α histograms in Figure 3A,B, right panels). In

contrast, we found that c‐kit+ DCs had a significantly higher PIM

MFI than c‐kit− DCs in PIM‐injected mice (examples of PIM

histograms in Figure 3C,D, and corresponding FMOs in Support-

ing Information: Figure S2C,D; summary of data in Figure 3E,F).

On average, there was a ~1.6‐ and ~1.3‐fold difference between

c‐kit+ and c‐kit− DCs in the spleen and BM, respectively

(Figure 3E,F). In regard to spleen data, it should be noted that

we previously showed by flow cytometry that cDC1s and

F IGURE 1 HIF‐1α expression by mouse spleen and BM DCs. Spleen and BM cells were obtained from untreated B6 mice. After staining with
fluorochrome‐conjugated mAbs, cells were analyzed by flow cytometry (for gating strategy see Supporting Information: Figure S1). (A−C)
Representative examples of flow cytometric profiles of CD11chi MHC‐IIhi spleen DCs (A), CD11chi MHC‐IIhi BM DCs (B), and CD11c— c‐kithi

HSPCs (C), gated as indicated; numbers above plots represent percentages of cells in the indicated regions. Histograms show HIF‐1α staining
profiles (solid line) and corresponding isotype controls (dashed line); numbers above histograms represent MFI of HIF‐1α staining. D, E Summary
of HIF‐1α results. Individual mice from two independent experiments and mean values (bar) are shown (n = 5). BM, bone marrow; DC, dendritic
cells; MFI, median fluorescence intensity.
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cDC2s have similar percentages of c‐kit+ cells.27 Similarly, RNA‐

seq data from Brown et al.5 did not reveal any significant

difference among spleen cDC1, cDC2As, and cDC2Bs in terms of

c‐kit expression (c‐kit mean ± SD counts after DESeq2 normaliza-

tion and log10 transformation were 3.99± 0.25, 4.07 ± 0.06, and

4.02 ± 0.15, respectively).

Notably, when we analyzed Kit (the gene coding for c‐kit)

expression by mouse spleen DCs in the publicly available single‐cell

RNAseq (scRNAseq) data from Brown and et al.,5 we found that it

was intertwined with the molecular pathways of response to hypoxia.

In detail, within the UMAP, we identified only one Kit+ cluster among

18 (Supporting Information: Figure S4A,B). This cluster expressed the

cDC1 core signature cDC1 (i.e., Xcr1, Clec9a, Cd8a, Irf8, Batf3,

Cd207), and was uniquely characterized by gene expression profiles

involved in oxygen sensing and hypoxia, including the gene set

matching the GO term response to hypoxia (GO 0001666)

((Supporting Information: Figure S4C, Table S2). Furthermore, this

cluster (identified as “cDC1c”) showed a trend of positive Hif1a

mRNA expression that did not reach statistical significance (Support-

ing Information: Figure S4B, Table S2).

It should be highlighted that RNAseq and scRNAseq data

were obtained only with spleen DCs,5 while we investigated in

parallel spleen and BM DCs. Nevertheless, altogether, these

results suggest that the hypoxic response pathway displays some

diversities among spleen and BM DC subsets, possibly reflecting

intrinsic differences in DC phenotypes or extrinsic signals from

the microenvironment.

3.4 | Molecular pathways activated by SCF in BM‐
derived DCs (BMdDC) under hypoxia

