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The Journal of Immunology

GATA1-Deficient Dendritic Cells Display Impaired
CCL21-Dependent Migration toward Lymph Nodes
Due to Reduced Levels of Polysialic Acid

Maaike R. Scheenstra,* Iris M. De Cuyper,* Filipe Branco-Madeira,†,‡ Pieter de Bleser,x

Mirjam Kool,† Marjolein Meinders,* Mark Hoogenboezem,{ Erik Mul,{

Monika C. Wolkers,‖ Fiamma Salerno,‖ Benjamin Nota,* Yvan Saeys,x Sjoerd Klarenbeek,#

Wilfred F. J. van IJcken,** Hamida Hammad,†,‡ Sjaak Philipsen,†† Timo K. van den Berg,*

Taco W. Kuijpers,*,‡‡ Bart N. Lambrecht,†,‡,xx and Laura Gutiérrez*,{{

Dendritic cells (DCs) play a pivotal role in the regulation of the immune response. DC development and activation is finely orchestrated

through transcriptional programs. GATA1 transcription factor is required for murine DC development, and data suggest that it might

be involved in the fine-tuning of the life span and function of activated DCs. We generated DC-specific Gata1 knockout mice (Gata1-

KODC), which presented a 20% reduction of splenic DCs, partially explained by enhanced apoptosis. RNA sequencing analysis

revealed a number of deregulated genes involved in cell survival, migration, and function. DC migration toward peripheral lymph

nodes was impaired in Gata1-KODC mice. Migration assays performed in vitro showed that this defect was selective for CCL21, but

not CCL19. Interestingly, we show that Gata1-KODC DCs have reduced polysialic acid levels on their surface, which is a known

determinant for the proper migration of DCs toward CCL21. The Journal of Immunology, 2016, 197: 4312–4324.

D
endritic cells (DCs) are key initiators and regulators of
the immune response (1). Two major types of DCs have
been defined in mouse and human in the steady-state,

that is, conventional DC (cDCs) and plasmacytoid DCs. Under in-
flammatory conditions, yet another type of DC, so-called inflam-
matory DC, derives from circulating monocytes (2). In mice, cDCs
can be further subdivided into CD8a+CD24+Xcr1+ cDCs (also called
cDC1) and CD11b+Sirp-a+ cDCs (also called cDC2) (3–8). Imma-
ture DCs express several receptors for pathogen-associated molec-

ular patterns, such as TLRs, which can induce the activation of DCs
when recognizing their ligand. Activated DCs migrate to the lymph
nodes to activate T and B cells by Ag presentation on MHC class I
(MHC-I) or MHC-II (9). Migratory DCs in the lymph nodes can be
distinguished from resident cDCs by their higher MHC-II expres-
sion (2, 5, 9). Both cDC subtypes can activate CD4+ T cells through
MHC-II in the lymphoid organs. In addition, CD8a+ cDCs are
specialized to cross-present Ag on the MHC-I molecule, and thereby
are capable of priming CD8+ cytotoxic T cells (3, 5, 9–11).
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The development of DCs from hematopoietic progenitors is
tightly regulated by transcriptional programs (12, 13). The role of
several transcription factors in DC development has been studied
using genetically modified mice and by reconstitution assays (14).
Several transcription factors have been found to regulate DC subset
differentiation. Mice deficient for IRF2, IRF4, KLF4, or RelB have
a strong reduction in the CD11b+ cDC subset (15–18), whereas
IRF8 and Batf3 deficiency results in a strong reduction in the
CD8a+ cDC subset (19, 20). IRF4 and IRF8 are important for the
in vitro generation of bone marrow (BM)–derived DCs (BM-DCs),
either in the presence of GM-CSF or Flt3L (20). Other tran-
scription factors, such as SPI1 (also known as PU.1), are involved
in the development and differentiation of both cDC subsets. PU.1
regulates Flt3 expression, which is essential for DC development
(21). Loss of PU.1 in the DC lineage results in a general cDC defect,
with the CD8+ cDC subtype being more severely affected than the
CD11b+ cDC subtype (14, 21, 22). GATA1 transcription factor,
which exerts functions antagonistic to PU.1, is expressed in both
cDCs and plasmacytoid DCs (23) and is required for proper dif-
ferentiation (24). GATA1 belongs to the GATA family of transcrip-
tion factors, characterized by two zinc finger domains for DNA
binding to the GATA consensus sequence (WGATAR), as well as
motifs for protein–protein interactions (25). GATA1 is essential
for differentiation of erythrocytes and megakaryocytes (25–27). In
these lineages, GATA1 regulates the transcription of cell-specific
and antiapoptotic genes (26, 28–31).
Not much is known yet about the role of GATA1 in DCs. GATA1

was found to be important for the lineage separation between DCs and
macrophages, being indispensable for DC commitment and differ-
entiation from progenitors (24). It was also observed that GATA1 is
required for DC survival and function, in particular upon LPS stim-
ulation of GM-CSF–cultured BM-DCs. In humans, DC differentia-
tion from blood monocytes was reported to coincide with the
upregulation of GATA1 expression as a crucial cell fate factor for
the dichotomy between Langerhans cells and DC lineage devel-
opment (26). The closely related GATA2 transcription factor has
been recently linked to DC differentiation. Patients carrying mu-
tations in the GATA2 gene present with MonoMac disease (an
autosomal dominant immunodeficiency caused by the lack of
monocytes, DCs, B cells, and NK cells) and are prone to development
of myelodysplasia and/or leukemia (32). In addition, conditional
GATA2 loss in mice results in severely reduced DC numbers (33).
In this study, we dissect the role of GATA1 in DCs using a DC-

specific Gata1 knockout (KO) mouse (Gata1-KODC) model. We
found that Gata1-KODC mice display a decrease in the splenic DC
compartment. RNA sequencing (RNA-Seq) revealed a number of
deregulated genes involved in cell survival, migration, and function in
Gata1-KODC DCs. Interestingly, we observed impaired DC migration
toward the lymph nodes in Gata1-KODC mice upon LPS treatment
and in aging mice. The migration defect was CCL21 dependent. This
phenomenon could be explained by reduced polysialic acid (PSA)
surface expression levels in LPS-stimulated Gata1-KODC DCs.

