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The Journal of Immunology

Dendritic Cell Accumulation in the Gut and Central Nervous
System Is Differentially Dependent on a4 Integrins

Christopher Sie,*,† Laura Garcia Perez,‡ Mario Kreutzfeldt,x Maria Potthast,{

Caspar Ohnmacht,{ Doron Merkler,x Samuel Huber,‡ Anne Krug,‖ and Thomas Korn*,†,#

Homing of pathogenic CD4+ T cells to the CNS is dependent on a4 integrins. However, it is uncertain whether a4 integrins are also

required for the migration of dendritic cell (DC) subsets, which sample Ags from nonlymphoid tissues to present it to T cells.

In this study, after genetic ablation of Itga4 in DCs and monocytes in mice via the promoters of Cd11c and Lyz2 (also known as

LysM), respectively, the recruitment of a4 integrin–deficient conventional and plasmacytoid DCs to the CNS was unaffected,

whereas a4 integrin–deficient, monocyte-derived DCs accumulated less efficiently in the CNS during experimental autoimmune

encephalomyelitis in a competitive setting than their wild-type counterparts. In a noncompetitive setting, a4 integrin deficiency on

monocyte-derived DCs was fully compensated. In contrast, in small intestine and colon, the fraction of a4 integrin–deficient

CD11b+CD103+ DCs was selectively reduced in steady-state. Yet, T cell–mediated inflammation and host defense against Citrobacter

rodentium were not impaired in the absence of a4 integrins on DCs. Thus, inflammatory conditions can promote an environment that

is indifferent to a4 integrin expression by DCs. The Journal of Immunology, 2019, 203: 1417–1427.

C
D11c+ myeloid cells are present in the noninflamed CNS.
Both juxtavascular and intraparenchymal localization of
CD11c+ cells have been demonstrated in the CNS in

steady-state (1, 2). Although perivascular MHC class II (MHC-II)–
expressing cells were initially termed “perivascular microglia” (3),
it is now clear that they are distinct from proper intraparenchymal

microglial cells (4–6). Whereas intraparenchymal CD11c+ cells
are likely microglial cells that are dispensable for the presentation
of Ags to T cells, perivascular CD11c+ cells are of hematopoietic
origin and serve a nonredundant role for the stimulation of T cells
in the CNS in steady-state and during inflammation (7–10).
A series of recent studies have addressed the provenance and

maintenance of perivascular and meningeal CD11c+ cells within
the CNS compartment (10–12). Similarly as in T cells, integrin
expression in dendritic cells (DCs) has been proposed to mediate
firm adhesion of DCs to CNS endothelial cells as a prerequisite for
their transmigration into the CNS compartment. Whereas, in some
studies, a4b1 integrin (VLA-4) was found to mediate DC adhe-
sion to endothelial cells (13), other reports stressed the importance
of aLb2 integrin (LFA-1) in transmigration of DCs across the
inflamed endothelial barrier (14). In addition, it appears that pre–
conventional DCs (cDCs) migrate to the meningeal and peri-
vascular compartment in steady-state, become mature DCs, and
stay in situ with a t1/2 of 5–7 d (15).
Limited information exists as to the fraction of plasmacytoid

DCs (pDCs) and cDCs within the CNS DC compartment. In
particular, pDCs were regarded as gate keepers of immunologic
homeostasis because of their potential tolerogenic functions (16).
Immature pDCs were even considered for adoptive immune
therapeutic approaches to reinstall immune homeostasis in auto-
immune neuroinflammation (17). Yet, given their role as primary
sources of type I IFNs in response to foreign DNA stimulation, the
role of pDCs in priming and maintaining encephalitogenic T cell
responses is controversial and both proinflammatory functions of
pDCs as well as tolerizing functions of pDCs were reported.
Whereas anti–PDCA-1 mediated depletion of pDCs prior to im-
munization decreased experimental autoimmune encephalomyelitis
(EAE), delayed ablation of pDCs exacerbated the disease course
(18). The mechanism how pDCs induce tolerance is elusive, and
various mechanisms including selective expansion of Foxp3+

regulatory T (Treg) cells in an Ag-specific manner have been
discussed (16). The functional diversity of cDCs is only beginning
to be understood (19). A recent concept proposed that distinct
subsets of cDCs induce distinct phenotypes of T cell responses
(20). For example, in the gut lamina propria, CD11b+CD1032 and
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CD11b+CD103+ DCs (cDC2s) promote Th17 responses (21),
whereas CD11blowCD103+ DCs induce Th1 responses and are
particularly proficient in cross-presenting exogenous Ags to CD8+

T cells (22–24).
Because the cerebrospinal fluid and CNS parenchyma were

depleted of DCs in multiple sclerosis patients receiving a blocking
Ab to a4 integrins, VLA-4 has been believed to control the access
of DCs to the CNS compartment under inflammatory conditions in
humans as well. The depletion of the CNS APC compartment due
to administration of an anti–VLA-4 Ab (natalizumab) has also
been blamed for the loss of immune surveillance and failure to
control John Cunningham virus infection resulting in progressive
multifocal leukoencephalopathy (25). After termination of nata-
lizumab treatment, Ab desaturation of VLA-4 on immune cells
takes ∼10 wk (26). Yet, the depletion of T cells in the cerebro-
spinal fluid compartment is prolonged until 6–12 mo after stop-
ping natalizumab, suggesting that indirect effects such as the
reduction of APCs in the cerebrospinal fluid space and the CNS
parenchyma during and after natalizumab treatment might con-
tribute to the delayed repletion of the cerebrospinal fluid space
with T cells (27).
Using a genetic model, this study was designed to investigate

the role of a4 integrins (encoded by Itga4) in DC subsets for
populating the intracerebral APC niche during development, in
homeostasis, and under inflammatory conditions. Complete abla-
tion of Itga4 both in pDCs and cDCs did not affect the overall
Ag-presenting capacity of the CNS compartment in steady-state
nor the accumulation of DCs in the CNS during inflammation. In
the small intestinal lamina propria, the fraction of CD11b+ cDC2s
was significantly decreased in DC conditional a4 integrin–deficient
mice in homeostasis. However, priming of protective Th17 re-
sponses was still sufficient in Citrobacter rodentium infection. We
propose that a4 integrins on DCs do not directly control the traf-
ficking of DCs into the CNS and are redundant for the recruitment
of DCs into the gut lamina propria during inflammation.