To investigate SCF‐triggered molecular pathways in hypoxic

conditions, we firstly generated BMdDCs enriched in c‐kit+ cells

according to our previous protocol.27,28 In more detail, we cultured

BM cells from B6 mice with GM‐CSF in normoxia for 7 days, sorted

them using CD11c‐microbeads, and obtained ~98% pure CD11c+

BMdDCs. We then cultured BMdDCs under hypoxic conditions

(~14 mmHg O2) with GM‐CSF at 20 ng/ml for 2 days and finally

incubated them either in the presence or absence of SCF at

100 ng/ml for further 6 h. After RNA extraction, we evaluated

gene expression by Affimetrix Genechip array. We analyzed the

distribution of gene annotation to selected intracellular pathways

with respect to gene expression changes induced by SCF

treatment of BMdDCs in hypoxic conditions. We focused on

genes involved in myeloid, mononuclear, and DC differentiation,

activation, and response to cytokines, as well as on genes

implicated in response to hypoxia and autophagy (Figure 4,

Supporting Information: Table S3 and Section 2). We found that

the GO term matching DC differentiation (GO term 0097028) had

a statistically significant bias toward genes expressed at higher

level in SCF‐stimulated BMdDCs (Figure 4A,B). Notably, gene

annotations to both the cellular response to hypoxia and the

response to hypoxia (GO term 0071456 and 0001666, respec-

tively) had a markedly and statistically significant bias toward genes

expressed at higher level in untreated BMdDCs (Figure 4A,C,D).

F IGURE 2 Analysis of hypoxic phenotype of mouse spleen and BM DCs by PIM assay. B6 mice were either intraperitoneally injected with
PIM (125mg/kg) or left untreated. After 3 h, spleen and BM cells were purified, stained with fluorochrome‐conjugated mAbs and analyzed by
flow cytometry, after gating on spleen DCs, BM DCs, and HSPCs as in Figure 1. (A) Histograms show anti‐PIM mAb staining profiles (gray‐filled
line) and corresponding FMO controls (dashed line) of cells obtained from typical untreated (top) and PIM‐injected (bottom) mice, as indicated;
numbers represent MFI of PIM‐mAb staining. B, C Summary of PIM results from PIM‐injected mice. Individual mice and mean values (bar) are
shown. Mice were analyzed in three independent experiments; in each experiment up to four mice were examined (1 untreated and 1−3 PIM‐
injected; n = 9). BM, bone marrow; DC, dendritic cells; FMO, fluorescence minus one; HSPCs, hematopietic stem and progenitor cells; MFI,
median fluorescence intensity; PIM, pimonidazole.
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Moreover, several gene sets related to autophagy, that is,

autophagy (GO term 0006914), autophagosome assembly (GO

term 0000045), regulation of autophagy (GO term 0010506), and

positive regulation of autophagy (GO term 0010508), were also

significantly biased toward genes expressed at higher level in

untreated BMdDCs (Figure 4A,E−G). These results suggest that

SCF triggered‐pathway might drift BMdDC phenotype away from

autophagy, and modulate response to hypoxia.

4 | DISCUSSION

It is well‐established that DCs are extremely heterogeneous, as, in

fact, they comprise several different subsets, and can acquire a

variety of functional states upon stimulation.3,4,6 In our previous

work, we showed that mouse and human cDCs differently express

c‐kit in distinct lymphoid organs.27 Indeed, in both human and mouse

BM, the percentage of c‐kit+ cells was about five times higher among

F IGURE 3 HIF‐1α expression and PIM binding by c‐kit+ and c‐kit− DCs from spleen and BM. A, B Spleen and BM cells were obtained from
untreated B6 mice, stained and analyzed by flow cytometry as in Figure 1. Spleen DCs (A) and BM DCs (B) were gated as in Figure 1A, B,
respectively. In left histograms, c‐kit (solid line) and corresponding FMO control (dashed line) profiles are shown; numbers represent percentages
of c‐kit+ and c‐kit− cells in the indicated regions. In HIF‐1α histograms (right), c‐kit+ (blue line) and c‐kit− (brown line) DCs are shown; numbers
represent HIF‐1α MFI of c‐kit+ and c‐kit− DCs. Each panel is a representative example of at least five mice. C−F Spleen and BM cells were
obtained from PIM‐injected B6 mice, stained and analyzed by flow cytometry as in this figure. Typical PIM histograms of spleen DCs (C) and BM
DCs (D) showing c‐kit+ (blue‐filled line) and c‐kit− (brown‐filled line) DCs; numbers represent PIM MFI of c‐kit+ and c‐kit− DCs (corresponding
FMO in Supporting Information: Figure S3E−F). Each panel is a representative example of at least six mice. Summary of PIM MFI of c‐kit+ and
c‐kit−spleen DCs (E) and BM DCs (F). Individual mice from three independent experiments and mean values (bar) are shown (n = 6). BM, bone
marrow; DC, dendritic cells; FMO, fluorescence minus one; HIF‐1α, hypoxia‐inducible‐factor‐1; MFI, median fluorescence intensity; PIM,
pimonidazole.
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cDC1s than among cDC2s, while in mouse spleen most cDC1s and