Materials and Methods
Mice

Mice bearing a modified Gata1 allele flanked with loxP sites (34) were
crossed with mice expressing a constitutively active Cre recombinase
under the CD11c promoter (CD11cCre [bacterial artificial chromosome
(BAC)]) from the Jackson Laboratory [B6.Cg-Tg(Itgax-cre)1-1Reiz/J, strain
008068] (35). Because the Gata1 gene is X-linked, only Gata1-lox|
CD11cCre (BAC) males were used to obtain DC-specific pancellular Gata1
recombination, and we named them Gata1-KODC. Gata1-lox male litter-
mates (WTlox) were used as controls. In addition, and to be able to sort an
enriched population of recombined DCs for RNA-Seq, we used the R26R-
RG reporter strain (provided by S. Aizawa). These mice bear a conditional

reporter transgene at the Rosa26 locus, and upon Cre recombination they
express nuclear-mCherry and surface-EGFP (36). We crossed R26R-RG
mice with Gata1-lox|CD11cCre (BAC) mice, and used R26R-RG|Gata1-
lox|CD11cCre (R26R-RG|Gata1-KODC) and R26R-RG|CD11cCre (R26R-
RG|CD11cCre males not bearing Gata1-lox allele [WTCre]) mice for the
generation of DCs in culture as specified later.

Mice were used between 8 and 16 wk of age, unless stated otherwise.
When indicated, LPS (Sigma) was administered (5 mg/mouse) via i.v. in-
jection, and mice were sacrificed after 24 h for further analysis.

Mice were kept specified pathogen-free with free access to food and
water at all times, under the guidelines for animal experimentation approved
by the animal ethical comity of the Netherlands Cancer Institute (NKI,
Amsterdam, the Netherlands), Erasmus MC, and VIB.

Mouse BM-DC culture

BMwas obtained by crushing the femur and tibia of both legs, after which the
cells were filtered through a 40-mm filter (BD Biosciences) to obtain a single-
cell suspension. Cells were cultured at a density of 0.5 3 106/ml in RPMI
1640 (Life Technologies) supplemented with 5% heat-inactivated FCS, 1%
penicillin/streptomycin, 5 mM 2-ME, and 20 ng/ml GM-CSF (Peprotech). A
total of 0.5 mg/ml LPS (Santa Cruz Biotechnology) was added to the cells at
day 7, and the cells were harvested for further analysis at days 8 and 10.

Cell purification and flow cytometry

Blood was drawn by heart puncture and collected in heparin-coated vials
(Sarstedt, N€umbrecht, Germany). The scil Vet abc Plus+ automated he-
mocytometer was used to determine standard blood parameters. Spleen
and lymph nodes were taken from the mice and digested in RPMI 1640
(Life Technologies), supplemented with 1.5 W€unsch activity units/ml
Liberase TL grade (Roche, U.K.), 0.5 mg/ml Aggrastat (MSD), and 2
Kunitz units/ml DNAse (Sigma) for 30 min at 37˚C. Single-cell suspen-
sions were made using a 40-mm filter (BD Biosciences), and the cells were
washed with PBS/0.5 mM of EDTA. Blood and spleen samples were treated
with an isotonic ammonium chloride buffer for 5 min at 4˚C to lyse the
erythrocytes, after which lysis buffer was washed away with PBS.

Cells (from organs and cultured BM-DCs) were stained for different
markers (for Abs used, see Table I). In addition, cells were incubated in a
HEPES buffer containing 2.5 mM of CaCl2 for Annexin V and propidium
iodide (PI) staining. Samples were measured on a BD FACSCanto II or BD
FACSFortessa flow cytometer (BD Biosciences) and analyzed with FlowJo
software.

RNA extraction

For RNA-Seq analysis, BM-derived GM-CSF DCs from R26R-RG|Gata1-
KODC and R26R-RG|WTCre mice were used nonstimulated and stimulated
with LPS at day 7 as described earlier. At day 10, steady-state DCs and
LPS-stimulated DCs were harvested and sorted for GFP+/mCherry+ cells.
This strategy allowed enriching for DCs that had undergone Cre-mediated
recombination for both the WTCre and the R26R-RG|Gata1-KODC cultures.
Total RNAwas extracted from the sorted DCs using the RNeasy-plus mini
kit (Qiagen).

RNA-Seq

RNA-Seq was performed according to manufacturer’s instructions (Illumina)
using the TruSeq RNA sample prep kit v2. In brief, polyA-containing mRNA
molecules were purified using oligo-dT attached to magnetic beads. After
purification, the mRNA was fragmented into ∼200-bp fragments using di-
valent cations under elevated temperature. The cleaved RNA fragments were
copied into first-strand cDNA using reverse transcriptase and random pri-
mers. This was followed by second-strand synthesis using DNA polymerase
I and RNase H treatment. These cDNA fragments were end repaired, a single
A base was added, and Illumina adaptors were ligated. The products were
purified and size selected on gel and enriched by PCR. The PCR products
were purified by QIAquick PCR purification and used for cluster generation
according to the Illumina cluster generation protocols. The samples (n = 2
for every condition) were sequenced for 36 bp on a HiSeq2000 and demul-
tiplexed using Narwhal (37). The reads were aligned using TopHat version
2.0.8 (38) against the University of California, Santa Cruz Genome Browser
mm10 reference genome, using Ensemblgenes.gtf version 73 (39). For RNA
of R26R-RG|Gata1-KODC DCs, we obtained an average of 17.1 million reads
for steady-state condition and 13.1 million reads for LPS-stimulated condi-
tion, of which 93.7 and 91.3% aligned back, respectively, to the reference
genome. For WTCre DC samples, we obtained an average of 17.3 million
reads for steady-state condition and 18.9 million reads for LPS-stimulated
condition, with 93.2 and 93.3% alignment, respectively (Supplemental
Fig. 2B). The data were submitted to GEO (accession number GSE69969).
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RNA-Seq data analysis

For all 23,420 University of California, Santa Cruz Genome Browser mm10
annotated genes, the reads were counted that aligned to the exonic regions
using “feature Counts” from Subread (version 1.4.3) (40). Differential
gene expression assessment was done in the R environment (version 3.1.1)
with edgeR (version 3.6.8) (41), as earlier described (42). The following
group comparisons were made: R26R-RG|Gata1-KODC versus WTCre

under steady-state condition, and R26R-RG|Gata1-KODC versus WTCre

under LPS condition. The p values were adjusted for multiple testing using
FDR control (43), and adjusted p , 0.05 was considered significant. Two-
dimensional hierarchical clustering was done with significant genes using
only default settings of the “heatmap.2” function from the gplots (version
2.16) R package, using log2-transformed reads per kilobase per million
data. The normalized gene expression data were scaled by row (Z-score).
Gene Ontology (GO) gene set enrichment analyses were carried out with
the GOseq R package (version 1.16.2) (44). Enrichment of GO terms was
assessed in each list of differentially expressed genes per contrast sepa-
rately, taking length bias into account. The derived p values were adjusted
for multiple testing using Bonferroni correction, and adjusted p, 0.05 was
considered significant.

HOMER software suite was used, with default settings, to identify en-
richment of known motifs in promoters of differentially regulated genes (45).