Materials and Methods
Mice

The 2D2 MOG (35–55) TCR–specific transgenic mice (28) crossed with
Foxp3-GFP knock-in mice (29) and Itga4flox/flox mice (30) have been
previously described. CD11c Cre (31), CD11c-GFP Cre (32), and LysM
Cre deleter strains (33) were obtained from The Jackson Laboratory. All
mouse strains were on pure C57BL/6 genetic background. Mice were kept
in specific pathogen-free conditions at the Technical University of Munich
or the University Hospital Hamburg-Eppendorf in accordance with the local
regulations for animal experimentation (Az ROB-55.2-2532.Vet_02-13-29
and ROB-55.2-2532.Vet_03-18-53, Bavarian State Authorities, Munich,
Germany, and Az 28/14 “Behörde für Soziales, Familie, Gesundheit und
Verbraucherschutz” Hamburg, Germany).

Induction of EAE

To induce EAE, mice were immunized s.c. (base of tail) with 200 ml of an
emulsion containing 200 mg MOG (35–55) (MEVGWYRSPFSRVVH-
LYRNGK; Auspep, Tullamarine, Australia) and 500 mg Mycobacterium
tuberculosis H37Ra (BD Difco) in CFA and received 200 ng PTX (Sigma-
Aldrich) i.v. on the same day and 2 d after the immunization. Clinical signs
of disease were monitored as described previously (34).

Adoptive transfer EAE

For adoptive transfer experiments, C57BL/6 wild-type (WT) donor mice
were immunized with MOG (35–55) peptide in CFA and PTX according to
the regimen for active induction of EAE. On day 7, draining lymph nodes
and spleens were prepared, pooled, and ex vivo restimulated for 3 d with
35 mg/ml MOG (35–55) in the presence of TGF-b (0.25 ng/ml), IL-6
(5 ng/ml), IL-23 (6.5 ng/ml), and anti–IFN-g (10 mg/ml) to skew
Ag-specific T cells into Th17 cells. All cytokines were purchased from
Miltenyi Biotec and R & D Systems. After isolation of CD4+ T cells from
the recall culture using Miltenyi Biotec untouched CD4+ T cell purification

beads, 6 3 106 CD4+ T cells were transferred i.v. into recipient mice,
concomitantly with i.p. injection of PTX on days 0 and 2 after adoptive
transfer.

Expansion of DCs in vivo

B16 Flt3L–secreting melanoma cells were cultured and implanted as
previously described (35). Briefly, cells were cultured in supplemented
RPMI 1640 at 37˚C and 5% CO2 for at least 3 d, subconfluently harvested,
and s.c. injected in the neck at 6 3 106 cells in PBS per mouse. Mice were
sacrificed after 7 d, and DCs were isolated as described below.

Generation of mixed bone marrow chimeras

Mice were irradiated at a dose of 11 Gy. A total of 10–203 106 donor bone
marrow cells mixed 1:1 from CD45.1 wild-type donors and indicated
knockout (KO) mice, depleted of CD90.2+ cells using Miltenyi Microbe-
ads, were injected i.v. into recipients within 16–20 h postirradiation. The
reconstituted mice were maintained on antibiotic water (enrofloxacin,
0.1 mg/ml; Bayer) for 3 wk after transplantation. The reconstitution of the
hematopoietic compartment was checked 5–6 wk after cell transfer in
peripheral blood.

In vivo LFA-1 blockade

For in vivo blockade experiments, MOG (35–55)–immunized mice were
treated with i.p. injections of anti–LFA-1 Ab (M17/4; Bio X Cell) or Rat
IgG2a isotype control (clone 2A3; Bio X Cell) in PBS starting on day
5 (200 mg), followed by i.p. injections of 100 mg every other day until day
15 after immunization. Shortly after, mice were analyzed at peak disease.

Injection of anti-CD3 Ab

Mice were injected i.p. with 20 mg of anti-CD3e (clone 2C11; Bio X Cell)
in PBS on days 0, 2, and 4 and weighed daily for a total of 7 d.

C. rodentium infection

Luciferase-expressing, nalidixic acid–resistant derivative of C. rodentium
(ICC180) was grown overnight in lysogeny broth containing 50 mg/ml
of nalidixic acid with shaking at 37˚C. Next day, the suspension of
bacteria was washed twice with PBS, and the concentration was adjusted to
5 3 109 CFU/ml. Mice were infected by oral gavage with 0.2 ml of
C. rodentium solution containing 1 3 109 CFU. On day 7 postinfection,
mouse colon and cecum were dissected as described below, and fecal
material was dissolved in PBS and seeded in serial dilutions on lysogeny
broth agar plates with nalidixic acid for 24 h at 37˚C, followed by counting
of colonies. These experiments were approved by the institutional review
board “Behörde für Soziales, Familie, Gesundheit und Verbraucherschutz”
(Hamburg, Germany).

Histology

Mice were perfused with cold PBS, followed by 4% paraformaldehyde
fixation (pH 7.4). Brain and spinal cord were dissected and embedded in
paraffin. Ag retrieval was performed on 3-mm thick sections according to
standardized protocols by heating with citrate buffer (pH 6). Endogenous
peroxidases (peroxidase blocking reagent; Dako) were neutralized and
unspecific binding blocked for 5 min (PBS/1% BSA/2% FCS). For immu-
nofluorescence, sections were blocked for 5 min (PBS/1% BSA/2% FCS)
and subsequently incubated with monoclonal rat anti-GFP (clone FM264G;
BioLegend). Bound Abs were visualized with Alexa Fluor 488–labeled goat
anti-rat IgG (Thermo Fisher Scientific). Subsequently, sections were incu-
bated with polyclonal rabbit anti-mouse CD3 (Dako) and visualized with
Alexa Fluor 647–labeled donkey anti-rabbit secondary Ab. Immunostained
sections were scanned using Pannoramic digital slide scanner 250 FLASH II
(3DHISTECH) in 2003 magnification.