cDC2s expressed c‐kit, without significative differences between the

two subsets.27 In respect to DC biology, some studies showed that

SCF/c‐kit was involved in the regulation of Th2 responses,26,29 while

we implicated this pathway in DC survival.27,28 Indeed, we found that

SCF was an autocrine survival factor for BMdDCs with high c‐kit

expression, and that addition of exogenous SCF induced phospho‐

Akt increase, while total Akt remained unchanged.27 Similarly, SCF

counteracted the cell number decrease observed when purified

spleen DCs were cultured in vitro for 2 days,28 thus confirming the

prosurvival role of this factor for mouse DCs.

Building on our previous work, in this report, we focused on

mouse DCs in the steady state, demonstrating that spleen and BM

DCs have a hypoxic phenotype, with some differences according to

c‐kit expression and cDC subset. We also investigated here the

regulation of hypoxia‐induced response and autophagy, two pro-

cesses that are central to cellular homeostasis in hypoxic conditions,

by the hematopoietic cytokine SCF, the only known ligand for c‐kit.41

Even though it has long been known that c‐kit is normally expressed

by mature cDCs in lymphoid organs,3 its role in DC biology has been

poorly investigated. This might be partly due to the fact that c‐kit is

negatively regulated by GM‐CSF, a typical supplement of DC culture

medium,27 and furthermore that c‐kit is strongly downregulated upon

DC activation by commonly used stimuli, such as CpG (bacterial 5'‐

Cytosine‐phosphate‐Guanine‐3' DNA) and Poly I:C (Polyinosinic:po-

lycytidylic acid) two synthetic products mimicking bacterial and viral

nucleic acids, respectively, as well as by the proinflammatory

cytokines TNF‐α and IFN‐β.28 Our results pointed to a regulatory

role of SCF on hypoxia‐induced response and autophagy.

In more detail, we showed here that mouse CD11chi MHC‐IIhi

DCs have a hypoxic phenotype in the spleen and BM, as

demonstrated by their high expression of the transcription factor

HIF‐1α, and their elevated labeling with PIM, a hypoxic marker.

Remarkable differences in hypoxic phenotype were evident among

different DC subsets. Indeed, we observed that c‐kit+ DCs had a

significantly higher PIM MFI than c‐kit− DCs in the spleen. Results

were similar in the BM. Notably, HIF‐1α expression and PIM staining

indicate a hypoxic state independently of distance from vessels, as

previously demonstrated by elegant in situ tissue analysis.18 To

further investigate gene expression heterogeneity among spleen DCs

with respect to hypoxic response, we exploited publicly available bulk

RNAseq data generated by Alexander Rudensky's lab on three

F IGURE 4 GSEA of microarray data from mouse BMdDCs stimulated with SCF under hypoxia. BMdDCs enriched in c‐kit+ cells were
generated according to our previous protocol,27,28 cultured under hypoxia for 2 days, and then either stimulated with SCF at 100 ng/ml (SCF) or
not (medium) for 6 h. After RNA extraction, gene expression was analyzed by Affimetrix microarray (medium vs. SCF comparisons from four
experiments, n = 8). Bioinformatic analysis was run by GSEA on data normalized by RMA method (Supporting Information: Table S3). A GO terms
showing a statistically significant difference are listed (those involved in hypoxia and autophagy molecular pathways are indicated in red and
blue, respectively). B Dendritic cell differentiation gene set (GO term 0097028). C Cellular response to hypoxia gene set (GO term 0071456).
D Response to hypoxia gene set (GO term 0001666). E Positive regulation of autophagy gene set (GO term 0010508). F Autophagosome
assembly gene set (GO term 0000045). G Autophagy gene set (GO term 0006914). BM, bone marrow; BMdDC, BM‐derived DCs; DC, dendritic
cells; GO, Gene Ontology; GSEA, gene set enrichment analysis; RMA, Robust Multichip Average; SCF, stem cell factor.
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different spleen cDC subsets, that is, T‐bet+ cDC2A, T‐bet− cDC2B,