Principal component analysis (PCA) was performed using Fastq files that
were equally processed with fastqc version 0.11.2 (46) and trimmomatic
v0.33 (47). Mapping to the reference genome was done using TopHat2
v2.0.10 (38), and filtering was done with samtools v0.1.19 (48). Counting
reads in features was done with htseq-count (49). PCA analysis was per-
formed in R. ComBat was used to correct for batch effects (50). Data sets
used are publicly available: cultured BM-derived M-CSF macrophages
(GSM1520422 and GSM1520423) and cultured BM-derived GM-CSF DCs,
treated or not with LPS (GSM1620172, GSM624287, and GSM722533).

Quantitative RT-PCR

Total RNAwas extracted from culturedWTlox and KODC cultured DCs with
the RNeasy-plus mini kit (Qiagen) used according to the manufacturer’s
instructions. cDNA was synthesized with Superscript III RT (Invitrogen).
Custom-made primers were used to amplify desired transcripts with SYBR
green as a detection method with the StepOnePlus real-time PCR system
(Applied Biosystems): Gata1, fw 59-CAGTCCTTTCTTCTCTCCCAC-39
and rev 59-GCTCCACAGTTCACACACT-39. Input was normalized using
housekeeping genes (Hprt: fw 59-AGCCTAAGATGAGCGCAAGT-39
and rev 59-ATGGCGACAGGACTAGAACA-39; Ubc: fw 59-AGGT-
CAAACAGGAAGACAGACGTA-39 and rev 59-TCACACCCAAGAA-
CAAGCACA-39; and Gapdh: fw 59-CCTGCCAAGTATGATGACAT-39
and rev 59-GTCCTCAGTGTAGCCCAAG-39), and relative expression was
calculated using the cycle threshold (Ct) value method (DDCt); that is, relative
expression = 22DCt, where DCt = Cttarget gene 2 average Cthousekeeping genes (51).

Protein extraction and Western blotting

Naive (CD44low) CD4+ and CD8+ T cells were sorted from wild type (WT)
mouse spleens, and 5 3 106 cells were lysed in 100 ml of sample lysis
buffer. BM-DCs from WTlox and KODC mice were lysed with radio-
immunoprecipitation assay buffer (10 mM of Tris-HCL [pH 8], 1 mM of
EDTA, 0.5 mM of EGTA, 140 mM of NaCl, 1% Triton X-100, 0.1%
NaDOC, 0.1% SDS) containing protease inhibitors. As control for GATA1
expression, we used I/11 mouse erythroid cell line; for protein extraction,
1 3 106 cells were lysed in 100 ml of sample lysis buffer. Protein con-
centrations were measured with BCA Protein Assay Reagent (Thermo
Scientific, Rockford, IL). Protein samples were separated using a 10%
SDS-polyacrylamide gel, after which they were transferred to a polyvi-
nylidene difluoride membrane (Millipore, Billerica, MA). Membranes
were labeled with GATA1 (M20 or N6) Abs and thereafter with anti-goat
or anti-rat IgG-HRP. Pierce ECL Western blotting substrate was used to
visualize HRP. Super RX films were developed in the medical film pro-
cessor SRX-101A (Konic Minolta, Tokyo, Japan). As loading control,
GAPDH (Merck Millipore, Darmstadt, Germany) was used, followed by
anti-mouse-IgG-IRDye 800CW-conjugated Ab (LI-COR, Lincoln, NE) and
visualized using LI-COR Odyssey Western blot detection system (Westburg,
Leusden, the Netherlands). Protein levels were quantified using ImageJ.

Transwell migration

A total of 2 3 106 cultured WTlox or KODC DCs was labeled with calcein-
AM (Invitrogen) for 30 min at 37˚C in HEPES-buffered saline solution
(134 mM of NaCl, 0.34 mM of Na2HPO4, 2.9 mM of KCl, 12 mM of
NaHCO3, 20 mM of HEPES, 5 mM of glucose, 1 mM of MgCl2 [pH 7.3]).
A total of 4 3 105 cells was added in the upper well of Transwell on a

FluoroBlock filter (8.0-mm pores; Corning). The filters were placed in a
24-well plate, which contained 200 ng/ml CCL19 or CCL21 (BioLegend).
The plates were placed in the F200-pro plate reader (Tecan, Männedorf,
Switzerland), which was set to 37˚C. Fluorescence was measured every
10 min for 3 h with an excitation wavelength of 485 nm and an emission
wavelength of 535 nm.

CCL21 binding assay

A total of 1 3 105 cultured WTlox or KODC BM-DCs was resuspended in
HEPES buffer saline solution, as described earlier, and placed in a 96-well
plate. Cells were incubated for 30 min with 20 ng/ml CCL21 on ice, after
which the cells were fixed and permeabilized, using the fix/perm kit from
BD Biosciences. Cells were incubated with CCL21 Ab (R&D Systems) for
30 min on ice in perm/wash buffer, after which cells were incubated with a
FITC-labeled anti-goat Ab (Life Technologies). Samples were measured
on a BD FACSCanto II and analyzed with FlowJo software.

Statistical analysis

Results are presented as the mean 6 SEM. Statistical significance was
assessed with two-sided Student t tests, as calculated with GraphPad Prism
software, version 6.02.

Results
GATA1 loss in DCs results in a reduction of the splenic DC
compartment

Gata1-lox mice (34) were crossed with CD11c-Cre mice (35) to
generate DC-specific Gata1 KO mice (Gata1-KODC). CD11c-Cre
mice have been previously characterized by Caton et al. (35), and
from this study it was reported that the recombination efficiency in
DCs is 96% using a R26-EYFP reporter mouse. In addition, “leaky”
recombination in other lineages was also reported, for example,
0.3% in granulocytes, 6% in T cells, 5% in B cells, and 12% in NK
cells. Of these, GATA1 is expressed only in a subset of granulocytes,
that is, in eosinophils, whereas it is undetectable in lymphocytes (24).
We measured the complete blood counts of Gata1-KODC mice

and WT littermates (WTlox) on a Scil Vet abc Plus+ Hematology
analyzer. RBC and platelet counts, lineages that require Gata1 ex-
pression (25), were in the normal range in both WTlox and Gata1-
KODC mice (Fig. 1A), indicating no recombination leakage in the
megakaryocyte/erythroid lineages.
Gata1-KODC mice presented with a mild reduction in WBC

counts, which was caused by a reduction in lymphocytes, because
there were no differences in granulocyte numbers and only a mild
significant increase in monocytes in Gata1-KODC mice (Fig. 1A).
By flow cytometry, we dissected the lymphocyte populations in the
blood and identified a reduction in T cells, which was specifically
due to a decrease in CD4+ T cells and not CD8+ T cells (Fig. 1B)
(see Table I for a list of Abs used). The T cell lineage in other organs
was not affected, nor was the B cell lineage (data not shown). Be-
cause the majority of blood lymphocytes are B cells, we sorted
splenic CD4+ and CD8+ T cells fromWTanimals to analyze GATA1
expression (Supplemental Fig. 1A). We were unable to detect full-
length GATA1, and observed very low levels of the short GATA1
isoform in both T cell subsets. All together, these results suggest
that the specific reduction of CD4+ T cells in the blood is probably
not due to leaky recombination in the T cell lineage.
We next analyzed the cDC subtypes in different lymphoid or-