Preparation of mononuclear cells

At the peak of disease, CNS-infiltrating cells were isolated after perfusion
through the left cardiac ventricle with PBS. Brain and spinal cord were
extracted and meningeal layers of the spinal cord stripped under micro-
scopic dissection. Tissues were digested with collagenase D (2.5 mg/ml)
and DNase I (1 mg/ml) at 37˚C for 45 min. After passing the tissue
through a 70-mm cell strainer, cells of the spinal cord and brain were
separated by discontinuous Percoll gradient (70%/37%) centrifugation.
Mononuclear cells were isolated from the interphase.

Isolation of lamina propria mononuclear cells

Peritoneal cavity was opened, mesenteric lymph nodes were retrieved,
and small and large intestines were dissected and cleaned with HBSS on ice.
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Fat and Peyer patches (if applicable) were removed and intestinal contents
flushed with HBSS. Intestines were cut into segments of 5 mm, washed in
HBSS, and epithelial layers removed by shaking in HEPES-buffered HBSS
containing 0.25 mM EDTA at 37˚C for 30 min, followed by repetitive
washing in HBSS. Cells were extracted by incubation with DNase
I (0.2 mg/ml) and Liberase TL (0.17 mg/ml) at 37˚C for 15 min, followed
by inactivation using RPMI 1640 supplemented with 10% FCS. Suspen-
sion and remaining tissue were forced through a 100-mm cell strainer,
washed in RPMI 1640, and subjected to 37% Percoll purification, with
mononuclear cells being retrieved from the pellet. Mesenteric lymph nodes
were digested with collagenase D (2.5 mg/ml) and DNase I (1 mg/ml) at
37˚C for 30 min and passed through a 70-mm cell strainer.

In vivo proliferation of Ag-specific T cells

Lymph nodes and spleens from naive 2D2 3 Foxp3-GFP mice were iso-
lated, pre-enriched using Miltenyi Biotec CD4 (L3T4) purification beads,
and sorted for CD442Foxp3 (GFP)2 cells on a MoFlo II cell sorter.
Obtained cells were labeled using eBioscience Cell Proliferation Dye
eFluor 450, and 33 106 labeled CD4 T lymphocytes were injected i.v. into
recipient mice. Twenty four hours later, mice were immunized with MOG
(35–55) peptide as described above. Cells were reisolated from draining
axillary and inguinal lymph nodes 4 d after immunization, and dilution of
proliferation dye was assessed by flow cytometry. Proliferation index was
calculated with R version 3.5.3 (R Core Team, 2019) using the package
flowFit version 1.20.1 (36).

Intracellular cytokine staining and flow cytometry

Cells were stained with LIVE/DEAD fixable dyes (Aqua [405 nm exci-
tation], Invitrogen) and Abs to surface markers: CD3e (145-2C11), CD4
(GK1.5 or RM4-5), CD8a (53-6.7), CD11b (M1/70), CD11c (HL3), CD19
(1D3 or 6D5), CD44 (IM7), CD45 (30-F11), CD45.1 (A20), CD45.2 (104),
CD45R (B220; RA3-6B2), CD49d (a4 integrin, 9C10/MFR.4.B), CD64
(X54-5/7.1), Thy1.1 (CD90.1, Ox-7), CD103 (2E7), CD115 (AFS98),
CD135 (FLT3; A2F10), CD317 (BST-2; eBio927), CD172 (SIRPa, P84),
2D2 TCR Va3.2 (RR3-16) and Vb11 (RR3-15), F4/80 (BM8), Ly-6G
(1A8), Ly-6C (HK1.4), MHC-II(M5/114.15.2), NK1.1 (PK136), Siglec-H
(eBio440c), and XCR-1 (ZET); all BD Biosciences, eBioscience, or Bio-
Legend. For intracellular cytokine staining, cells were restimulated with
50 ng/ml PMA (Sigma-Aldrich), 1 mg/ml ionomycin (Sigma-Aldrich), and
monensin (1ml/ml BDGolgiStop) at 37˚C for 2.5 h. Subsequent to LIVE/DEAD
and surface staining, cells were fixed and permeabilized (Cytofix/Cytoperm
and Perm/Wash Buffer; BD Biosciences) and stained for cytokines IL-17A
(TC11-18H10.1; BioLegend), IFN-g (XMG1.2; eBioscience), and GM-CSF
(MP1-22E9; BD Biosciences). Intranuclear stainings for Foxp3 (FJK-16s),
IRF8 (V3GYWCH), RORgt (AFKJS-9), Gata3 (TWAJ), and Helios (22F6)
were performed using the Transcription Factor Staining Set (eBioscience).
Cells were analyzed using a CyAn ADP 9 Flow Cytometer (Beckman
Coulter) and a CytoFlex S (Beckman Coulter). Cell counting was performed
by a Guava easyCyte 5HT Cytometer (Merck Millipore) together with
7-AAD (BD Biosciences), Fixable Red Dead Cell Stain (Thermo Fisher
Scientific), or Fixable Viability Dye eFluor 520 (eBioscience) and CD45
(30-F11) or CD45.2 (104). All data analysis was facilitated using FlowJo
version 10 (Tree Star). For intravascular staining, mice were injected i.v. with
1 mg of CD45.2 (104) or CD45 (30-F11) in 200 ml PBS 5 min before
sacrificing.

Quantification and statistical analysis

Statistical evaluations of cell frequency measurements and cell numbers
were performed by one-way ANOVA, followed by Tukey multiple com-
parisons test when three genotypes of a single-cell population were com-
pared; by one-way ANOVA, followed by Sidak multiple comparison
test when two genotypes of multiple cell populations were compared; or by
two-way ANOVA, followed by Sidak multiple comparisons test when three
genotypes of multiple-cell populations were compared, as indicated in the
figure legends. Ratios of mixed bone marrow chimerism were compared
with the indicated reference population for any given organ using one-way
ANOVA, followed by Dunnett multiple comparisons test. Multiplicity
adjusted p values ,0.05 were considered significant. Differences of same-
day littermate analyses for the gut were evaluated using two-tailed, paired
Student tests. EAE scores between groups were analyzed as disease burden
per individual day with one-way ANOVA and Dunnett post hoc test. Body
weight loss was assessed by two-way ANOVA, followed by Sidak multiple
comparisons test. Citrobacter CFUs were compared using a two-tailed,
unpaired Student t test. Survival curves were analyzed by log-rank
(Mantel–Cox) test. Statistical analysis was performed in GraphPad Prism
8.1.0 (GraphPad Software).