and XCR1+ cDC1.5 We analyzed enrichment to annotation to the

cellular pathway of response to hypoxia across genes showing higher

expression levels in cDC2As or cDC2Bs and found a bias

toward genes with higher expression in cDC2Bs. Similarly, when

comparing annotation distribution as a function of gene expression in

cDC2As versus cDC1s, there was a bias in the involvement in the

cellular response to hypoxia for genes expressed at higher levels in

cDC1s, whereas no significant difference was observed between

cDC2Bs and cDC1s. We also analyzed publicly available scRNAseq

data of mouse spleen DCs,5 and found that the only cell cluster

expressing Kit out of 18 clusters had a significant enrichment in genes

implicated in oxygen sensing and hypoxia. Altogether, these results

show that hypoxia‐response pathways are activated in mouse spleen

and BM DCs, with some differences among DC subsets, thus adding

one layer of heterogeneity on top of already known diversities in DC

subsets/phenotypes.

In vitro studies in normoxia showed that SCF/c‐kit signaling

increased HIF‐1α protein accumulation in pancreatic cancer cells and

in HSCs,22,42 and upregulated several hypoxia‐responsive genes in

HSCs,22 suggesting that SCF enhances hypoxia response, at least in

some cell types. Building on our previous findings on the SCF‐

triggered pathway in mouse DCs,27,28 we performed gene expression

microarray analysis of mouse BMdDCs cultured in hypoxia, and

incubated either in the presence or absence of SCF. Using pathway

enrichment analysis, we found that annotation to the response to

hypoxia gene sets GO term 0071456 and 0001666 was significantly

biased toward genes expressed at higher levels in the absence of

SCF, suggesting that SCF addition modulated the response to low

oxygen tension in our culture conditions. It should be highlighted that

our experimental conditions are different from those of the above‐

cited studies on SCF‐mediated upregulation of hypoxia‐responsive

genes22 both with respect to cell types, that is, BMdDCs versus

HSCs, and culture conditions, that is, hypoxia versus normoxia.

Increasing evidence supports the role of autophagy in immune

cell biology and function.43 For example, autophagy contributes to

the elimination of intracellular pathogens and regulates antigen‐

presentation by DCs43,44; nevertheless, it can also favor viral

replication and dampen immune response by degrading components

of activatory pathways.45 Similarly, autophagy can regulate either

positively or negatively cell survival, depending on the intra‐ and

extracellular context.46,47 Autophagy is controlled by a complex

interplay of molecular pathways. More specifically, it is jointly

regulated by metabolic cues and immune receptor signals in

macrophages and DCs.43,47,48 We recently observed that oxygen

tension has an impact on LPS‐triggered autophagy in human

monocyte‐derived DCs.49 We thus examined enrichment in a series

of autophagy‐related gene sets in BMdDCs stimulated with SCF in

hypoxic conditions, and found that autophagy, autophagosome

assembly, regulation of autophagy, and positive regulation of

autophagy gene sets were all significantly biased toward genes

expressed at higher levels in the absence of SCF, suggesting that in

our culture conditions SCF counteracted homeostatic autophagy,

possibly reinforced under hypoxia.13 Since autophagy has been

involved in antigen presentation,43,44 it might be expected that SCF

modulates antigen presentation by DCs. However, in our previous

study, SCF did not modulate MHC‐I‐ nor MHC‐II‐restricted presen-

tation of the soluble protein ovalbumin by mouse BMdDCs under

normoxia,27 suggesting that the impact of SCF on autophagy, and of

autophagy on antigen presentation, might depend on oxygen tension

and/or antigen type.

In short, our results show that mouse spleen and BM DCs are

heterogeneous with respect to hypoxic phenotype, possibly reflecting

intrinsic cellular differences, and/or diversities in tissue microenviron-

ments. Furthermore, our in vitro findings suggest that SCF is involved in

modulating DC response to hypoxia and inhibiting autophagy. Together

with our previous demonstration that SCF acts as a prosurvival factor

for DCs,27,28 this study implicates SCF/c‐kit in the regulation of DC

homeostasis under physiological conditions. Our results might be

relevant also for hypoxia and autophagy regulation in cancer.50–52 For

example, our findings might provide a new perspective on previous

results showing that the presence of c‐kit+ DCs in tumor myeloid

compartment correlated with favorable prognosis.53
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