gans. First, we selected non-B cells after which DCs were gated
based on CD11c and MHC-II expression (Fig. 1C). We found a
significant reduction of cDCs in the spleen of Gata1-KODC mice,
whereas no differences were found in the blood and the lymph
nodes (Fig. 1D). The splenic cDCs were further subdivided into
CD11b+ and CD8+ subsets (Fig. 1C), and we found that the reduc-
tion of cDCs in the spleen was due to a decrease of both subsets in
Gata1-KODC mice, although CD11b+ DCs were more strongly re-
duced (Fig. 1D).
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Increased apoptosis in GM-CSF cultured Gata1-KODC DCs

The reduction in the splenic DC compartment in Gata1-KODC mice
could be caused by either a block in DC differentiation, aberrant
migration from the spleen, or enhanced apoptosis. The intrinsic role of
GATA1 in differentiation and survival has been well established in
erythroid progenitor cells (26, 28–31). Furthermore, we previously
showed that induced ubiquitous deletion of Gata1 (ER-Cre under the
Rosa26 promoter) affects megakaryopoiesis and erythropoiesis (52),
as well as DC survival, whereas M-CSF BM-derived macrophages are
not affected by Gata1 recombination (24). To examine whether DC-
specific GATA1 loss in committed DCs would result in enhanced
apoptosis and/or defective differentiation, BM cells from WTlox and
Gata1-KODC mice were cultured in the presence of GM-CSF to
generate DCs. The GM-CSF BM culture system is widely used for
DC studies. These GM-CSF–derived DCs do not resemble cDCs but
an inflammatory DC type, and the cultures also support the differen-
tiation of monocyte-derived macrophages to some extent (53). We
characterized the cultures by flow cytometry using CD11b, CD11c,
and MHC-II. The cultures were very homogeneous based on expres-
sion of these markers and contained ,20% of macrophage-like cells
based on lower CD11c and higher CD11b expression, or by using
F4/80 as a macrophage marker (Fig. 2A, Supplemental Fig. 1D, 1E).
Cells were stimulated with LPS or left unstimulated at day 7 and

harvested after 60 h for RNA extraction, protein isolation, and flow
cytometry analysis. Both WTlox and Gata1-KODC cultured DCs
were equally activated as shown by increased expression of MHC-II
and costimulatory molecules CD86 and CD40 (Fig. 2B). We
found a 2-fold reduction of Gata1 mRNA in Gata1-KODC cultures
in steady-state. WTlox DCs upregulated Gata1 expression upon LPS
stimulation, as previously described (23); however, Gata1-KODC

DCs failed to do so. These results were confirmed at the protein
level, although to a lesser extent, probably because of the half-life
of GATA1 protein (Supplemental Fig. 1B).
To study the cell survival of WTlox and Gata1-KODC cultures,

we used Annexin Vand PI staining. Gata1-KODC cells cultured for

8 d, and stimulated for 24 h with LPS, showed a small decrease in
live cells (Annexin Vand PI double-negative cells) and an increase
in apoptotic cells (Annexin V and PI double-positive cells) in
comparison with WTlox DC cultures (Fig. 2D). Analysis on day 10,
that is, 60 h in the presence of LPS, showed that, although the cells
were maintained in WTlox DC cultures, there was a clear reduction
of live cells and a strong increase in the percentage of apoptotic and
dead cells in Gata1-KODC cultures (Fig. 2D).
These results corroborate previous data (24) and highlight the

requirement of Gata1 in the regulation of the life span of differ-
entiated and activated DCs.

RNA-Seq analysis of Gata1-KODC DCs in steady-state and
upon LPS stimulation

We next analyzed the changes in the transcriptome of Gata1-KODC

BM-DCs by RNA-Seq analysis. Gata1-KODC mice were crossed
with R26R-RG reporter mice (36), which express EGFP on the outer
membrane and mCherry on the nuclear membrane upon recombi-
nation. BM-DCs from R26R-RG|WTCre and R26R-RG|Gata1-KODC

mice were stimulated at day 7 and FACS-sorted for EGFP-mCherry
double-positive cells 60 h thereafter (Fig. 3A), after which mRNA
was extracted. This allowed us to enrich for DCs that underwent re-
combination, becauseGata1 levels were downregulated 8- to 18-fold in
R26R-RG|Gata1-KODC DCs compared with WTCre (Fig. 3B). Fur-
thermore, PCA of our data sets in comparison with publicly available
RNA-Seq data sets of cultured GM-CSF DCs and G-CSF macro-
phages show that all DC data sets separate clearly from macrophages,
corroborating the DC identity of our samples (Supplemental Fig. 1F).
RNA-Seq analysis revealed minor changes between R26R-RG|

Gata1-KODC and WTCre DC in steady-state cultures, that is, 15 genes
were significantly upregulated and 15 genes significantly downreg-
ulated. However, upon LPS stimulation, 289 genes were significantly
upregulated and 609 genes were significantly downregulated in
R26R-RG|Gata1-KODC DCs compared with WTCre (Fig. 3C, 3D,
Supplemental Fig. 2B, Supplemental Table I). These results suggest

Table I. List of Abs

Ag Label Clone Supplier

Annexin V FITC BD Pharmingen
CCL21 — R&D Systems
CCR7 PE 4B12 eBioscience
CD3e eFluor780 17A2 eBioscience
CD4 Allophycocyanin RM4-5 BD Pharmingen
CD4 PE GK1.5 eBioscience
CD8a PE-Cy7/PerCP-Cy5.5 53-6.7 BD Pharmingen
CD11b Allophycocyanin-Cy7 M1/70 BD Pharmingen
CD11c PE HL3 BD Pharmingen
CD19 PE-Cy7 eBio1D3 eBioscience
CD24 Pacific blue M1/69 eBioscience
CD40 FITC 3/23 BD Pharmingen
CD44 PerCP-Cy5.5/eV450-Pacific blue IM7 eBioscience
CD86 PerCP GL-1 BioLegend
GATA1 — M-20 Santa Cruz
GATA1 — N6 Santa Cruz
GAPDH — 6C5 Merck Millipore
MHC-II FITC M5/114.15.2 eBioscience
PI — BD Pharmingen
PSA-NCAMa PE 2-2B Miltenyi Biotec
Anti-goat IgG AF488 Life Technologies
Anti-goat IgG HRP Thermo Fisher
Anti-mouse IgG IRDye 800CW Li-Cor
Anti-rat IgG HRP Dako

aFrom supplier datasheet (http://www.miltenyibiotec.com/; order no. 130-093-274; date last accessed: October 2016): “The Anti-
PSA-NCAM antibody recognizes an epitope on human, mouse, and rat PSA, which, in vertebrates, is found linked to the extra-
cellular domain of the neural cell adhesion molecule (NCAM, CD56).” However, it must be clarified that it recognizes PSA on
protein acceptors other than NCAM.