Results
Genetic ablation of Itga4 in DCs has no effect on the DC niche
in the CNS

To test whether genetic ablation of Itga4 in CD11c+ cells interfered
with the establishment of a functional APC niche within the CNS,
we crossed CD11c Cre (31) or CD11c-GFP Cre mice (32) with
Itga4flox/flox mice (30) to generate DC conditional a4 integrin–
deficient mice, termed Itga4DDC. The ablation of Itga4 was highly
efficient in CD11c+ cells in the spleen in steady-state (Supplemental
Fig. 1A), and even pre-cDC precursors in the bone marrow were
efficiently ablated of a4 integrin expression (Supplemental Fig. 1B).
The CD11c Cre deleter strain (31) is known to also affect non-DC
immune cell populations to varying degrees across different floxed
alleles (37, 38). Therefore, we tested for a4 integrin mosaics in
lymphoid and myeloid populations of Itga4DDC mice and confirmed
this prior observation (Supplemental Fig. 1C). However, whereas
Itga4 ablation was complete in DCs, recombination was only partial
in non-DC immune cell populations (Supplemental Fig. 1C).
In the CNS, the distribution of CD11c+ cells in the meninges,

plexus choroideus, and perivascular space was identical in
Itga4DDC and CD11c Cre x Itga4flox/wt control mice (Fig. 1A).
Using a gating strategy with established markers (Fig. 1B), we
identified within the CD11c+MHC-II+ gate, pDCs (BST-2+),
cDC1s (CD11b2CD103+), and cDC2s (CD11b+CD1032) in the
CNS in steady-state (Fig. 1B) and in “elevated homeostasis” after
Flt3L treatment, which expands CD11c+ cells in vivo under
noninflammatory conditions (15) (Supplemental Fig. 1D). These
data suggested that the expression of a4 integrins on CD11c+ cells
was dispensable for the recruitment and maintenance of DCs or
CD11c+MHC-II2 DC precursor cells into the CNS niche in
steady-state.
To test whether a4 integrin expression on DCs was required

for their presence in the CNS in a competitive setting, mixed
bone marrow chimeras were generated by grafting a 1:1 mixture
of wild-type (CD45.1) and Itga4DDC (CD45.2) bone marrow into
irradiated, matched knockout recipients. After full reconstitu-
tion of the peripheral immune compartment, the CNS was an-
alyzed. In this study, we observed an equal distribution of
pDCs, cDC1s, and cDC2s in the wild-type and the Itga4DDC

compartment in the CNS of mixed bone marrow chimeras both
in steady-state (Fig. 1C) and after Flt3L treatment (Fig. 1D).
Together, these data indicated that no gross alteration of the
CNS DC compartment resulted from genetic ablation of Itga4
in CD11c+ cells.

Disease severity in active EAE is not affected by ablation of
Itga4 in myeloid cells

Next, we wanted to test whether constitutive ablation of Itga4 in
DCs had an effect on autoimmune neuroinflammation. In addition
to Itga4DDC mice, we ablated Itga4 in both DCs and monocytes
using a combined CD11c Cre and LysM Cre deleter strain. Along
with Itga4flox/flox control mice, Itga4DDC mice as well as mice with
constitutive ablation of Itga4 in both DCs and monocytes
(Itga4DDCDMo) were immunized with MOG (35–55) in CFA for
induction of EAE. Both conditional knockout strains developed
clinical disease with similar kinetics and severity as Itga4flox/flox

control mice (Fig. 2A). We tested the quantity and the quality of
the Ag-specific T cell response in Itga4DDC mice by transferring
MOG TCR transgenic reporter cells (2D2) into either control mice
(Itga4flox/flox) or Itga4DDC mice, followed by immunization with
MOG (35–55) in CFA. After 4 d, the proliferation of 2D2 cells
reisolated from the draining lymph nodes was similar in control
and Itga4DDC mice (Supplemental Fig. 2A), indicating that the
priming of Ag-specific T cells in the peripheral immune
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compartment was unaltered in Itga4DDC mice upon active im-
munization with MOG (35–55) in CFA. The identical course of
disease in control mice and Itga4DDC mice already suggested
that the restimulation of encephalitogenic T cells within the

CNS compartment was not impaired. Indeed, we did not ob-
serve relevant differences either in the fraction of Foxp3+ Treg
cells (Supplemental Fig. 2B) or in the profile of effector cy-
tokines in CD4+ T cells isolated from the CNS of control mice,

FIGURE 1. DCs accumulate the naive CNS independently of a4 integrin expression. (A) Immunofluorescence analysis of brain sections from

CD11c-GFP–expressing Itga4DDC(GFP) mice and Itga4flox/WT DC(GFP) control littermates. Representative tiles showing choroid plexus and meninges.

Scale bar, 20 mm. (B) Flow cytometry analysis of the uninflamed total CNS DC compartment from Itga4DDC and Itga4flox/flox littermates. Numbers

adjacent to gates indicate parent frequency, overall frequency refers to live CD45high cells. Representative pair of five mice per genotype. Intra-

vascular cells were excluded from analysis by i.v. application of a CD45 staining Ab prior to dissection. Microglia (MG) (CD45intCD11b+), pDCs

(BST-2+CD11b2CD11c+MHC-II+), cDC1 (BST-22CD11c+MHC-II+CD103+CD11blow) and cDC2 (BST-22CD11c+MHC-II+CD1032CD11bhigh).