NCAM, neural cell adhesion molecule.
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a major role for GATA1 in transcriptional regulation of DC upon
activation.
HOMER transcription factor motif analysis revealed CEBP

motif enrichment in the differentially expressed genes in steady-state
conditions (Fig. 3C). Upon LPS stimulation, we identified ETS and
CEBP motifs significantly enriched in the set of upregulated genes
(Fig. 3D). Cooperation of CEBPa/ETS and GATA1 has been pre-
viously reported in eosinophils (54). A different set of enriched
motifs was identified when taking downregulated genes, which in-
cluded motifs for TAL1, bZIP, Maz (ZF), ETS, and TBP. Tran-
scription factors recognizing these motifs have been reported to
interact directly or to cooperate with GATA1 or other GATA tran-
scription factors (55–64). GO term enrichment analyses revealed a
number of specific processes that were affected in R26R-RG|Gata1-
KODC DCs upon LPS stimulation. An increased representation of
metabolic processes was observed in the set of upregulated genes,
and in the set of downregulated genes we observed migration,
proliferation, and DC differentiation, but also T cell activation and
CD4+ T cell activation to be affected (Supplemental Table II).
Ingenuity Pathway Analysis (IPA) allowed us to assign the dif-

ferentially expressed genes into functional categories (Supplemental

Fig. 2A). Interestingly, we observed 58 transcriptional regulators
that were affected upon LPS stimulation, of which 7 were upreg-
ulated and 51 were downregulated (Table II). These include Gata2,
Ikaros3 and Ikaros4, Irf8, Nfkb, Bach2, Vdr, Runx1, and Runx3, all
with known roles in DC development and function, which could on
their own explain the DC deficiency observed in steady-state con-
ditions in vivo and the apoptosis observed in vitro. Not appearing in
the IPA, but shown to be relevant for DC specification, Zbtb46
(53, 65) was also downregulated significantly in Gata1-KODC

DCs upon LPS stimulation.
This finding together with the HOMER motif enrichment

analysis, in which the GATA motif was not found to be enriched,
supports the notion that transcriptional differences identified
in R26R-RG|Gata1-KODC DCs include many indirect GATA1
targets.

DC migration toward the lymph nodes upon LPS stimulation is
impaired in Gata1-KODCmice

The effect of Gata1 loss on the DC transcriptome was major in
LPS-stimulated DCs, as shown by RNA-Seq analysis. Therefore, we
studied the impact of DC-specific Gata1 loss in vivo in a sterile sepsis

FIGURE 1. GATA1 loss in DCs

results in a reduction of the splenic

DC compartment. (A) Blood param-

eters of Gata1-KODC and WTlox mice

in the steady-state were determined

using a Scil Vet abc Plus+ Hematol-

ogy analyzer. Absolute numbers of

erythrocytes, platelets, and WBCs

were counted per liter. Further sub-

division of lymphocytes, granulocytes,

and monocytes are depicted as per-

centage of WBCs. (B) Flow cytometry

analysis of the lymphocytes in the

bloodstream. T cells were selected

for CD3 expression and further sub-

divided into CD4+ and CD8+ T cells.

(C) DC gating strategy from splenic

tissue. First, all nucleated cells were

selected, from which the non-B cells

(CD19neg cells) were selected. Next,

the CD11c+ MHC-II+ cells were se-

lected as cDCs, which were further

subdivided into CD8+ or CD11b+ sub-

sets. (D) The percentage of DCs is

shown in different tissues, depicted

as percentage of all nucleated cells.

Splenic cDCs were further subdivided

into CD8+ or CD11b+ subsets, depicted

as percentage of all nucleated cells,

setting values obtained for WTlox

animals to 100%. At least three inde-

pendent experiments, each including

three mice per genotype, were used

for the analysis. *p# 0.05, **p# 0.01.
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FIGURE 2. Increased apoptosis in GM-CSF cultured Gata1-KODC DCs. (A) Flow cytometry analysis of GM-CSF cultures of WTlox and Gata1-KODC

DCs in steady-state and upon LPS stimulation. DCs are gated as MHC-IIhigh CD11c+. (B) Gated DCs were analyzed by flow cytometry for expression of the

activation markers CD86, MHC-II, and CD40, which are depicted as mean fluorescence intensity (MFI). WT steady state (St. St.) is set to 100. (C) Relative

expression of Gata1 mRNA in GM-CSF cultured DCs. (D) Cultured DCs treated or left untreated with LPS at day 7 were harvested at day 8 or 10 of

culture. Cells were stained for Annexin Vand PI and analyzed by flow cytometry. Cells were gated for live cells (Annexin Vneg, PIneg), early apoptotic cells

(Annexin V+, PIneg), apoptotic cells (Annexin V+, PI+), or dead cells (Annexin Vneg, PI+). Bar graphs depicting all four populations at both days are shown.

Representative dot plots are shown on the right. *p # 0.05, **p # 0.01, ***p # 0.001. RFE, relative fold enrichment.
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model, 24 h after i.v. injection of LPS into WTlox and Gata1-KODC

mice. After LPS treatment, both WTlox and Gata1-KODC splenic
DCs were significantly lower compared with PBS controls. Inter-
estingly, we observed that, although LPS induces an increase in DC

numbers in the peripheral lymph nodes (PLNs) (e.g., axillary and
inguinal lymph nodes) of WTlox mice, this increase was not observed
in the PLNs from Gata1-KODC mice (Fig. 4A). This might be be-
cause of increased apoptosis in Gata1-KODC mice or reduced DC

FIGURE 3. RNA-Seq analysis of Gata1-KODC DCs in steady-state and upon LPS stimulation. (A) Graphic overview of the experiment. Mouse BM cells

were cultured in the presence of GM-CSF. At day 7, half of the cells were stimulated with LPS, and the other half was left in steady-state condition (ST). At day

10, cells were harvested and sorted for RNA extraction. DCs from R26R-RG|WTCre and R26R-RG|KODC DC cultures were sorted for GFP+/mCherry+ cells.

Dot plots of the sorting strategy are shown. (B) quantitative RT-PCR analysis of Gata1 expression levels are depicted for sorted GFP+/mCherry+ WTCre DCs,

KODC cultures (before sorting), and sorted R26R-RG|KODC DCs. Gata1 levels were further reduced in the sorted R26R-RG|KODC cells, and these were used for

RNA-Seq analysis. (C) Heat map (Z-scores) of significantly deregulated genes in R26R-RG|KODC DCs in steady state, including HOMER motif enrichment

analysis for downregulated and upregulated genes. (D) Heat map (Z-scores) of significantly deregulated genes in R26R-RG|KODC DCs upon LPS stimulation,

including HOMER motif enrichment analysis for downregulated and upregulated genes. *p # 0.05, **p # 0.01, ***p # 0.001. RFE, relative fold enrichment.
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migration. As shown in Fig. 2E, there were slightly more apoptotic
cells in the Gata1-KODC DC cultures compared with WTlox, and
no differences were observed in early apoptotic cells or dead cells
24 h upon LPS stimulation.
Therefore, we next studied whether the reduced number of DCs

in the PLN could be caused by a reduction in migratory DCs. Based
on MHC-II expression, we further categorized the DCs in the PLN
into migratory DCs (CD11c+|MHC-IIhigh) and resident DCs
(CD11c+|MHC-IImid) and identified a reduction in migratory DCs
(Fig. 4B). This indicates that GATA1-regulated genes are not only

involved in cell survival but also in migration of DCs after acti-
vation. This is in agreement with our RNA-Seq GO term enrich-
ment analysis.

Gata1-KODC DCs display normal CCR7 expression but have
impaired migration toward CCL21

DC migration to the lymph nodes is dependent on the CCR7 (66),
and upregulation of Ccr7 is correlated with the activation of DCs.
Furthermore, RNA-Seq analysis showed a reduction of mRNA
expression of Ccr7 in Gata1-KODC DCs. We therefore cultured DCs

Table II. IPA of transcriptional regulators

Symbol Log Ratio Entrez Gene Name/Description

Prdm8 26.3770 PR domain containing 8
Ikzf3 26.0240 IKAROS family zinc finger 3 (Aiolos)
Insm1 25.7090 Insulinoma-associated 1
Nrarp 25.1290 NOTCH-regulated ankyrin repeat protein
Myb 24.4890 v-myb avian myeloblastosis viral oncogene homolog
Meis1 24.0850 Meis homeobox 1
Pou4f1 23.8220 POU class 4 homeobox 1
Bach2 23.5780 BTB and CNC homology 1, basic leucine zipper transcription factor 2
Ptrf 23.2420 Polymerase I and transcript release factor
Vdr 23.1090 Vitamin D (1,25-dihydroxyvitamin D3) receptor
Zfp366 23.0920 Zinc finger protein 366
Tcf7 23.0860 Transcription factor 7, T cell specific
Stat4 22.8500 Signal transducer and activator of transcription 4
Aff3 22.7920 AF4/FMR2 family, member 3
Satb1 22.7570 SATB homeobox 1
Sp6 22.7230 Sp6 transcription factor
Cbfa2t3 22.6880 Core-binding factor, runt domain, a subunit 2; translocated to, 3
Ssbp3 22.5000 Single-stranded DNA binding protein 3
Zeb1 22.4930 Zinc finger E-box binding homeobox 1
Jdp2 22.4870 Jun dimerization protein 2
Kdm4a 22.4290 Lysine (K)-specific demethylase 4A
Gata2 22.4120 GATA binding protein 2
Irf8 22.3680 IFN regulatory factor 8
Ncoa7 22.2690 Nuclear receptor coactivator 7
Ikzf4 22.2400 IKAROS family zinc finger 4 (Eos)
Hdac11 22.1510 Histone deacetylase 11
Batf3 22.1360 Basic leucine zipper transcription factor, ATF-like 3
Ciita 22.1350 Class II, MHC, transactivator
Crem 22.0510 cAMP responsive element modulator
Uhrf1 22.0260 Ubiquitin-like with PHD and ring finger domains 1
Rel 21.9660 v-rel avian reticuloendotheliosis viral oncogene homolog
Ezh2 21.9430 Enhancer of zeste 2 polycomb repressive complex 2 subunit
Stat5a 21.9260 Signal transducer and activator of transcription 5A
Phc1 21.9140 Polyhomeotic homolog 1 (Drosophila)
Smarce1 21.8770 SWI/SNF related
Aebp2 21.7660 AE binding protein 2
Mkl1 21.7020 Megakaryoblastic leukemia (translocation) 1
Tcf4 21.6210 Transcription factor 4
Psmg4 21.5950 Proteasome (prosome, macropain) assembly chaperone 4
Nfil3 21.5780 NF, IL 3 regulated
Runx3 21.5250 Runt-related transcription factor 3
Zbtb42 21.5050 Zinc finger and BTB domain containing 42
Sp140 21.4530 SP140 nuclear body protein
Tfdp2 21.4530 Transcription factor Dp-2 (E2F dimerization partner 2)
Ets2 21.4010 v-ets avian erythroblastosis virus E26 oncogene homolog 2
Hsf2 21.3970 Heat shock transcription factor 2
Nfkb1 21.3630 NF of k light polypeptide gene enhancer in B-cells 1
Foxp1 21.3350 Forkhead box P1
Runx2 21.2910 Runt-related transcription factor 2
Zkscan17 21.2790 Zinc finger protein 496
Jazf1 21.2380 JAZF zinc finger 1
Trim29 2.1090 Tripartite motif containing 29
Maged1 1.9030 Melanoma Ag family D, 1
St18 1.6580 Suppression of tumorigenicity 18, zinc finger
Creg1 1.5720 Cellular repressor of E1A-stimulated genes 1
Tanc2 1.3270 Tetratricopeptide repeat, ankyrin repeat and coiled-coil containing 2
Tfeb 1.3060 Transcription factor EB
Lmo4 1.2520 LIM domain only 4

LPS KO versus WT: transcriptional regulators of significant differentially expressed genes.
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with GM-CSF and analyzed the expression of CCR7 upon LPS
stimulation on the cell surface. Surprisingly, both WTlox and Gata1-
KODC DCs showed an equally strong upregulation of CCR7 after
LPS stimulation (Fig. 4C). To gain insight in the migration defect
observed in vivo, we performed in vitro migration assays using
different chemoattractants.