(C and D) Chimerism between CD45.2 Itga4DDC and CD45.1 Itga4WT/WT myeloid cells (CD45high) in the uninflamed spleen (SPL) and CNS of

mixed bone marrow chimeras 8 wk after reconstitution (mean 6 SEM). Granulocytes (Gra) (Ly-6G+CD11b+B2202CD11c2), monocytes (Mono)

(MHC-II2CD11c2CD11b+Ly-6G2), pDCs (MHC-II+Siglec-H+BST-2+B220+CD11c+), and conventional DCs (MHC-II+CD11c+Siglec-H2BST-22B2202) as

cDC1 (CD103+CD11blow) and cDC2 (CD1032CD11bhigh). (C) Chimerism in untreated mice, pooled data from four independent experiments. (D) Chimerism

7 d after s.c. injection of 5 3 106 Flt3L-secreting B16 melanoma cells, pooled data from two independent experiments. Difference to the reference population

(Gra) was assessed using Dunnett multiple comparisons test after one-way ANOVA.
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FIGURE 2. a4 integrins on DC are dispensable for active induction of EAE. (A) EAE disease course in Itga4DDC, Itga4DDCDMo, and Itga4flox/flox control lit-

termates after active immunization with MOG (35–55) in CFA and i.v. PTX administration (mean6 SEM). Pooled data from four independent experiments. Groups

were statistically compared on a per-day basis using a one-way ANOVA, followed by Dunnett multiple comparison test. (B) Gating strategy and Itga4 ablation

efficiency in myeloid cells of the CNS as measured by flow cytometry at peak disease of active EAE. Microglia (MG) (CD45intCD11b+), pDC

(MHC-II+CD11c+BST-2+CD11b2), cDC1 (MHC-II+CD11c+BST-22CD642CD11bintCD103+), and moDCs (MHC-II+CD64+CD11b+). (C) Relative fraction and

absolute number of myeloid cells in spinal cords (SC) of Itga4DDC mice, Itga4DDCDMo mice, and Itga4flox/flox control littermates at EAE peak disease, as measured

by flow cytometry (mean6 SEM). Representative example from four independent experiments with a total number of at least 10 mice per genotype. Groups were

statistically compared using a two-way ANOVA, followed by Sidak multiple comparisons test. (D and E) Chimerism between CD45.2 Itga4DDC (D) or CD45.2

Itga4DDCDMo (E) and CD45.1 Itga4WT/WT myeloid cells in the indicated tissues of mixed bone marrow chimeric EAE mice at peak disease (mean 6 SEM).

Pooled data from four independent experiments. Statistically significant differences in comparison with the control population granulocytes (Gra)

(MHC-II2CD11b+CD642CD11c2BST-22Ly-6C+Ly-6G+) are reported for each organ according to Dunnett multiple comparison post hoc test following overall significant

difference in one-way ANOVA (multiplicity adjusted p values). **p , 0.01, ***p , 0.001. MBMC, ratios of mixed bone marrow chimerism; SPL, spleen.
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Itga4DDC mice, or Itga4DDCDMo mice at the peak of EAE
(Supplemental Fig. 2C).
To exclude an alteration of the APC composition that is only

functionally redundant with regard to downstream T cell effects, we
analyzed the DC compartment in the inflamed CNS of control mice
as compared with Itga4DDC mice or Itga4DDCDMo mice in detail.
During inflammation, our gating strategy allowed for the differ-
entiation of pDCs and cDC1s (Fig. 2B). In contrast to steady-state,
where, essentially, no monocyte-derived DCs (moDCs) were
detected in the CNS (Supplemental Fig. 2D), cDC2s could no
longer be unequivocally distinguished from moDCs in EAE, both
expressing high levels of CD64 under inflammatory conditions.
CNS-derived cDC1s did not express CD64 and were Irf8+,
whereas moDCs lacked Irf8 (Supplemental Fig. 2E). Itga4 was
efficiently ablated in pDCs and cDC1s in Itga4DDC mice, whereas
moDCs were partly spared from Itga4 ablation (Fig. 2B). Notably,
Itga4 ablation was highly efficient in all DC subsets, including
pDCs, cDC1s, and moDCs in Itga4DDCDMo mice (Fig. 2B). In
contrast to DC subsets, CD11b+CD45int microglial cells did not
express a4 integrins (Fig. 2B). The fractions and absolute num-
bers of pDCs, cDC1s, and moDCs in the inflamed spinal cord,
brain, and meninges of EAE mice were similar in Itga4DDC mice
and Itga4DDCDMo mice as compared with control animals (Fig. 2C,
Supplemental Fig. 2F), suggesting that lack of a4 integrin ex-
pression can be compensated as to the recruitment of DC subsets
into the inflamed CNS. Of note, the lack of differences in moDC
infiltration was not due to a lack of deletional efficiency in pro-
genitors [as reported for the LysM Cre deleter strain in the context
of other floxed alleles (39)], because inflammatory monocyte
progenitors in the blood postimmunization already exhibited
efficient and functional deletion of the floxed a4 allele in
Itga4DDCDMo mice prior to infiltrating the CNS (Supplemental
Fig. 2G).
LFA-1, an aLb2 integrin heterodimer, had previously been

reported to be dispensable for the recruitment of endogenous
myeloid cells in adoptive transfer EAE (40–42). In this study, we
asked whether, in the absence of a4 integrin expression on DCs,
LFA-1 might become nonredundant for the accumulation of DCs
in the CNS during EAE. However, when we blocked LFA-1 with a
mAb to CD11a in Itga4DDC mice as of day 5 after immunization
with MOG (35–55), we failed to protect the mice from clini-
cal disease, and the fractions and numbers of DC subsets in
the CNS of anti-CD11a–treated Itga4DDC mice were similar to
control-treated Itga4DDC mice (Supplemental Fig. 2H), suggesting
that LFA-1 was irrelevant for the CNS recruitment of a4 integrin–
deficient DCs.
Next, we wanted to test the significance of a4 integrins in

CD11c+ cells in a competitive setting during inflammation. Again,
we constructed bone marrow chimeras and grafted congenically
marked wild-type bone marrow (CD45.1+) together with either
Itga4DDC bone marrow (CD45.2) or Itga4DDCDMo bone marrow
(CD45.2) into recipient mice and subjected them to EAE. Con-
sistent with the clinical data, CD11c+ cells deficient in a4 integ-
rins did not show an impaired seeding of the CNS niche during
inflammation, even in direct competition with their wild-type
counterparts (Fig. 2D). In contrast, lack of a4 integrin expres-
sion on moDCs (in the Itga4DDCDMo APC compartment) rendered
CD11c+CD11b+ moDCs less fit than their a4 integrin–sufficient
counterparts in populating the CNS during inflammation (Fig. 2E).
Together, these data suggested that, despite the partial requirement
of a4 integrins for the recruitment of moDCs into the CNS, a4
integrin expression on bona fide pDCs and cDCs was dispensable
for establishing a functional Ag-presenting compartment in the
CNS for full activation of autoreactive T cells in situ.