We tested the response of WTlox and Gata1-KODC BM-DCs
toward CCL19 and CCL21, which are the only known ligands
for CCR7 (67). As expected, steady-state DC migration toward
CCL19 and CCL21 was minimal. Gata1-KODC DCs appeared to
be even less responsive than WTlox DCs, as corroborated by the
random migration observed in the absence of chemoattractant

FIGURE 4. Impaired migration capacity of Gata1-KODC DCs toward the lymph nodes is selective for CCL21. (A) Percentages of DCs in different tissues

24 h after PBS or LPS injection, depicted as percentage of all nucleated cells. Samples were normalized to WT-PBS. (B) DCs were subdivided in LN-resident

DCs and migratory DCs based on MHC-II expression. (C) Expression of CCR7 on the surface of GM-CSF cultured DCs from WTlox or KODC mice. (D)

Migration of GM-CSF cultured DCs toward CCL19 or CCL21 expressed in relative fluorescence units (RFU). (E) Expression of PSA on the surface of GM-CSF

cultured DCs fromWTlox or Gata1-KODC mice. (F) CCL21 binding assay. The percentage of cells binding CCL21 and the mean fluorescence intensity (MFI) of

CCL21 binding are depicted in respective bar graphs. Representative histograms are shown. *p # 0.05, **p # 0.01, ***p # 0.001.
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(Supplemental Fig. 1C). Upon LPS stimulation, DCs upregulate
the CCR7 receptor and become responsive to CCL19 and CCL21.
The migration toward CCL19 was increased in both WTlox and
Gata1-KODC DCs to similar levels. However, migration toward
CCL21 was strongly impaired in Gata1-KODC DCs (Fig. 4D).
CCL19 and CCL21 are very similar to each other; however,

unlike CCL19, CCL21 contains a highly basic C-terminal tail that
inhibits binding to CCR7 (68). After LPS stimulation, DCs highly
upregulate PSA decoration of their surface proteins. PSA groups
immobilize the tail of CCL21, thus enabling its binding to CCR7
(69, 70). Supporting this notion, it has been shown that enzymatic
depletion of PSA affects migration toward CCL21, but not to
CCL19 (68–70). We next measured PSA expression in our cultures
and observed that, as expected, PSA expression was highly induced
upon LPS activation on WTlox DCs. Although we observed some
PSA induction in Gata1-KODC DCs upon LPS activation, it was
significantly lower than in WTlox DCs (Fig. 4E). To ensure that the
decreased PSA levels indeed affected CCL21 binding, we per-
formed a CCL21 binding assay. We found that the capacity of
Gata1-KODC DCs to bind CCL21 was significantly reduced, al-
though moderately (Fig. 4F). These data explain the selective
defective migration of Gata1-KODC DCs toward CCL21, whereas
leaving DC migration toward CCL19 intact. This is in agreement
with the glycosylation-specific effects on ligand binding to CCR7

(68–70). Interestingly, the RNA-Seq data revealed that St3Gal3, a
sialyltransferase, was significantly downregulated in Gata1-KODC

DCs upon LPS stimulation when compared with WTCre DCs. A
deficiency in sialic acid transfer further supports the lower surface
expression of PSA displayed by Gata1-KODC DCs upon LPS
stimulation and the consequent reduction in CCL21 binding ca-
pacity (although moderate), which results in impaired (but not
abolished) migration toward CCL21.

Steady-state DC influx to lymph nodes is defective in aging
Gata1-KODC mice

Adequate migration of DCs toward the lymph nodes is essential for
maintaining the balance of the mounted immune response, and it is
essential that the steady-state flux of DCs toward lymph nodes is
kept in balance throughout life. Because we have observed de-
fective migration of Gata1-KODC DCs toward lymph nodes as a
result of an acute response toward LPS stimulation, and we have
identified that this defect is CCL21 selective, we hypothesized that
the steady-state influx of DC migration toward lymph nodes would
be impaired. To test this hypothesis, we allowed Gata1-KODC mice
and WTlox littermates to age, and sacrificed them to analyze the DC
compartment at around 40 wk of age. We did not observe notable
differences in organ sizes (data not shown), or in organ abso-
lute cell numbers (Fig. 5C). Flow cytometry analysis of the DC

FIGURE 5. Defective steady-state in-

flux of DCs toward lymph nodes as seen

in aging Gata1-KODC mice. (A) The

absolute number of DCs found in dif-

ferent tissues of aged mice (around 40 wk

of age). (B) The percentage of DCs in

different tissues of aged mice, depicted

as percentage of all nucleated cells. (C)

Total number of cells isolated from dif-

ferent tissues of aged mice. (D) cDCs

from PLNs were further subdivided in-

to CD8+ or CD11b+ subsets. Absolute

cell numbers were depicted. (E) CD8+

or CD11b+ subsets from the PLNs were

depicted as percentage of all nucle-

ated cells. Values obtained for WTlox

animals are set to 100%. **p # 0.01,

***p # 0.001.
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compartment in the spleen revealed, in contrast with young mice,
no significant differences in Gata1-KODC versus WTlox aged mice
both in percentage and absolute numbers. DCs were significantly
reduced in lymph nodes of Gata1-KODC aged mice compared with
WTlox aged mice; this was not found in young mice (Fig. 5A, 5B,
gating in Fig. 1C). Further subdivision into CD11b+ and CD8+

subsets revealed that the decrease of total cDCs in the PLN was
due to a decrease in both subsets, with CD11b+ DCs more strongly
affected (Fig. 5D, 5E).
Taken together, GATA1 loss in DCs affects DC survival and

migration capacity in homeostatic conditions and upon activation.
We identified a selective impairment of Gata1-KODC DCs to migrate
toward CCL21, which could be explained by lower expression of
PSA upon DC activation. In young mice, this defect is reflected by
the initial DC reduction in spleen in homeostatic conditions, fol-
lowed by impaired influx of DCs in lymph nodes upon sterile in-
flammation. In aged mice, we observe abnormal DC homeostasis in
the PLNs, whereas the DC numbers in the spleen are within the
normal range. The reason for this shift in DC homeostasis from
spleen to PLN in aging mice might be because of the prolonged (or
chronic) pressure of the net effect of migration and survival defects
caused by GATA1 loss. However, no strong evidence for this is
provided.