In situ restimulation of encephalitogenic T cells is fully
functional in Itga4DDC mice

To more specifically probe the APC capacity of the CNS in our
various a4 integrin–deficient strains, we performed adoptive
transfer of exogenously primed Th17 cells into either Itga4flox/flox

control mice, Itga4DDC, or Itga4DDCDMo mice. Again, prevalence,
kinetics, and severity of adoptive transfer EAE in the knockout
strains were similar to those in control recipients (Fig. 3A). Nei-
ther did we notice any significant difference in the fractions or
absolute numbers of spinal cord– or brain-derived pDCs, cDCs, or
moDCs (Fig. 3B, Supplemental Fig. 3A) or in the fraction of
Foxp3+ Treg cells or in the profile of effector cytokines of CD4+

T cells reisolated from the CNS (Supplemental Fig. 3B, 3C) of
Itga4DDC or Itga4DDCDMo mice, as compared with control recipi-
ents at the peak of adoptive transfer EAE. In summary, our data
indicated that lack of a4 integrins in the DC compartment did not
abrogate or even impair the competence of the intrathecal APC
compartment to induce and maintain Ag-specific T cell responses.

CD11b+CD103+ DCs are reduced in the lamina propria of
Itga4DDC mice

a4 integrins are key homing molecules for immune cells into the
gut lamina propria (43). Therefore, we asked whether the gut DC
compartment was changed in Itga4DDC mice, in which all bona
fide DC populations exhibited efficient deletion of a4 integrin
(Supplemental Fig. 4A). In steady-state, we found decreased
fractions of CD103+CD11b+ double-positive DCs and increased
fractions of CD103+CD11b2 single-positive DCs in the small
intestinal as well as in the colonic lamina propria of Itga4DDC

mice, as compared with Itga4flox/flox control mice (Fig. 4A),
suggesting that double-positive DCs were most dependent on a4
integrins for populating the intestinal lamina propria. In a com-
petitive setting of mixed bone marrow chimeras that had received
a 1:1 mixture of wild-type (CD45.1) and Itga4DDC (CD45.2) bone
marrow, the distribution of all wild-type and Itga4DDC DC subsets
was even in the spleen (Fig. 1C) but shifted in favor of wild-type
DCs, in particular in the CD103+CD11b+ double-positive cDC
compartment in the small intestinal and colonic lamina propria,
but not in the mesenteric lymph nodes (Fig. 4B). Thus, a4 integrins
were required for the accumulation of double-positive DCs in the
gut lamina propria.

a4 integrins in DCs are dispensable for host defense against
C. rodentium

In the gut, double-positive DCs were proposed to be required for
both, the induction of peripherally induced Treg (pTreg) cells that
contribute in maintaining immune tolerance against commensal
gut bacteria, as well as the priming of protective Th17 responses
against pathogens and pathobionts. First, we tested the frequencies
of pTreg cells in the gut that are characterized by the coexpression
of Foxp3 and RORgt (44) in steady-state. We noticed a slight
tendency toward lower fractions of RORgt+Helios2 Treg cells in
the small intestinal lamina propria of Itga4DDC mice as compared
with Itga4flox/flox control animals (Supplemental Fig. 4B).
Next, we assessed acute inflammatory responses in the gut in

response to i.p. injection of an activating Ab to CD3 (45), which
has been shown to induce Th17 responses in the small intestine.
The clinical phenotype (weight loss, Fig. 5A) was similar in wild-
type littermate controls and Itga4DDC mice. These data indicated
that the priming of Th17 cells [which have been shown to drive
the pathology in this model (45)], can occur with residual amounts
of double-positive DCs. Finally, we investigated C. rodentium
infection, an infectious disease model, which is, in part, depen-
dent on Ag-specific Th17 cells (46). Upon C. rodentium infection,
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wild-type and Itga4DDC mice cleared the pathogen equally well
(Fig. 5B, 5C). Consistent with the clinical observation, the clear
reduction of double-positive cDCs in the lamina propria of the
colon that was eminent in steady-state was entirely recovered in
inflammation (Fig. 5D), again suggesting that redundant mecha-
nisms can compensate for the lack of a4 integrins on DCs as to
their recruitment to sites of inflammation. In summary, the altered
DC compartment in Itga4DDC mice in the gut did not translate into
gross changes of resilience to inflammatory or infectious pertur-
bations, at least in the tested disease models.

Discussion
In this study, we tested the requirement of a4 integrin expression
on CD11c+ cells for the seeding of CNS and intestinal niches with
CD11c+MHC-IIhigh DCs in steady-state and for the recruitment
of DCs during autoimmune inflammation of the CNS and host
defense in the gut. Whereas the expression of a4 integrins was
largely irrelevant for the replenishment of CNS DCs, the gut-
specific population of CD11b+CD103+ DCs was diminished in
Itga4DDC mice. However, in an infection model with attaching and
effacing bacteria, the reduction of this DC population in the co-
lonic lamina propria did not result in an adverse outcome as
compared with wild-type control animals. Thus, a4 integrin ex-
pression on DCs is a redundant feature in the settings addressed in
this study. Differences in the composition of DC populations in
Itga4DDC mice versus control mice in homeostasis were functionally
compensated under inflammatory conditions.
CNS DCs are of hematopoietic origin, and compelling evidence

indicates that the capacity to present Ag to T cells in vivo is re-
stricted to these CD11c+ cells, whereas microglial cells are unable
to present Ags to T cells (3, 9, 10). Moreover, depletion experi-
ments of DCs using the diphtheria toxin receptor system expressed
either in CD11c+ or Zbtb46+ cells have provided strong evidence
that the physical presence of DCs in the CNS is required for the
productive restimulation of incoming autoreactive T cells (47).
The CNS niche is seeded with pre-cDCs that then differentiate
into distinct DC subsets in situ (15). In line with previous studies

(1, 48, 49), in this study, we showed that the steady-state
CNS DC compartment consisted of pDCs (BST2+Siglec-H+),
CD11blowCD103+ cDC1s, and CD11b+CD1032 cDC2s, but not
moDCs. Flt3L application expanded all DC subsets in the CNS
but did not change their relative composition, indicating that
moDCs [or TNF and inducible NO synthase producing DCs (50)
or CD11c+MHC-II+ monocytes], which do not respond to
Flt3L-driven expansion (15, 48), did not contribute to the DC
compartment in the CNS during homeostasis. Notably, the process
of Flt3L-mediated DC expansion in the CNS was independent of
a4 integrin expression by DCs. Also, Itga4 was as efficiently
ablated in pre-cDCs as in pDCs, cDC1s, and cDC2s in Itga4DDC

mice. Thus, it is unlikely that pre-cDCs seed the CNS niche in a
VLA-4–dependent manner and only then lose a4 integrin ex-
pression in situ. In fact, none of the steady-state DC subsets (in-
cluding pre-cDCs) depended on a4 integrins to populate the CNS
niche, including meninges and choroid plexus, and Itga4DDC mice
disposed of a fully replete CNS DC niche. Consistent with
these results, restimulation of incoming T cells in the CNS
compartment was not altered in Itga4DDC mice. These results
are in line with prior reports that only physical depletion of
CD11c+ DCs cells or Zbtb46+ cDCs from the steady-state CNS
is associated with impaired local restimulation of autoreactive
T cells (47).
In inflammation, VLA-4 expression on pDCs or cDC1s was

dispensable for their CNS recruitment because ablation of Itga4 did
not put CD11c+ cells at a disadvantage to migrate to the inflamed
CNS as compared with their wild-type counterparts. CD11c Cre
mice showed a complete recombination and thus total loss of a4
integrin expression in all DC subsets. As has been reported before,
CD11c Cre resulted in partial ablation of the floxed allele in
lymphoid cells as well. However, the a4 integrin mosaic in T cells
of Itga4DDC mice was functionally irrelevant because wild-type
T cells and T cells from Itga4DDC mice behaved in an identical
manner during EAE. We did not observe any signs of atypical
EAE in Itga4DDC mice, a phenotype that has been reported in
T cell conditional a4 integrin–deficient mice (51).

FIGURE 3. Itga4DDC mice are fully competent in restimulating encephalitogenic T cells within the CNS compartment. (A) Disease course in Itga4DDC

mice, Itga4DDCDMo mice, and Itga4flox/flox littermate control mice following i.v. transfer of 5 3 106 MACS-enriched, CD4+ T cells that had been cultured

for 23 d under Th17 skewing conditions (TGF-b, IL-6, and IL-23) in the presence of MOG (35–55) and isolated from wild-type donors 7 d after im-

munization with MOG (35–55) in CFA. Pooled data from three independent experiments (mean 6 SEM). Groups were statistically compared on a per-day

basis using a one-way ANOVA, followed by Dunnett multiple comparison test. (B) Relative fraction and absolute number of myeloid cells in the spinal cord

(SC) of Itga4DDC, Itga4DDCDMo, and Itga4flox/flox recipients of encephalitogenic T cells at adoptive transfer EAE peak disease, as measured by flow

cytometry (mean 6 SEM). pDC (BST-2+CD11b2CD11c+), cDC1 (BST-22CD11c+CD11bintCD103+), and moDC (CD64+CD11b+). Pooled data from five

independent experiments. Groups were statistically compared using a two-way ANOVA, followed by Sidak multiple comparisons test.
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Interestingly, moDCs depended (at least in part) on the ex-
pression of a4 integrins for their recruitment into the inflamed
CNS when wild-type and a4 integrin–deficient moDCs competed
with each other for the CNS niche in chimeras reconstituted with
wild-type plus Itga4DDCDMo mixed bone marrow. MoDCs are the
major effector cells during EAE, are expanded and shaped by
GM-CSF, and guided to the CNS in a CCR2-dependent manner
(39, 52, 53). However, the a4 integrin–dependent recruitment of
moDCs to the CNS was redundant and was overcome during in-
flammation in Itga4DDCDMo mice in a noncompetitive setting. In
line with these results, a previous report suggested that expression
of b1 integrin, the partner of a4 integrin to form heterodimeric
VLA-4, was dispensable for the recruitment of myeloid cells into
the inflamed CNS (54). Yet, later work suggested that immature
DCs need a4 integrins to home to the CNS meningeal space and
white matter parenchyma (13). Whereas these conclusions are
based on bone marrow–derived DCs that were either deficient in
b1 integrin or exposed to anti–VLA-4 Abs in vitro prior to
adoptive transfer into host mice with EAE, in this study, we show
by genetic ablation of Itga4 in DCs that endogenous DCs can still
migrate into the CNS in the absence of a4 integrin expression.
Interestingly, LFA-1 has been reported to be dispensable for the
recruitment of myeloid cells into the CNS in adoptive transfer
EAE (40–42), whereas, in Toxoplasma infection, Ab blockade of
LFA-1 reduced the accumulation of adoptively transferred DCs in
the CNS (14). In this study, we provided evidence that LFA-1
failed to become a nonredundant mediator of DC recruitment

during EAE of Itga4DDC mice. Thus, DCs accumulated in the inflamed
CNS despite simultaneous dysfunction of the VLA-4/VCAM1 and
LFA-1/ICAM1 pathways, suggesting that the requirements for DC
recruitment to the CNS in autoimmunity may differ from T cell re-
cruitment (51) and rely on alternative integrin interactions.
Our data enable a more informed interpretation of the finding

that the amount of DCs in the perivascular space of natalizumab
treated multiple sclerosis patients was reduced (25). A long-term
failure of immune surveillance of the CNS had been proposed
because the lack of APCs in the perivascular space would no
longer license incoming T cells to patrol the CNS parenchyma.
Our observation that DCs are not crucially dependent on a4
integrins for their accumulation in the perivascular and meningeal
compartments now suggests that the prolonged depletion of the
CNS perivascular space of DCs in natalizumab treated patients is
not a direct effect of a4 integrin blockade on DCs. Either the
turnover of DCs in the perivascular space is very low, as has been
previously suggested in mouse models (11), or (by prior treatment
with natalizumab) intrinsic properties of the perivascular niche are
changed that would prevent the migration and replenishment of
DCs.
Contrary to the CNS compartment, the expression of a4

integrins by CD11b+CD103+ DCs is required for their mainte-
nance in the lamina propria of the intestine, yet less in the mes-
enteric lymph nodes. In the gut, CD11b+CD103+ DCs are Irf4
dependent (21) and are required for the induction of microbiota-
specific pTreg cells in the lamina propria and mesenteric lymph

FIGURE 4. Steady-state accumulation of

CD11b+CD103+ DCs in the gut lamina propria is depen-

dent on a4 integrin expression. (A) Relative fractions and

ratio of CD11b+ and CD11b2 subsets of the CD103+ DC

population (MHC-II+CD642CD11c+CD103+) in small in-

testine (SI), colon (Col), and mesenteric lymph nodes

(mLN) of naive Itga4DDC mice and Itga4flox/flox littermate

controls, as determined by flow cytometry (mean6 SEM).