Discussion
Transcription factor GATA1 is essential in the erythroid, eosin-
ophilic, and megakaryocytic lineages (25–27, 29). It is also
expressed in mast cells, although GATA1 is dispensable in this
lineage (71). We previously reported that GATA1 is important for
the development of murine DCs (24, 27). Similarly, the role of
GATA1 during human DC differentiation from monocytes was
reported by another group (26). In this study, we further dis-
sected the role of GATA1 in DCs with the use of a DC-specific
Gata1 KO mouse model, a necessary step to understand the role of
GATA1 in DCs because previous studies used inducible ubiquitous
deletion of Gata1.
Gata1-KODC mice displayed reduced numbers of DCs in the

spleen in the steady-state. Because GATA1 is linked to the positive
regulation of cell survival in several cell types (28, 30), we hypoth-
esized this might also be a crucial function regulated by GATA1 in
DCs. Indeed, we found increased apoptosis in cultured BM-derived
Gata1-KODC DCs.
RNA-Seq analysis of Gata1 KO DCs compared with WTCre

DCs in the steady-state and upon LPS stimulation revealed major
changes in the transcriptome in LPS-stimulated DCs, including
deregulation of a plethora of other transcription regulators that are
known to be essential in the DC lineage. GO term enrichment
analysis revealed pathways related to cell survival, cell migration, and
DC function. This led us to investigate the DC compartment in vivo
upon induction of sterile inflammation by i.v. injection of LPS.
Interestingly, when we challenged the mice with LPS, we found

a migration defect of Gata1-KODC DCs toward the PLNs. DC
migration toward the PLN is dependent on CCR7 receptor expres-
sion, which is strongly upregulated on the DC surface after activa-
tion (66, 72, 73). DCs deficient for CCR7 expression are not able to
migrate to the lymph nodes (66, 72, 73). The expression of CCR7 is
typically correlated to upregulation of DC activation markers
(e.g., MHC-II, CD86, and CD40) but can also be induced in an
activation-independent manner, for example, after uptake of apo-
ptotic cells (72). CCR7 protein expression on the surface of Gata1-
KODC DCs was normal compared with WTlox DCs as shown by
flow cytometry analysis. This suggested that there must be another
mechanism interfering with the proper migration of Gata1-KODC

DCs toward the PLNs.

Because CCL19 and CCL21 are the known ligands for CCR7
receptor (67), we assayed in vitro the migration capacity of Gata1-
KODC DCs toward these chemoattractants. Steady-state DC mi-
gration toward CCL19 and CCL21 was as expected minimal, with
Gata1-KODC DCs apparently even less responsive than WTlox DCs,
as corroborated by the random migration observed in the absence
of chemoattractant. GO-Term analysis of our RNA-Seq data revealed
alterations in “motility pathways.” One of the genes important for
migration is myosin L chain kinase, and it is 4.1-fold downregulated
in Gata1-KODC DCs RNA-seq, which might explain this reduced
motility. When we stimulated DCs with LPS, we observed a specific
migration defect of Gata1-KODC DCs toward CCL21. The two li-
gands are highly similar; however, unlike CCL19, CCL21 contains
a highly basic C-terminal tail of 32 aa (67, 68). This C-terminal tail
of CCL21 autoinhibits binding to CCR7 (69). PSA, highly
expressed on activated DCs, fixes the C-terminal tail of CCL21,
thereby facilitating its binding to CCR7 (69, 70). Depletion of
PSA from the cell surface by Endo-neuraminidase treatment or
small interfering RNA against St8sia4 sialyltransferase impairs
migration toward CCL21, but not toward CCL19 (68–70). Indeed,
we found a reduced expression of PSA on the surface of Gata1-
KODC DCs that could explain the defective migration toward
CCL21, whereas retaining normal migration toward CCL19. No-
tably, the reduction of PSA surface levels in GATA1-KODC DCs
had only a moderate reduction effect on CCL21 binding. This
suggests that there might be other determinants regulating CCL21
binding and selective DC migration, and we cannot exclude that
they behave differently between Gata1-KODC and WT DCs. Such
determinants might include a potential transient character of the
interaction between PSA and the CCL21 tail, receptor trafficking
and downstream signaling (74), autocrine DC mechanisms that
block DC cell migration (and potentially CCL21 binding), or DC
survival (75, 76). CCL21, and not CCL19, was found to be the
critical factor for DC homing to lymph nodes (77). The fact that
proper DC migration toward CCL21 is dependent on the PSA
surface levels led several groups to identify the receptors that need
to be polysialylated to allow CCL21 to be recognized by CCR7. It
has been suggested that PSA acceptor molecule Neuropilin-2 is
the relevant factor involved in this process (see Rey-Gallardo et al.
[68]), although downregulation in human monocyte-derived DCs
did not completely abrogate the capacity to migrate toward
CCL21. Recently, it has been shown that CCR7 itself carries PSA
modifications (78); however, we do not know at what extent PSA
downregulation affects either of the two PSA acceptors in Gata1-
KODC DCs compared withWT. Our study shows that proper sialylation
depends on transcriptional programs, in particular downstream of
GATA1, which are induced upon DC activation (i.e., LPS stimu-
lation). Defects in this regulatory process lead to defective migration of
DCs toward lymph nodes, not only upon an acute stimulus (i.e., LPS
stimulation in vitro or in vivo) but also affecting the steady-state in-
flux of DCs toward lymph nodes, as shown by the reduced number of
DCs in lymph nodes in aging Gata1-KODC mice.
PSA is a sugar molecule expressed on the cell surface of

eukaryotic cells, with a complex biosynthesis involving multiple
sialyltransferases (79). For example, a group of sialyltransferases
adds sialic acid with an a-2,3 linkage to galactose (i.e., St3gal
sialyltransferases, including St3gal3, which uses O-glycans as
well as N-glycans as substrate), whereas other sialyltransferases add
sialic acid with an a-2,6 linkage to galactose or N-acetylgalactosamine
(i.e., St6gal and St6galnac sialyltransferases including St6gal1, which
uses N-glycans as substrate). A peculiar type of sialyltransferase adds
sialic acid to other sialic acid units with an a-2,8 linkage, forming
structures referred to as PSA (i.e., St8sia sialyltransferases including
St8sia4, which uses N-glycans as substrate) (80). Mice deficient for

4322 GATA1 DC-TRANSCRIPTOME MODULATES CCL21-DEPENDENT MIGRATION

 by guest on February 26, 2022
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


St8sia4 completely lose PSA on the surface of DCs (81). RNA-Seq
analysis revealed a number of sialyltransferases to be downregu-
lated in Gata1-KODC DCs, although only St3gal3 reached statistical
significance. St3gal3 is not directly involved in PSA modification;
however, it is involved in the generation of carbohydrate Ag sialyl-
Lewis. As opposed to models in which St8sia4 is depleted, in our
mice, PSA upregulation was partially abrogated, yet this is suffi-
cient to negatively influence proper DC migration toward lymph
nodes. Mice deficient for St3gal3 are more sensitive to allergic
eosinophilic airway inflammation, indicating an important role of
St3gal3 in the immune response (82), although the phenotype was
explained as the result of lower Lewis group presence in the lung
epithelium. However, the impact of loss of St3gal3 on DC poly-
sialylation or migration has not been studied so far. Because the
biosynthesis and transfer of PSA groups is a complex process,
we suggest that the combinatorial deregulation of multiple
sialyltransferases underlies reduced PSA surface expression of
Gata1-KODC DCs upon activation. The notion that low-abundance
transcription factors such as GATA1 influence the fine-tuning of such
relevant processes for proper DC function is of importance, because
their manipulation might open new possibilities for the improve-
ment of DC-based immunotherapy by targeting specific transcrip-
tional programs.
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