Connecting lines indicate sex-matched, cohoused litter-

mates analyzed on the same day. Pooled data from at least

five independent experiments shown. Statistical

significance reported from paired two-tailed t tests.

*p , 0.05, **p , 0.01, ***p , 0.001. (B) Chime-

rism between CD45.2 Itga4DDC and CD45.1 Itga4WT/WT

myeloid cells in the indicated organs of naive mixed bone

marrow chimeric mice (mean 6 SEM). Pooled data from

two independent experiments. Statistically significant dif-

ferences as compared with the control population gran-

ulocytes (Gra) (SSChighLy-6G+CD3e2) are shown for

each organ according to Dunnett multiple comparison

post hoc test following overall significant difference

in one-way ANOVA (multiplicity adjusted p values).

*p , 0.05, **p , 0.01, ***p , 0.001. MBMC, ratios

of mixed bone marrow chimerism.
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nodes (55–57) and the priming of Th17 responses in mesenteric
lymph nodes (58). Because, in steady-state, ablation of Itga4 on
CD11c+ cells led to a reduced number (but not complete absence)
of CD11b+CD103+ DCs in the lamina propria, the fraction of
RORgt+ Treg cells was reduced but not to an extent that resulted
in dysbiosis and overt clinical colitis in Itga4DDC mice. Our data
are in line with the idea that b7 integrins are required for the
recruitment of CD11b+CD103+ DCs to the lamina propria (59)
and would support the notion that the a4b7 integrin cooperates
with the aEb7 integrin to guide CD11b+CD103+ DCs to the
lamina propria, where these DCs are involved in the induction of
pTreg cells. However, long-term observation of Itga4DDC mice
will be required to further address this question. Conversely, Ag
presentation by CD11b+CD103+ DCs in the mesenteric lymph
node appeared to be intact in Itga4DDC mice because robust
C. rodentium–specific Th17 responses were raised in Itga4DDC

mice. Indeed, CD11b+CD103+ DCs in the mesenteric lymph
nodes were proposed to be the nonredundant source of IL-23 in
response to C. rodentium–derived flagellin to induce IL-22 in

innate lymphoid cells (60) and to prime Th17 responses (58).
In steady-state, CD11b+CD103+ DCs had a disadvantage in pop-
ulating the small intestinal and colonic lamina propria as com-
pared with their a4 integrin–sufficient competitors. However, in
inflammation (both upon anti-CD3 injection and in C. rodentium
infection), the recruitment of DCs into the lamina propria and
their trafficking to the mesenteric lymph nodes were not obviously
impaired in Itga4DDC mice. Although Itga4DDC mice were able to
clear a primary C. rodentium infection, it is possible that the
relative reduction of CD11b+CD103+ DCs in the lamina propria of
Itga4DDC mice affected the generation of C. rodentium–specific
memory T cells with potential consequences for recall responses.
Further studies are required to investigate this question in detail.
In conclusion, in this study, we definitively show that DC re-

cruitment in the CNS occurs independently of a4 integrin ex-
pression both in tissue homeostasis and under inflammatory
conditions. Although the DC population in the lamina propria
is perturbed in Itga4DDC mice, functional consequences for auto-
immunity or host defense do not emanate from this altered DC

FIGURE 5. Effector T cell priming and host defense

in the gut is not dependent on a4 integrin expression by

DCs. (A) Relative body weight loss of Itga4DDC mice

and Itga4flox/flox littermates following repetitive i.p.

injection of 20 mg anti-CD3 Ab as indicated. Groups

were compared statistically using two-way ANOVA,

followed by Sidak multiple comparisons test. Repre-

sentative experiment with at least 10 mice per genotype

shown (mean 6 SEM). (B) Survival curve of Itga4DDC

mice and Itga4flox/flox littermate control mice infected

with C. rodentium. Groups were statistically compared

using a log-rank (Mantel–Cox) test. (C) Bacterial load

in feces derived from colon and cecum of Citrobacter-

infected Itga4DDC mice and Itga4flox/flox littermates on

day 7 postinfection (mean 6 SEM). Groups were sta-

tistically compared using a two-tailed, unpaired Stu-

dent t test. (D) Relative fraction of myeloid cells in the

colon and mesenteric lymph nodes of Itga4DDC mice

and Itga4flox/flox littermate control mice infected with

C. rodentium, as analyzed by flow cytometry 7 d post-

infection (mean 6 SEM). Groups were compared using

a one-way ANOVA followed by Sidak multiple com-

parisons test.
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compartment. Our study illustrates that targeting a4 integrins may
not be an efficient means in modulating local APC compartments
in the gut and CNS. In particular in the CNS, the tissue-specific
APC competence is believed to correlate with compartmentalized
inflammatory processes during the progressive phase of autoim-
mune neuroinflammation (in multiple sclerosis) and has been
identified as a potential therapeutic target to control tissue re-
stricted chronic inflammation. However, we now provide evidence
that other targets than a4 integrins might be more appropriate in
resetting the APC competence of nonlymphoid tissues during
prolonged inflammation.
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16. Irla, M., N. Küpfer, T. Suter, R. Lissilaa, M. Benkhoucha, J. Skupsky,
P. H. Lalive, A. Fontana, W. Reith, and S. Hugues. 2010. MHC class II-restricted
antigen presentation by plasmacytoid dendritic cells inhibits T cell-mediated
autoimmunity. J. Exp. Med. 207: 1891–1905.

17. Duraes, F. V., C. Lippens, K. Steinbach, J. Dubrot, D. Brighouse, N. Bendriss-
Vermare, S. Issazadeh-Navikas, D. Merkler, and S. Hugues. 2016. pDC therapy
induces recovery from EAE by recruiting endogenous pDC to sites of CNS
inflammation. J. Autoimmun. 67: 8–18.
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